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Abstract

Background

Emerging epidemiological evidence indicates that groups in low socioeconomic positions

exhibit more pronounced health benefits from nature exposure (e.g., contact with natural

green spaces) compared to more privileged groups. This implies that increasing access to

nature for disadvantaged communities could be a strategic approach to attenuate health

disparities by alleviating the risks of chronic stressors among groups who are the most

susceptible to stress. However, the evidence supporting this possibility is mixed, including

reports of null associations, and further research is thus needed to better understand

the causal mechanisms underpinning this phenomenon. Establishing these mechanisms

could ultimately reveal more effective pathways for addressing health disparities, as

nature-based interventions offer a promising approach: they are passive, promoting health

without requiring behavioral change; they are sustainable, typically with low maintenance

costs; and they can be implemented through public health policy to create lasting impacts.

Objective

The objective of this program of research was to uncover potential causal mechanisms

underpinning epidemiological evidence that groups in lower versus higher socioeconomic

positions exhibit more pronounced health benefits from nature exposure.

Framework

To guide this inquiry, we developed the Integrative Model of Environmental Sensitivity,

a theoretical framework for synthesizing knowledge from disparate literatures to better

understand how individual differences in environmental sensitivity could be leveraged to

reduce disparities in health across socioeconomic gradients. Central to this framework are

two overarching ideas: (susceptibility to stress) groups in lower socioeconomic positions

often face higher exposure to persistent psychosocial stressors in early life, which in turn

could induce a lifelong susceptibility to stress through various neurobiological pathways;

(environmental sensitivity) susceptibility to stress, traditionally understood as heightened
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reactivity to stressors, could also encompass enhanced responsivity to health-protective

exposures, inducing greater risks in adverse environments, but also greater benefits in

protective environments. Put together, these ideas provide a plausible mechanistic ex-

planation as to why groups in lower versus higher socioeconomic positions could derive

greater benefits from the health-protective effects of nature exposure.

Methods

Based on our framework, we operationalized environmental sensitivity across three levels

of analysis: a pro-inflammatory immune state as a neurobiological correlate of suscep-

tibility to stress; early life stress as a causal antecedent of susceptibility to stress; and

socioeconomic status as the broader context through which social and health relationships

are shaped, serving as an upstream facilitator of susceptibility to stress. The first aim was

to establish experimental evidence that a pro-inflammatory state could be associated with

greater recovery from an acute stressor in a nature versus office environment. The second

aim was to extrapolate this experimental evidence into a real-world paradigm using an

observational design to demonstrate that early life stress could be associated with better

health among residents of greener neighborhoods. The third aim was to integrate the

broader context of socioeconomic status into this real-world paradigm to demonstrate that

residential nature exposure could be associated with better health among groups with

higher lifetime exposure to stressors related to the social determinants of health.

Results

In the first study, we found that participants with a pro-inflammatory state exhibited

greater recovery from an acute stressor in a nature versus office environment, relative to

less susceptible participants. This evidence broadly elucidates a physiological mechanism

through which groups with high exposure to early-life stressors could derive greater health

benefits from nature exposure. In the second study, we found that participants with higher

exposure to early-life stressors exhibited more pronounced cardiometabolic benefits when

living in greener neighborhoods, relative to those with moderate exposures. This evidence

reinforces the role of early life stress as a facilitator of the mechanistic pathway through
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which groups in low socioeconomic positions could derive greater health benefits from

nature exposure. In the third study, we found that participants in lower socioeconomic

positions reported the highest exposure to early-life stressors and also exhibited more

pronounced cardiometabolic benefits when living in greener neighborhoods, relative to

those in moderate positions. This evidence reinforces the role of low socioeconomic status

as an upstream facilitator of early life stress and in turn, the physiological mechanism that

could promote greater health benefits from nature exposure.

Discussion

Overall, our findings contribute to growing evidence and further support the idea that

increasing access to nature within disadvantaged neighborhoods could be an effective

strategy to reduce disparities in health across socioeconomic gradients. Specifically, our

findings further underscore the importance of integrating protective physical environments

into public health strategies, especially for groups in low socioeconomic positions with a

history of early-life stressor exposure, who are particularly susceptible to health risks but

also might stand to experience the greatest health benefits from nature exposure.

Conclusion

Looking forward, future research in line with the Integrative Model of Environmental

Sensitivity could lead to a better understanding of how the total environment could be

harnessed to more effectively reduce disparities in health among vulnerable populations.

As the evidence supporting this theoretical framework continues to expand, it could

inform more targeted interventions that leverage individual differences in environmental

sensitivity to promote health equity, ultimately providing more nuanced, strategic, and

socioeconomically attuned approaches to public health.
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Chapter One

Emerging epidemiological evidence indicates that groups in low socioeconomic positions

exhibit more pronounced health benefits from nature exposure compared to more priv-

ileged groups. This implies that increasing access to nature for socially disadvantaged

communities could be a strategic approach to reduce disparities in health across socioeco-

nomic gradients. However, the evidence supporting this possibility is mixed, including

reports of null associations, and further investigation is thus needed to better understand

the mechanisms underpinning this phenomenon. Establishing these mechanisms could ul-

timately reveal more effective strategies for addressing health disparities, as nature-based

interventions offer a promising approach: they are passive, promoting health without

requiring behavioral change; they are sustainable, often with low maintenance costs; and

they can be implemented through public health policy to create lasting impacts.

[1] Significance

It is well-established that contact with nature (natural green spaces) is associated with a

broad range of physical and mental health benefits [1–4]. For instance, studies have shown

that nature exposure in residential settings reduces the risk of cardiovascular disease [5],

metabolic disorders [6], mental health disorders [7], respiratory disease [8], immunological

disorders [9], neurological disorders [10], and all-cause mortality [11]. Studies have also

shown that residential nature exposure improves cognition and behavioral regulation [12],

sleep quality and circadian function [13], happiness and social connectedness [14], and gen-

eral well-being and life satisfaction [15]. The broad diversity of these benefits implicates a

multiplicity of mechanistic pathways, including stress reduction [16], attention restoration

[17], increased physical activity [18], improved air quality [19], more opportunities for

socialization [20], enhanced immune function [21], exposure to medicinal phytoncides

[22], and local temperature regulation [23].

Importantly, emerging epidemiological evidence indicates that nature exposure has the

potential to attenuate health disparities, with stronger health-protective effects observed
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in lower versus higher income neighborhoods. In England, a study on the population

below retirement age (n = 40,813,236) found that the disparity gap for all-cause mortal-

ity and deaths from circulatory disease between the highest and lowest income groups

was 26% – 30% smaller in the greenest neighborhoods [24]. In Scotland, a study on the

population below retirement age (n = 5,404,700) found that the disparity gap for prema-

ture mortality between the highest and lowest income groups was 40% smaller in the

greenest neighborhoods [25]. In Europe, a secondary analysis of the European Quality

of Life Survey (n = 21,294) found that the disparity gap for mental well-being between

the highest and lowest income groups was 40% smaller in the greenest neighborhoods

[26]. In the United States, two studies on Medicare beneficiaries in Miami-Dade County,

Florida (n = 249,405) found that the disparity gap for chronic conditions (hypertension,

diabetes, hyperlipidemia, depression, and dementia) between the highest and lowest

income groups was 13% – 17% smaller in the greenest neighborhoods [27,28]. In China, a

secondary analysis of the 33 Chinese Community Health Study (n = 2,154) found that the

disparity gap for kidney failure between the highest and lowest income groups was 9%

smaller in the greenest neighborhoods [29].

However, there have also been reports of mixed and null associations. In Latin America, a

secondary analysis of the Urban Health in Latin America Study (n = 152,773,086) found that

the magnitude of cardiovascular disease mortality reduction by educational attainment

was 5% larger in neighborhoods with medium-high versus low greenness [30]. In South

Africa, a secondary analysis of the South African National Income Dynamics Study (n

= 11,156) found that residing in greener neighborhoods was associated with a 2% lower

incidence of depression among middle versus low-income groups [31]. In Australia, two

secondary analyses of the Longitudinal Study of Australian Children (n = 10,090) found no

effect modification for neighborhood greenness on the disparity gap for parent-reported

child health [32] or maternal body mass index [33].

Given the mixed evidence in the literature, it is clear that further investigation is needed

to better understand this phenomenon, which could lead to more effective strategies for

addressing health disparities. Although the potential implications of this evidence are
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promising, the causal mechanisms underpinning this phenomenon remain unknown.

Developing theoretical frameworks and establishing experimental evidence could provide

insight into these mechanisms, helping to address ambiguities in the literature and further

supporting the idea that increasing access to nature for socially disadvantaged commu-

nities could be a strategic approach to reduce disparities in health across socioeconomic

gradients. Therefore, the overarching objective of this program of research was to identify

and examine potential causal mechanisms underpinning this phenomenon.

[2] Background

One potential causal mechanism underpinning this phenomenon is outlined by integrat-

ing two overarching ideas. The first idea is that groups in low socioeconomic positions,

compared to more privileged groups, often face higher exposure to persistent psychosocial

stressors in early life [34–37], which can induce a lifelong susceptibility to stress through

various neurobiological pathways (i.e., Biological Embedding Model [38–41]). The second

idea is that susceptibility to stress could reflect increased sensitivity to both adverse (risk-

promoting) and protective (benefit-enhancing) environmental conditions (i.e., Differential

Susceptibility Hypothesis [42–45]). Put together, these ideas suggest that increased envi-

ronmental sensitivity induced by early life stress could provide a mechanistic explanation

as to why groups in lower versus higher socioeconomic positions could derive greater

benefits from the health-protective effects of nature exposure.

[2.1] Biological Embedding Model

It is well-established that groups in low socioeconomic positions, compared to more

privileged groups, face social inequities that obstruct and compromise experiences with

the social determinants of health [46,47]. This represents at least one prominent pathway

through which groups in low socioeconomic positions are burdened with high exposure

to stressors across the lifespan, and particularly during childhood [48–51]. For instance,

evidence indicates that children living in poverty have a five-fold risk of being exposed

to psychosocial stressors compared to their more advantaged counterparts [52]. It is also
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well-established that early life stress is associated with the leading causes of morbidity and

mortality, including cardiovascular disease, respiratory disease, kidney disease, mental

health disorders, metabolic disorders, stroke, and cancer [53–56]. The Centers for Disease

Control (CDC) recognizes this association as a preventable public health crisis and has

estimated that early life stress could account for 13% of the prevalence of coronary heart

disease, the leading cause of death in the United States [57].

The robust association between early life stress and negative health outcomes across the

lifespan raises important questions. How do adverse experiences become physically

embedded under the skin of the developing child? What causes these changes to persist

throughout the life course? Through what mechanisms do these changes robustly increase

morbidity and mortality? For over two decades, biomedical and behavioral scientists

across various disciplines sought to answer these questions, which ultimately led to the

paradigm of biological embedding, a set of integrative and heuristic frameworks to explain

the plethora of negative outcomes associated with early life stress [38–41]. Biological

embedding occurs “when experience gets under the skin and alters human biological and

developmental processes; when systematic differences in experience in different social

environments in society lead to systematically different biological and developmental

states; when these differences are stable and long term; and finally, when they have the

capacity to influence health, well-being, learning, or behavior over the life course” [38].

In short, it is well-established that early life stress can induce developmental alterations

that exert enduring effects, even decades later, across numerous neurobiological systems

(e.g., central nervous system, autonomic nervous system, immune system, cardiovas-

cular system, endocrine system [58–61]). Together, these neurobiological systems en-

gage in multidirectional transactions throughout the lifespan, persistently amplifying

cross-talk that increases reactivity to stressors (e.g., Neuroimmune Network Hypothesis

[62], Social Signal Transduction Theory of Depression [63], Cumulative Risk Model [64],

Toxic Stress [65], Allostatic Load Model [66]).

For instance, mounting evidence indicates that early life stress sensitizes cortico-amygdala

circuits with increased vigilance and threat processing, amplifying innate immune re-
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sponses and facilitating the development of a chronic pro-inflammatory state (“brain to

immune traffic” [62]). This amplified immune response also induces neuro-inflammation

that has been shown to further sensitize cortico-amygdala circuits with increased vigilance

and threat processing (“immune to brain traffic” [62]) in a lifelong and self-perpetuating

cycle. Neuro-inflammation has also been shown to reduce cortico-basal ganglia reward

sensitivity, eliciting profound changes in health behaviors and executive functioning [62].

These changes facilitate increased engagement with high-risk behaviors (e.g., tobacco,

alcohol, and substance use, physical inactivity, high-fat diets; Reward Deficiency Model of

Addiction [67]) that in turn, further propagate inflammation [62].

The plethora of negative health outcomes associated with early life stress underscores

a complex etiology of person x environment interactions. Yet, it is clear that chronic

inflammation could be a common soil that helps to fertilize the development and progres-

sion of many of them [68]. For instance, through sensitizing cortico-amygdala circuits

with increased vigilance and threat processing, chronic inflammation also sensitizes the

sympathetic-adrenal-medullary (SAM) axis and the hypothalamic-pituitary-adrenal (HPA)

axis to be more reactive in response to stressors [69], which is associated with an in-

creased risk of cardiovascular disease, metabolic disorders, mental health disorders, and

all-cause mortality [70]. Chronic inflammation itself also causes significant cellular and

tissue damage across neurobiological systems and is associated with an increased risk

of cardiovascular disease, respiratory disease, kidney disease, cancer, and other chronic

inflammatory conditions (e.g., insulin-dependent diabetes, inflammatory bowel disease,

multiple sclerosis, rheumatoid arthritis [71]). Further, by reducing cortico-basal ganglia

reward sensitivity, chronic inflammation also induces anhedonia [72] and can facilitate

increased engagement with high-risk behaviors [69], increasing the risk of various mental

and physical health disorders [67]. Importantly, this list is not exhaustive, but rather

highlights some of the most well-established pathways through which early life stress

increases morbidity and mortality across the lifespan.

Based on this evidence, the prevailing perspective in the biological embedding literature is

that while biological responses to stressors are often beneficial in the short term (facilitating
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immediate adaptive responses), persistent activation of the stress response system is

toxic and maladaptive in the long term [62–66]. The biological embedding of early life

stress causes disruptions in the brain, resulting in the dysregulation of physiological

mediators (e.g., autonomic, endocrine, immune, metabolic) that are the precursors of

later impairments in behavior and the mechanisms of chronic stress-related diseases

[65]. Allostatic load is often the term used to describe the wear and tear resulting from

repeated allostatic adjustments (adaptations to stressors), which increases the risk of

negative outcomes as a person ages [66]. From this perspective, there is an optimal level

of stress responsivity, with either persistent hyper-activation or hypo-activation of these

physiological mediators representing dysfunctional deviations from the norm [73]. This

implies that children reared in supportive environments (with appropriate challenges)

undergo normal development, while children reared in adverse environments are at risk

for developmental dysregulation [62–66].

Given that groups in low socioeconomic positions, compared to more privileged groups,

often face higher exposure to persistent psychosocial stressors across the lifespan (e.g., poor

housing conditions, neighborhood deprivation, food insecurities, barriers to healthcare,

racism and discrimination, poor air and water quality [48–51]) and are more susceptible to

the health risks of chronic stress (heightened neurobiological reactivity to stressors [62–66]),

early life stress could be a key pathway through which socioeconomic status becomes

biologically embedded, altering how individuals experience and respond to environmental

exposures across the lifespan and contributing to health disparities [74–77].

Building on this foundation, the following operational definitions were used to guide the

current program of research: socioeconomic status is defined as the position of an individual

in their society which is determined by both social and economic factors that impact expo-

sure to and experiences with psychosocial stressors; early life stress is defined as persistent

exposure to psychosocial stressors during childhood, with ranging degrees of perceived

severity, that induce neurobiological responses and could promote developmental alter-

ations over time; susceptibility to stress is defined as heightened neurobiological reactivity

to stressors, which could be a function of early life exposures.
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[2.2] Differential Susceptibility Hypothesis

While biomedical and behavioral scientists of the biological embedding literature sought to

answer the question of “how adverse experiences become physically embedded under the

skin of the developing child”, evolutionary biologists and developmental psychologists

from a different field of literature sought to answer a different question: “why should

childhood experiences alter later development and influence health and well-being over

the lifespan?” For well over two decades, this field has recognized that developmental

strategies that promote success in some environments could lead to failure in others and

therefore, a single best approach for development is unlikely to exist (for a comprehen-

sive synthesis, see West-Eberhard, 2003 [78]). This perspective challenges the prevailing

notion that early life stress derails normal development; rather, stressful and supportive

environments were a part of the human experience throughout our evolutionary history,

meaning that our developmental systems have been shaped by natural selection to re-

spond to a range of environmental conditions [42–45]. When children are reared in stressful

environments, it might not disturb, but rather redirect childhood development toward

strategies that are adaptive in adverse environments; and by contrast, when children

are reared in well-resourced and supportive environments, it might redirect childhood

development toward strategies that are adaptive in these contexts, at least within the

range encountered during evolution [79–82].

Diverging from the maladaptive connotation of biological embedding, this evolutionary-

developmental perspective posits that humans undergo conditional adaptations to envi-

ronmental influences: “evolved plasticity mechanisms that detect and respond to specific

features of childhood environments, features that have proven reliable over evolutionary

time in predicting the nature of the physical and social world into which children will

mature, and entrain developmental pathways that reliably matched those features during

a species’ natural selective history” [79]. From this perspective, early life stress and ad-

versity serve a dual function, working as cues for plasticity mechanisms and modulating

the sensitivity of these mechanisms over time [83–86]. The idea that some individuals

are more sensitive to adverse exposures is not novel, as demonstrated by the concept of



Eisen 2025 8

susceptibility to stress [62–66]. Yet, the biological embedding literature focuses exclusively

on maladaptive outcomes and lacks a functional model of individual differences that

accounts for why these differences would evolve and be maintained by natural selection.

For over two decades, efforts to develop such a model ultimately gave rise to the differential

susceptibility literature, a set of heuristic frameworks to explain individual differences

in susceptibility to environmental influences [42–45]. According to these frameworks,

the same mechanisms that determine susceptibility to chronic stress and adversity might

also confer enhanced responsivity to the positive, supportive, and protective aspects

of the environment [79–82]. In other words, individuals who are susceptible to stress

might respond to their environmental conditions in a “for better and for worse” manner

and have a wider range of reaction norms that cover the full gamut of environmental

exposures, whereas individuals who are less susceptible might have a much narrower

range of reaction norms, responding less towards both adverse (risk-promoting) and

supportive (benefit-enhancing) environmental conditions [87–90] (for an interpretation

based on reaction norms, see Manuck, 2009 [91]).

[2.2.1] Biological Sensitivity to Context Theory

One of the core concepts of the differential susceptibility literature is biological sensitiv-

ity to context, a conditional adaptation model of developmental variation in the stress

response system based on two propositions [79,80]. The first proposition is that the

stress response system is a complex and integrated consort of neurobiological responses

(e.g., autonomic, neuroendocrine, neuroimmune, cardiometabolic) designed to prepare

humans for challenges and threats, but also functions to increase susceptibility to so-

cial resources and supportive factors in the ambient environment. This dual function

emphasizes the need to conceptualize stress reactivity more broadly as heightened neuro-

biological sensitivity to context. The second proposition is that the stress response system

operates as a mechanism of conditional adaptation, encoding information about levels of

adversity versus support in the early-life environment; this information is then used to
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regulate the activation thresholds and response magnitudes of the stress response system

to match those specific environmental conditions.

Based on mounting evidence that early life stress increases stress reactivity [62–66] and

growing evidence that heightened stress reactivity enhances sensitivity to supportive

conditions [92–95], these propositions posit a u-shaped association between early-life ad-

versity versus support and biological sensitivity to context: (1) exposure to high adversity

and low support upregulates biological sensitivity to context, increasing the capacity and

tendency of an individual to identify and respond to external challenges and threats; (2)

exposure to high support and low adversity also upregulates biological sensitivity to

context, increasing susceptibility to social resources and supportive factors in the ambient

environment; (3) and by contrast, relatively moderate exposures in either direction down-

regulate biological sensitivity to context, maximizing adaptive fitness in environments

that are not particularly adverse or supportive, as experienced by the vast majority of

individuals [79,80]. Because biological sensitivity to context has associated costs (increased

risk of negative outcomes under adverse conditions), it would not be adaptive for the

majority of individuals who are reared in normative environments. Rather, lower levels of

biological sensitivity to context would facilitate the best outcomes in these environments,

buffering individuals against the risks of chronic stressors in a world that is not particularly

adverse or threatening, but also not consistently safe or supportive.

[2.2.2] Adaptive Calibration Model

Another core concept of the differential susceptibility literature is adaptive calibration, a

model that extends and refines the assumptions of biological sensitivity to context into the

broader evolutionary framework of Life History Theory [81,82]. Although this re-analysis

supported a number of refinements (e.g., sex differences, switch points, life stages), the

most notable contribution was highlighting that adverse and supportive rearing envi-

ronments might induce different adaptive phenotypes of biological sensitivity to context

[96–99]. In short, Life History Theory in evolutionary biology is used to explain coordi-

nated patterns of human development, encompassing growth, survival, and reproduction
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over the life course [100–103]. Maximizing adaptive fitness within specific environmental

contexts necessitates inherent trade-offs in these developmental investments, characterized

as slower versus faster life history strategies [104]. Assuming that basic bioenergetic

resources are met, slower life history strategies are the product of supportive rearing

environments and are oriented towards future outcomes, including long-term health and

well-being. By contrast, faster life history strategies are the product of adverse rearing

environments and are oriented towards immediate outcomes, including survival under

threatening conditions experienced throughout our evolutionary history (e.g., predatory

threats, hostile conspecifics), prompting developmental trade-offs that are often detrimen-

tal for long-term health and well-being [81,82] (e.g., susceptibility to stress [62–66]).

For instance, one mechanism through which early life stress could promote a faster life his-

tory strategy is through the adaptive calibration of the immune system (e.g., Neuroimmune

Network Hypothesis [62]). As noted before, early life stress sensitizes cortico-amygdala

circuits with increased vigilance and threat processing, facilitating the development of a

pro-inflammatory state (“brain to immune traffic”) that further sensitizes cortico-amygdala

circuits with increased vigilance and threat processing (“immune to brain traffic”) in a

life-long and self-sustaining cycle. Importantly, increased vigilance to threats would be a

remarkably adaptive trait in adverse environments, increasing the capacity and tendency

of an individual to identify and respond to physical challenges and threats, while the

amplified inflammatory response would also protect them against infection from their

frequent engagement in fight or flight behaviors [62,63]. However, this would often be

at the cost of their long-term health and well-being due to heightened allostatic load

[66], a very costly but incredibly adaptive developmental strategy in environments where

immediate survival is in question [84–86].

In support of differential susceptibility, emerging experimental evidence has shown that a

pro-inflammatory immune state also enhances sensitivity to supportive social conditions

[105]. Consistent with the concept of susceptibility to stress, participants exposed to an

in-vivo inflammatory challenge (low-dose endotoxin; n = 61) demonstrated increased neu-

ral activity in threat-processing regions (bilateral amygdala and dorsal anterior cingulate
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cortex) when receiving negative versus neutral social feedback about their performance on

an audio-recorded interview, relative to participants who were given a placebo (n = 54).

But also consistent with the concept of differential susceptibility, the same participants who

received the endotoxin also demonstrated heightened neural activity in reward-processing

regions (ventral striatum and ventromedial prefrontal cortex) when receiving positive

versus neutral social feedback about their performance on the interview, relative to partici-

pants who were given the placebo. Together, these findings reveal that inflammation can

increase neural sensitivity to both negative and positive social feedback, which would also

represent another remarkably adaptive trait under adverse conditions, especially given the

historical implications that social conflict, rejection, and isolation had for physical danger,

along with the implications that social support and organization had for security [106].

[2.2.3] Differential Susceptibility Theory

Another core concept of the differential susceptibility literature is the theory of differ-

ential susceptibility [88,89], a model that extends the concept of conditional adaptation

to consider the impact of nature (genetics) versus nurture (environmental exposures)

on plasticity mechanisms [107]. Although developmental plasticity is adaptive in the

sense that it matches specific phenotypes to environmental conditions, incorrect predic-

tions can result in mismatched phenotypes that reduce rather than enhance fitness [108].

Therefore, it is suspected that natural selection has maintained genes for both “condi-

tional” (plastic) and “alternative” (non-plastic) developmental strategies as a form of

insurance against mismatched phenotypes [109]. From this perspective, the biological

function of differential susceptibility is to reduce the costs of developmental plasticity

by making some individuals resistant to environmental influences [110]. However, this

model was later expanded to include a prenatal programming hypothesis, suggesting

that prenatal exposures (e.g., maternal stress hormones) can activate or suppress genes for

conditional developmental strategies through epigenetic modifications [111]. In support of

this hypothesis, animal models have shown that prenatal stress can increase susceptibility

to the negative effects of adverse rearing environments, but also to the beneficial effects

of supportive rearing environments [112].
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[2.2.4] Differential Susceptibility Hypothesis

Collectively, the evolutionary-inspired arguments of the Biological Sensitivity to Context

Theory [79,80], the Adaptive Calibration Model [81,82], and the Differential Susceptibility

Theory [88,89] converge on the Differential Susceptibility Hypothesis, that individuals who

are more susceptible to the negative outcomes of adverse (risk-promoting) environmental

conditions are also more susceptible to the positive outcomes of supportive (benefit-

enhancing) environmental conditions [42–45]. Within this field of literature, susceptibility

to the environment is grounded in neurobiology and characterized as heightened stress

reactivity (e.g., autonomic, neuroendocrine, neuroimmune, cardiometabolic), representing

a sustained developmental alteration enabled by early-life exposures [83–86].

Importantly, this conceptualization of susceptibility does not negate but rather incorporates

and extends the concept of susceptibility within the biological embedding literature [38–41].

Both fields emphasize that early life stress can induce a lifelong susceptibility to stress,

which in turn increases the risk of negative outcomes under adverse environmental condi-

tions. However, the biological embedding literature focuses exclusively on negative out-

comes and makes no assumptions about whether or to what extent susceptibility to stress

could also moderate the positive outcomes of supportive environmental conditions [62–66].

The consequence has been an imbalanced approach to research, yielding significantly more

knowledge about dysfunction rather than adaptive function, making it challenging to

attain a full account of the subject matter. Through shifting the emphasis on dysregulation

to conditional adaptation, the differential susceptibility literature advances the crucial

argument that what is currently recognized as susceptibility to stress could instead reflect

increased sensitivity to both adverse and supportive environmental conditions.

Over the past two decades, the differential susceptibility paradigm has cultivated a very

active area of research focused on disentangling person x environment interactions across

three levels of analysis: genetic, physiological, and behavioral markers of differential

susceptibility (for a cumulative synthesis, see Boyce, 2016 [42]). Physiological markers

comprise a necessary link between genes and behavior, whereby genetic markers operate

through physiological processes and behavioral markers are the consequence of these
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processes [42–45]. Accordingly, whatever the level of analysis employed, neurobiological

susceptibility to environmental influences represents the fundamental construct of interest.

Studies of genetic markers have identified candidate genes involved in serotonergic

signaling (e.g., 5-HTTLPR, 5-HTR2A, THP-1 [113–115]), dopaminergic signaling (e.g.,

DRD4, DRD2, COMT [116–118]), and other neuro-pathways (e.g., MAOA, CRHR1, OXTR,

BDNF [119]). Studies of physiological markers have centered on the stress response

system, including autonomic (e.g., PEP, HRV, RSA, EDA, sAA [92,120–123]) and neuro-

endocrine (e.g., CORT, ACTH, CRH [95,124,125]) reactivity. Studies of behavioral markers

have identified candidate traits among both children (e.g., negative emotionality, dif-

ficult temperament, impulsivity [126]) and adults (e.g., sensory processing sensitivity,

personality characteristics, negative affect [127]).

As a culmination of this work, a seminal review of 56 studies encompassing thousands

of participants (n = 22,686; age 18+ [56%]) demonstrated that individuals who were

susceptible to stress (across these biobehavioral markers) also exhibited greater health

benefits under supportive social conditions (e.g., positive life events, social support, quality

relationships, better access to the social determinants of health), as compared to individ-

uals who were less susceptible [128]. Overall, these findings support the argument that

many of the susceptibility factors identified in the biological embedding literature might

instead operate as differential susceptibility factors.

Building on this foundation, the following operational definitions were used to guide

the current program of research: an environmental factor is defined as a specific exposure

that influences health or well-being, with a valence ranging from a “stressor” (a stimulus

that causes stress) to a “protective factor” (a stimulus that protects against stressors); an

environmental condition is defined as the ratio of environmental factors at a given place

and time, with a valence ranging from “adverse” (an elevated ratio of stressors to protec-

tive factors, i.e., risk-promoting) to “protective” (an elevated ratio of protective factors

to stressors, i.e., benefit-enhancing); (3) the total environment is defined as the external

socioemotional and physicochemical world: the sum of all environmental conditions that

an individual is exposed to across their lifespan; (4) environmental sensitivity is defined
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as heightened neurobiological responsivity to the health influences of both adverse and

protective environmental conditions, which could be a result of early-life exposures.

[3] Theoretical Framework

Incorporating the concept of differential susceptibility into the biological embedding litera-

ture could necessitate a significant shift in how susceptibility is conceptualized in public

health research. Traditionally, susceptibility is often understood as a heightened sensitiv-

ity (a neurobiological predisposition) to the health risks of adverse environments and is

observed more consistently among vulnerable groups (those with a higher risk of being

exposed to chronic stressors). However, the differential susceptibility literature offers a

more nuanced understanding: that the same neurobiological mechanisms that increase

sensitivity to adverse environments could also enhance sensitivity to protective environ-

ments. Taken together, this alternative perspective suggests that early life stress might

be better understood as not merely increasing susceptibility to stress, but as cultivating a

broader form of environmental sensitivity.

This understanding could have widespread and far-reaching implications for public health

research, particularly in elucidating the differential impacts of social and physical environ-

mental factors across diverse populations and socioeconomic gradients to inform targeted

interventions. To help facilitate this process, the principal investigator and co-investigators

of this program of research developed a theoretical framework to better understand how

individual differences in environmental sensitivity could be leveraged to reduce disparities

in health across socioeconomic gradients. Based on the interconnections between the bio-

logical embedding and differential susceptibility literatures, this framework is grounded

on two overarching ideas: (susceptibility to stress) groups in low socioeconomic positions,

compared to more privileged groups, often face higher exposure to persistent psychosocial

stressors in early life, which can induce a lifelong susceptibility to stress through various

neurobiological pathways; (environmental sensitivity) susceptibility to stress, traditionally

understood as a heightened reactivity to stressors, could also encompass enhanced respon-
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sivity to health-protective exposures, inducing greater risks in adverse environments, but

also greater benefits in protective environments.

Importantly, this framework warrants investigation into the idea that early life stress could

be at least one mechanism underlying epidemiological evidence that nature exposure

has the potential to attenuate health disparities, with stronger health-protective effects

observed in lower versus higher income neighborhoods [24–29]. Specifically, it is plausible

that increased environmental sensitivity induced by early life stress could provide a

physiological pathway for groups in lower versus higher socioeconomic positions to

derive greater health benefits from residential nature exposure. However, the literature

supporting this framework has centered on social environments, and further research is

needed to reveal whether or to what extent early life stress could also promote greater

benefits from protective physical environments such as nature.

Establishing this evidence could ultimately reveal more effective strategies for addressing

health disparities, as nature-based interventions offer a promising approach [129–132]. For

instance, incorporating nature into residential settings is typically a safe, feasible, sustain-

able, and cost-effective intervention target [133–136] with potential as a complementary

health approach that (1) could be installed as a passive intervention, promoting health

without requiring behavioral change or administration by trained personnel; (2) could be

a long-term intervention, promoting generational health with relatively low maintenance

costs; (3) could provide multiple co-benefits, including more opportunities for exercise

and socialization; and (4) could be implemented through public health policy to create

large-scale impacts (for an excellent summary, see Frumkin et al. 2017 [4]).

There is also an extensive field of literature on the health-protective effects of natural versus

urban environments, dating back to the earliest civilizations [137]. Over the past century,

this field has been refined and numerous theoretical frameworks have been advanced based

on evolutionary perspectives (e.g., Arousal Theory [138], Prospect-Refuge and Habitat

Theory [139], Savanna Hypothesis [140], Forest Hypothesis [141], Biocultural Theory

[142], Biophilia Hypothesis [143], Stress Reduction Theory [144], Attention Restoration

Theory [145], Fractal Pattern Theory [146]). Even though these frameworks differ in
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important respects, they converge on the fundamental premise that humans share an innate

psycho-physiological affinity to natural features that maintained safety and nourishment

throughout our evolutionary history. Due to these connections, many types of nature

exposure can have a positive effect on physical and mental health, subjective well-being,

and cognitive function relative to urban settings [1–4].

Embedding this evolutionary perspective into our theoretical framework implies that

the strength of this affinity and the magnitude of its positive effects would be more

pronounced among groups in lower versus higher socioeconomic positions with higher

exposure to early-life stressors. Considering that a pro-inflammatory immune state is a

central mechanism underpinning the association between early life stress and negative

health outcomes under adverse conditions (e.g., Neuroimmune Network Hypothesis

[62,147–150]), we expect it could also be a central mechanism enhancing positive outcomes

under protective conditions. In this regard, a pro-inflammatory state could be a particularly

relevant indicator of environmental sensitivity, given its proximal position on the causal

pathway between early life stress and morbidity and mortality. Yet, to our knowledge, no

studies have investigated whether early life stress or its neuroimmune correlates could be

associated with greater health benefits from nature exposure. Therefore, the objective of

this program of research was to provide initial insight into these associations to determine

if there is sufficient evidence that warrants further investigation.

[4] Specific Aims

Overtly, this program of research sought to address the question of whether increased

environmental sensitivity induced by early life stress could be at least one mechanism

underlying epidemiological observations that groups in lower versus higher socioeconomic

positions exhibit greater health benefits from nature exposure. Based on our theoretical

framework, environmental sensitivity was operationalized across three levels of analysis: a

pro-inflammatory immune state as a physiological manifestation of susceptibility to stress;

early life stress as a causal antecedent of susceptibility to stress; and socioeconomic status

as the broader context through which social and health relationships are shaped, serving
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as an upstream facilitator of susceptibility to stress. Our specific aims were addressed in

a three-paper series with a focus on each level of analysis using a bottom-up approach

to provide a systematic examination of environmental sensitivity, progressively building

from physiological mechanisms to broader societal contexts (see Fig 1).

Figure 1. Theoretical Framework & Specific Aims

Susceptibility to Stress: groups in low socioeconomic positions, compared to more privileged groups,
often face higher exposure to persistent psychosocial stressors in early life, which can induce a lifelong
susceptibility to stress through various neurobiological pathways, including a pro-inflammatory immune
state; Environmental Sensitivity: susceptibility to stress, traditionally understood as a heightened reactivity
to stressors, could also encompass enhanced responsivity to health-protective exposures, inducing greater
risks in adverse environments, but also greater benefits in protective environments.

The first aim was to establish experimental evidence that a pro-inflammatory immune state

could be associated with greater autonomic recovery from an acute psychosocial stressor

in a nature versus office (control) environment. This aim centered on stress recovery as

chronic stress is one of the most well-established mechanisms underpinning health dispari-

ties [74,75] and can effectively be mitigated by nature exposure [151,152]. Attainment of this

aim could broadly elucidate a physiological mechanism through which groups with high

exposure to early-life stressors could derive greater health benefits from nature exposure.

The second aim was to extrapolate this experimental evidence into a real-world paradigm

using an observational design to demonstrate that early life stress could be associated
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with better health among residents of greener neighborhoods. Cardiometabolic health

was selected as the outcome of interest as cardiovascular disease and metabolic disor-

ders are well-documented drivers of health disparities [153,154] and represent a class

of conditions particularly responsive to the health-protective effects of nature exposure

[155,156]. Attainment of this aim could reinforce the role of early life stress as a facilita-

tor of the mechanistic pathway through which groups in low socioeconomic positions

could derive greater health benefits from nature exposure.

The third aim was to integrate the broader context of socioeconomic status into this

real-world paradigm to demonstrate that residential nature exposure could be associated

with better health among groups with higher lifetime exposure to stressors related to

the social determinants of health. Latent classes were used to validate expected groups

and test for predicted associations based on low socioeconomic status, including higher

rates of physical and mental health issues [74,75] and stronger health-protective effects

among residents of greener neighborhoods [24–29]. Attainment of this aim could reinforce

low socioeconomic status as an upstream facilitator of early life stress and in turn, the

physiological mechanism that could promote greater health benefits from nature exposure.

[5] Conclusion

Although the attainment of these aims would provide relatively modest evidence, intended

to encourage further investigation, contextualizing this evidence into our theoretical frame-

work could have widespread and far-reaching implications for public health research.

Specifically, this could further support an alternative conceptualization of “susceptibility”

as increased “environmental sensitivity”, conveying that individuals who are more suscep-

tible to the risks of adverse environments might also be more receptive to the benefits of pro-

tective ones. This could also further support the evidence base for differential susceptibility

by extending this concept to protective physical environments, opening another avenue of

integration with public health research. A large-scale adoption of differential susceptibility

to the total environment could provide opportunities for more effective interventions
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through altering and improving physical environments with the intention of promoting

positive well-being outcomes, which has been less of a focus in public health research.

Ultimately, future research in line with this theoretical framework could lead to a greater

understanding of the ways in which nature-based interventions could be leveraged to

reduce disparities in health among vulnerable groups. As the evidence base for this

framework expands, we could more effectively identify and target mechanisms of health

risks and benefits among susceptible groups and tailor public health interventions, taking

into account individual differences in environmental sensitivity to develop more nuanced,

strategic, and socioeconomically attuned approaches for addressing health disparities.
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Abstract

Background

Emerging epidemiological evidence indicates that nature exposure could be associated

with greater health benefits among groups in lower versus higher socioeconomic positions.

One possible mechanism underpinning this evidence is described by our framework:

(susceptibility) individuals in low socioeconomic positions often face higher exposure

to persistent psychosocial stressors in early life, which can induce a pro-inflammatory

immune state as a lifelong susceptibility to stress; (differential susceptibility) susceptible

individuals are more sensitive to the health risks of adverse (risk-promoting) environments,

but also to the health benefits of protective (benefit-enhancing) environments.

Objective

Experimental investigation of a pro-inflammatory immune state as a mechanism facilitat-

ing better stress recovery from nature exposure.

Methods

We determined differences in stress recovery (via heart rate variability) caused by exposure

to a nature or office environment in virtual reality (10 min) after an acute stressor among

64 healthy college-age males with varying levels of susceptibility (socioeconomic status,

early life stress, and a pro-inflammatory state [inflammatory reactivity and glucocorticoid

resistance to an in vitro bacterial challenge]).

Results

Findings for inflammatory reactivity and glucocorticoid resistance were modest but con-

sistently trended towards better recovery in the nature condition. Differences in recovery

were not observed for socioeconomic status or early life stress.

Discussion

Among healthy college-age males, we observed expected trends according to their differen-

tial susceptibility when assessed as inflammatory reactivity and glucocorticoid resistance,
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suggesting these biological correlates of susceptibility to stress could be more proximal

indicators than self-reported assessments of socioeconomic status and early life stress. If

future research in more diverse populations aligns with these trends, this could support

an alternative conceptualization of susceptibility as increased environmental sensitivity,

reflecting heightened responses to adverse but also protective environmental conditions.

With this knowledge, future investigators could examine how individual differences

in environmental sensitivity could provide an opportunity for those who are the most

susceptible to experience the greatest benefits from nature exposure.
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[1] Introduction

Emerging epidemiological evidence indicates that nature exposure (e.g., contact with

natural green spaces) could be associated with better health among groups in low socioe-

conomic positions to a greater degree than among more privileged groups [1–4]. This

implies that nature exposure within urban settings could potentially attenuate the adverse

effects of chronic stress on health with the greatest impact among individuals who are

the most susceptible to life stressors [5–7]. However, the evidence supporting this possi-

bility primarily comes from cross-sectional and observational studies, including reports

of null associations [8–10]. Further investigation is necessary to better understand this

phenomenon, especially through experimental paradigms that could provide insight into

potential causal mechanisms. Establishing experimental evidence could further support

the idea that nature-based interventions (e.g., increasing access to urban parks) could

help curb disparities in health across socioeconomic conditions.

One possible mechanism underpinning this phenomenon is outlined by integrating three

overarching ideas: (1) individuals in low socioeconomic conditions often face higher expo-

sure to persistent psychosocial stressors in early life, which can induce a lifelong susceptibil-

ity to stress through various neurobiological pathways; (2) nature exposure protects against

the adverse health effects of stress; (3) susceptibility to stress could reflect increased sensitiv-

ity to environmental conditions, inducing greater benefits from the health-protective effects

of nature exposure among individuals in lower versus higher socioeconomic positions.

[1.1] Early Life Stress

Evidence demonstrates that individuals in low socioeconomic positions, compared to more

privileged groups, often face higher exposure to persistent psychosocial stressors in early

life [11–15]. Evidence also demonstrates that early life stress can produce a lifelong sus-

ceptibility to stress through various neurobiological pathways (i.e., Biological Embedding

Model [16–26]). One of the most well-established pathways consists of early life stress

inducing a pro-inflammatory immune state, observed as heightened neuroimmune reac-
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tivity to psychological (e.g., social) and biological (e.g., bacterial) stressors combined with

resistance to anti-inflammatory signals (i.e., Neuroimmune Network Hypothesis [27,28]).

In short, when the amygdala activates in response to perceived threats, the sympathetic-

adrenal-medullary (SAM) axis engages within seconds to trigger the sympathetic ner-

vous system, sending a cascade of messengers (e.g., catecholamines) that are received by

monocytes as pro-inflammatory signals [29]. Minutes later, the hypothalamic-pituitary-

adrenal (HPA) axis engages, sending another cascade of messengers (e.g., glucocorti-

coids) that are received by monocytes as anti-inflammatory signals [29]. Importantly,

early life stress has been shown to increase monocyte sensitivity to pro-inflammatory

signals, but also decrease monocyte sensitivity to anti-inflammatory signals, leading

to a pro-inflammatory immune state which persists throughout adulthood (“brain to

immune traffic” [27,28]). Consequentially, this pro-inflammatory state induces neuro-

inflammation which has also been shown to elevate amygdala reactivity to perceived

threats in a self-sustaining cycle (“immune to brain traffic” [27,28]).

As an example of this pro-inflammatory state, experimental evidence has shown that early

life stress is associated with increased monocyte production of pro-inflammatory cytokines

(e.g., interleukin-6; IL-6) among healthy adults in response to psychosocial stressors [30,31].

Other evidence has shown that early life stress is associated with increased monocyte

production of pro-inflammatory cytokines (e.g., IL-6) and resistance to glucocorticoids

(e.g., cortisol) among healthy adults in response to in vitro bacterial challenges [32-34].

Importantly, evidence also indicates that higher socioeconomic status during adulthood

is unable to reverse these developmental alterations [32,35].

Together, these findings suggest that early life stress becomes biologically embedded

through a pro-inflammatory state that, when combined with persistent exposure to

stressors, could result in chronic inflammation and consequently heighten the risk of

developing the diseases of aging [27,28]. This risk is particularly elevated among in-

dividuals in low socioeconomic positions, who are more likely to experience early life

stress, current life stressors, and health disparities across these diseases [32,35]. In this

context, a pro-inflammatory state could represent a more sensitive and relevant indi-



Eisen 2025 44

cator as a biological correlate of susceptibility to stress (proximal; shorter pathway be-

tween indicators and outcomes), compared to self-report assessments of socioeconomic

status and early life stress (distal; longer pathway between indicators and outcomes

that in turn, increases the risk of unmeasured confounders).

[1.2] Nature Exposure

Psychoevolutionary theories posit that many types of nature exposure are health-protective

relative to exposure to urban settings, as human beings share an innate physiological

affinity to natural features that afforded safety and nourishment throughout our evo-

lutionary history [36–39]. Due to these connections, nature exposure can have a posi-

tive effect on health through stress-related mechanisms, including better stress recovery

(e.g., see Roger Ulrich’s Stress Reduction Theory [40-41]). This idea is supported by ex-

perimental evidence of increased parasympathetic activation and reduced sympathetic

activation within natural versus urban settings following sympathetic arousal induced

by an acute psychosocial stressor [41–46].

For instance, Ulrich et al. (1991) found that healthy participants exposed to videos of

natural versus urban environments demonstrated increased parasympathetic activation

(e.g., pulse transit time) and reduced sympathetic activation (e.g., muscle tension, skin

conductance), following sympathetic arousal induced by an acute psychosocial stressor (a

video depicting graphic injuries in a woodworking shop) [41]. More recent studies have

also reported similar findings, where healthy participants exposed to a natural versus

indoor office environment in virtual reality demonstrated increased parasympathetic and

reduced sympathetic activation (e.g., heart rate variability; HRV), following sympathetic

arousal induced by an acute psychosocial stressor (Trier Social Stress Test; TSST) [45,46].

Therefore, better stress recovery (increased parasympathetic activation and reduced sym-

pathetic activation following an acute stressor) is one plausible mechanism underpinning

the health-protective effects of nature exposure [41,47,48]. More specifically, evidence

supports the idea that incorporating nature into residential settings buffers against the

effects of chronic stress [49–51] and reduces the risk of various stress-related diseases
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[52–55], as exemplified by the aforementioned epidemiological evidence [1–4]. In the

present study, we centered our interpretations on cardiovascular disease given the direct

and observable link between autonomic activation and cardiovascular physiology, as

evidenced by changes in heart rate, pulse, and blood pressure.

[1.3] Differential Susceptibility

We propose that individuals in lower versus higher socioeconomic positions could expe-

rience greater cardiovascular benefits from nature exposure due to increased sensitivity

to environmental conditions as a function of susceptibility to stress. In this context, a

pro-inflammatory immune state induced by early life stress could heighten the effects

of various environmental conditions. Although research has primarily centered on the

negative effects of adverse (risk-promoting) environments, growing evidence indicates

a link to better outcomes within protective (benefit-enhancing) environments. This idea

is grounded within evolutionary-developmental theories [56–59] which converge on the

Differential Susceptibility Hypothesis: that susceptible individuals are more sensitive to

risks of adverse environments, but are also more sensitive to the benefits of protective

environments, relative to less susceptible individuals [59].

In support of this hypothesis, a seminal review of fifty-six studies encompassing thou-

sands of participants (n = 22,686) demonstrated that individuals who were susceptible

to stress (using an extensive range of behavioral, physiological, and genetic indicators)

also exhibited greater physical and mental health benefits in response to protective social

conditions (e.g., positive feedback, social support) relative to less susceptible individuals

[60]. Emerging evidence also indicates differential susceptibility could be relevant for the

specific susceptibility indicators employed in the present study, including socioeconomic

status, early life stress, and a pro-inflammatory state.

For instance, regarding socioeconomic status, a landmark study on the population of

England below the age of retirement (n = 40,813,236) found that the cardiovascular disparity

gap between the highest and lowest income groups was 30% smaller in the greenest

neighborhoods [1]. Regarding early life stress, a national longitudinal survey of individuals
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in the United States (n = 34,458) provided evidence that adults with adverse childhood

experiences had greater decreases in transdiagnostic psychopathological factors following

annual reductions in current life stress compared to adults without adverse childhood

experiences [61]. Regarding a pro-inflammatory state, experimental evidence has shown

that healthy participants (n = 61) exposed to an in vivo inflammatory challenge (low-

dose endotoxin) demonstrated heightened neural activity in reward processing regions

(ventral striatum and ventromedial prefrontal cortex) when receiving positive versus

neutral social feedback about their performance on an audio-recorded interview, relative

to participants who were given a placebo (n = 57 [62]).

Throughout this body of evidence, a trend emerges in which susceptible individuals exhibit

better outcomes in protective environments relative to less susceptible individuals. In

other words, susceptible individuals tend to exhibit greater sensitivity to both adverse and

protective environmental influences than their less susceptible counterparts, who appear

to exhibit relatively moderate effects from their environment [59].

[1.4] Present Study

Embedding this theory into our framework (see Fig 1) implies that individuals in lower ver-

sus higher socioeconomic positions are more likely to exhibit greater cardiovascular risks in

adverse environments, but also greater cardiovascular benefits in protective environments

[59]. Specifically, we expect that individuals in lower socioeconomic positions are more

likely to experience: early life stress; a pro-inflammatory immune state induced by early

life stress; and enhanced sensitivity to the cardiovascular benefits of natural environments

as a function of susceptibility to stress. Considering that a pro-inflammatory state is a key

mechanism driving the association between early life stress and negative outcomes under

adverse conditions [27,28], we expect that it could also be a key mechanism leading to

positive outcomes under protective conditions.

Put together, the aforementioned evidence supports the possibility that individuals with

a pro-inflammatory immune state could derive greater cardiovascular benefits from the

stress-buffering effects of nature. However, to our knowledge, this mechanism has never
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been explored in an experimental paradigm. The purpose of this investigation was to: (1)

posit a theoretical framework to highlight potential mechanisms underpinning differential

susceptibility to natural environments, and (2) provide initial insight into the hypothesized

associations to determine if there is sufficient evidence that supports more comprehensive

investigations in larger and more diverse samples.

Figure 1. Theoretical Framework

Emerging epidemiological evidence indicates that nature exposure could be associated with greater health
benefits among groups in lower versus higher socioeconomic positions. One possible mechanism under-
pinning this evidence is described by our theoretical framework. Susceptibility: individuals in lower
socioeconomic positions often face higher exposure early-life stressors, which can induce a lifelong suscep-
tibility to stress through various neurobiological pathways, including a pro-inflammatory immune state.
Differential Susceptibility: susceptible individuals are more sensitive to the health risks of adverse envi-
ronments (e.g., worse recovery from stress), but are also more sensitive to the health benefits of protective
environments (e.g., better recovery from stress), relative to less susceptible individuals.

(1) Socioeconomic Status is defined as the position of an individual in their society which is determined by
both social and economic factors that impact exposure to and experiences with psychosocial stressors [63].
(2) Early Life Stress is defined as persistent exposure to psychosocial stressors during childhood, with ranging
degrees of perceived severity, that induce neurobiological responses and could promote developmental
alterations over time [64]. (3) A Pro-Inflammatory Immune State is defined as heightened neuroimmune
reactivity to psychological (e.g., social) and biological (e.g., bacterial) stressors combined with resistance
to anti-inflammatory signals [27,28]. Panel B was adapted from “For Better and For Worse: Differential
Susceptibility to Environmental Influences” by Jay Belsky, Marian J. Bakermans-Kranenburg, and Marinus
H. van IJzendoorn, 2007, Current Directions in Psychological Science, 16(6), 300-304. Copyright 2007 by the
Association for Psychological Science. Adapted with permission.
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In this controlled experimental study, we determined differences in stress recovery caused

by exposure to either a nature environment (a local public park) or a comparator environ-

ment (indoor office setting) following exposure to an acute psychosocial stressor (Trier

Social Stress Test) among healthy participants with varying levels of susceptibility. The

environmental exposures were conducted using virtual reality as immersive modalities

have been shown to induce responses comparable to real-world exposures [65,66] and offer

several key advantages, including the mitigation of confounding factors (e.g., exercise,

socialization [52]), isolation of sensory effects (e.g., visual, auditory [65]), and greater

control over the exposure (e.g., presence of humans, weather [66]). Stress recovery was

operationalized by indicators of autonomic activation (heart rate variability [67]) as the

homeostasis of this nervous system indicates neuro-cardiac interactions in response to

environmental conditions [68,69], responds rapidly to acute exposures [69,70], and is

robustly associated with cardiovascular health [67–74].

We also tested distal and proximal indicators of susceptibility in the context of our theoreti-

cal framework (see Fig 1). Distal indicators included socioeconomic status (subjective social

status) and early life stress (adverse childhood experiences), while proximal indicators

included two immunological assessments of monocytes to index a pro-inflammatory state

(increased inflammatory reactivity and glucocorticoid resistance in response to an in vitro

bacterial challenge). We hypothesized that susceptible participants would exhibit greater

autonomic recovery from the acute psychosocial stressor (increased parasympathetic and

reduced sympathetic activation) when exposed to the nature versus office environment,

relative to less susceptible participants.

[2] Materials & Methods

[2.1] Participants

We recruited male students (n = 64), 18 – 30 years of age, from a Texas university using local

advertisements between April 1st and July 31st, 2019. Participants were fluent English

speakers, non-smokers, non-drug users, not diagnosed with or taking medication for
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chronic illness (diabetes, cardiovascular disease, metabolic syndrome, epilepsy, seizures,

and asthma), and without a history of sleep problems; who were not night-shift workers

and were naı̈ve to our stressor. We recruited young adults to focus this stage of research on

a healthier sample, as with age comes the development of aging-related health states that

might confound the analyses. We also recruited exclusively young males (sex assigned at

birth) to minimize variability in our outcome (stress recovery) that was not attributed to the

experimental conditions or susceptibility indicators [75]. This was based on prior research

showing that males demonstrate less variability than females in response to the same

psychosocial stressor that was used in this investigation [76–78]. For instance, the literature

supporting this stressor has provided evidence that hormonal fluctuations associated

with menstrual cycles (e.g., estradiol, progesterone) and altered diurnal neuroendocrine

rhythms associated with oral contraceptive use increase the variability of stress responses

among females [79]. All participants provided written informed consent and were com-

pensated with 40 USD for completing the experiment. This study was approved by the

Institutional Review Board at the University of Texas at El Paso (1385515-3).

[2.2] Study Design

We used a between-group design to compare the effects of the nature versus indoor of-

fice environment on stress recovery from an acute psychosocial stressor, with a focus

on the modifying effects of susceptibility to stress. We did this by having participants

experience the psychosocial stressor, followed by a 10-min exposure to a randomly as-

signed environment (nature or office) delivered using virtual reality, and subsequently

a 40-min recovery period. Changes in stress recovery were observed throughout the

experiment (see Fig 2) and indexed using autonomic activation (heart rate variability).

We then examined changes in autonomic activation as a function of the interaction be-

tween the environmental conditions and susceptibility to stress, represented as both

distal indicators (socioeconomic status and early life stress) and proximal indicators

(inflammatory reactivity and glucocorticoid resistance).
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[2.3] Procedure

During an initial visit to the laboratory, participants underwent a health screening to deter-

mine the following exclusion criteria: body mass index ≥25 kg/m2, waist circumference

≥40 inches, blood pressure ≥140/90 mmHg, fasting glucose ≥100 mg/dL, and moderate

or worse depressive severity (PHQ-9 score ≥10 [80]). Participants then completed self-

report questionnaires as measures of socioeconomic status and early life stress. Finally, all

participants were exposed to a 5-min 360º VR video of Zion National Park, minimizing

the potential for a “novelty” effect during the exposure experiment for those who had

never experienced virtual reality [81]. Participants who passed the health screening were

scheduled for the experiment (see Fig 2) on a separate day and at a standardized time

(9:00am or 2:00pm, within three days of the initial visit) to mitigate circadian effects [82].

Figure 2. Flow Diagram of the Exposure Experiment

Stress recovery was assessed using heart rate
variability to index changes in autonomic acti-
vation (sympathetic and parasympathetic) from
baseline to the recovery period. Socioeconomic
status (MacArthur Scale of Subjective Social Sta-
tus) and early life stress (Adverse Childhood Ex-
perience Questionnaire) were measured during
an initial visit to the laboratory within three days
of the exposure experiment. Inflammatory reac-
tivity and glucocorticoid resistance (in response
to the in vitro bacterial challenge) were assessed
before the start of the exposure experiment.
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[2.3.1] Baseline

Upon arrival at the laboratory on the day of the exposure experiment, participants rested

in an examination room for 15 min and then provided a blood sample for the bioas-

say of inflammatory reactivity and glucocorticoid resistance. Subsequently, participants

attached three wireless electrodes to their abdomen and below their collarbone and re-

clined on an examination table for 10 min to complete the baseline assessment. The

electrodes were connected wirelessly to a computer and remained on the participant

for the duration of the experiment.

[2.3.2] Stressor

Participants were then taken to an office space devoid of natural elements to experience

a variation of the Trier Social Stress Test which has been shown to effectively simulate

stressful situations in the real world [76,83,84]. The stressor exposure was coordinated by

a female experimenter and performed in front of a male judge with two tasks: a public

speaking task (why you would be the best candidate for your “dream job” during a mock

job interview) and a mental arithmetic task (rapid and accurate serial subtraction). To

increase the efficacy of the stressor, participants were informed that video monitoring

was being conducted for the speech task and misinformed that the participant with the

highest score on the mental arithmetic task would receive an additional incentive worth 30

USD. When participants stopped before the time allocated for the speech task, they were

prompted to continue, with a 10-second pause on subsequent prompts. For the mental

arithmetic task, when participants answered incorrectly, a buzzer was sounded and they

were prompted to restart from the beginning of the task. The stressor lasted for 20 min

with four 5-min blocks (instructions, preparation, speech task, and mental arithmetic task).

[2.3.3] Exposure

Participants were then exposed to one of two randomly assigned immersive virtual reality

environments, including a nature setting (a local public park with distant houses) or

an indoor office setting (the same office used for the experiment, but in virtual reality).
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Images of these environments are presented in Fig 3. A technician conducted the random

assignment, blinding the experimenter to the condition group of the participant. The

virtual exposures were delivered using a commercial headset (VIVE Pro™, HTC Corpora-

tion, Taoyuan, Taiwan) and consisted of 360° videos, recorded using an 8k 360° camera

(Insta360 Pro™, Insta360.Inc, Shenzhen, Hong Kong).

Figure 3. Virtual Reality Environments

Equirectangular depictions of the 360-degree
8k stationary recordings delivered in virtual re-
ality using a commercial headset after partici-
pants experienced the acute stressor. The virtual
greenspace environment (nature) was recorded
at a public park within the same county as the
university where the exposure experiment was
conducted. The virtual indoor environment (of-
fice) was recorded at the same office used for the
experiment. Participants were seated in a chair
for the duration of the exposure (10 min).

We selected a public park in the same county as the university as this was a natural land-

scape that was familiar and accessible to the participants, concordant with epidemiological

evidence that observed the effects of nature in residential settings [1–4]. We avoided

settings with humans or animals, tall grass or dense tree cover, substantial landscape

features or significant inclines, and recorded the setting in mid-spring under direct sun-

light. We also used the office environment as the reference condition for our analyses as

this was the physical location of the participants during the virtual exposures, ensuring

that the participants in the office condition did not experience a change of setting. This

was done to minimize the impact of this condition, avoiding confounders that could be

introduced by exposing participants to a different setting than their current location, while
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also accounting for any effects of wearing the headset. Participants were seated in a chair

in the middle of the office for the duration of the 10-min exposure. The length of this

exposure was expected to induce a measurable effect based on other studies observing

effects with even shorter periods [45,46,85–87].

[2.3.4] Recovery

Subsequently, participants remained in the office for 40 min while resting in a chair

for the duration of the recovery period. This length was selected to ensure data were

collected for at least 70 min after the initiation of the stressor, which is a sufficient

amount of time to capture autonomic recovery via heart rate variability based on prior

literature [84,88]. After this recovery period, participants were taken back to the ex-

amination room and the electrodes were removed. Participants were then debriefed

which marked the end of the exposure experiment.

[2.4] Stress Recovery

Stress recovery was assessed using heart rate variability to index changes in autonomic

activation throughout the experiment. Data were collected using BIOPAC MP150 for

Windows and AcqKnowledge data acquisition software (Biopac Systems Inc., Santa Bar-

bara, CA). Raw signals were filtered through a BIOPAC ECG100C bioamplifier with a

sampling frequency of 1 kHz and set to record heart rate (HR) from 40 – 180 beats per

minute. Data were broken up into four segments corresponding to the study periods

(baseline, stressor, exposure, and recovery; see Fig 2).

Time, frequency, and non-linear domain metrics were analyzed using Kubios software

(3.4.3 [89]), using an automatic correction algorithm for artifacts [90]. Time domain analy-

ses included the root mean square of successive RR interval differences (RMSSD) which

reflects vagal-mediated changes in beat-to-beat variance [69]. Frequency analyses included

low frequency (LF: 0.04 to 0.15 Hz) and high frequency (HF: 0.15 to 0.4 Hz) metrics to

calculate the LF/HF ratio which reflects sympathovagal balance [69] and was expressed

in power bands of normalized units. Non-linear analyses used return maps (plotting
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every interval against the prior interval) to estimate the width of the eclipse (SD1) which

reflects vagal-mediated changes in beat-to-beat variance [69], and the length of the eclipse

(SD2) which reflects sympathovagal balance [69]. Distinct sympathetic (SNS) and parasym-

pathetic (PNS) tone indexes were then estimated as a composite of time domain (e.g.,

HR intervals, RR intervals) and non-linear domain (e.g., SD2, SD1) metrics [89]. While

these indices are relatively novel in research applications, evidence has demonstrated

they provide highly reliable assessments of the corresponding branch of the autonomic

nervous system [91–94]. Cleaned data were log-transformed to normalize model resid-

uals and correct for skewed distributions. These metrics were then separated into two

profiles to index higher sympathetic (LF/HF, SNS, HR↑) or parasympathetic activation

(RMSSD, PNS, HR↓) across the study periods.

[2.5] Stress Susceptibility

[2.5.1] Distal Indicators

Perceived socioeconomic status was measured using the MacArthur Scale of Subjective

Social Status [95] which evaluates subjective social standing, reflecting impressions of

current circumstances, background characteristics, and future opportunities. Scores are

represented on a 10-point scale with higher scores reflecting higher socioeconomic status.

Early life stress was measured using the Adverse Childhood Experience Questionnaire [96]

which includes 10 self-report items on experiences of childhood abuse (emotional, physi-

cal, and sexual), neglect (emotional and physical), and household dysfunction (divorce,

maternal violence, substance abuse, mental illness, and incarceration). Each endorsement

is scored as one point with the total score representing the sum of these endorsements.

[2.5.2] Proximal Indicators

Bioassays of serum drawn before the baseline assessment were used to assess inflammatory

reactivity and glucocorticoid resistance as proximal indicators of susceptibility to stress.

Inflammatory reactivity was assessed by the quantity of IL-6 produced by monocytes from
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an in vitro exposure to lipopolysaccharide bacteria. Glucocorticoid resistance was assessed

by the sensitivity of monocytes to dexamethasone; the quantity of dexamethasone needed

to reduce 50% of IL-6 produced (IC50) from the same lipopolysaccharide exposure.

We used the protocol validated by Miller et al [33,34,97] to assess these indicators using

monocyte-corrected values (correcting for the absolute number of monocytes in circulation

to account for cellular disparities). Concentrations of IL-6 in supernatants were measured

in duplicate using the MILLIPLEX MAP Human High Sensitivity Cytokine panel (catalog

# HSCYTMAG-60SK) from MilliporeSigma Corp. (Burlington, MA) and analyzed on a

Luminex 200 analyzer running xPONENT® (3.1) software (Luminex Corp., Austin, TX).

IL-6 concentrations were reported as pg/mL (detection limit: 0.11 pg/mL). Controls were

within the expected range (inter-assay CV: 6.17%). IC50 calculations were performed

using GraphPad Prism software (9.1.1; San Diego, CA). Data were log-transformed to

normalize model residuals and correct for skewed distributions. Larger values were

indicative of higher inflammatory reactivity and glucocorticoid resistance in response

to the in vitro bacterial challenge.

[2.6] Data Analysis

First, we confirmed that the stressor induced cardiovascular arousal (increased sympa-

thetic and reduced parasympathetic activation during the stressor period, relative to the

baseline period) and that stress recovery was captured following the stressor (increased

parasympathetic and reduced sympathetic activation during the exposure and recovery

periods, relative to the stressor period) using linear mixed effect models with random

intercepts and restricted maximum likelihood estimation to explore the main effect of time

for each autonomic metric. This was accomplished using pairwise contrasts with correc-

tions for multiple comparisons (Tukey’s HSD). Second, we tested if the nature condition

was associated with better stress recovery relative to the office condition also using mixed

effect models, but with an interaction term (Time x Condition) for each autonomic metric.

In these models, the office condition was used as a reference for the pairwise contrasts.
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Our hypothesis was tested using a series of linear regression models, with one sequence

per autonomic metric (outcome), to test the unique effect of each susceptibility indicator

(socioeconomic status, early life stress, inflammatory reactivity, and glucocorticoid resis-

tance), independently, conserving statistical power. These models used assessments during

the recovery period, where the greatest differences between conditions were observed

across all autonomic metrics. Each model included the corresponding assessment of the

autonomic metric at baseline (to explore changes over time and account for individual

differences), two main effects (condition group and susceptibility indicator), and an inter-

action term (Susceptibility x Condition) to test our hypothesis that the slope of the linear

relationship between the susceptibility indicator and autonomic metric differed between

the nature and office (reference) conditions. Susceptibility indicators were centered to

aid in interpretations and all assumptions for linear regression were confirmed before

interpreting our results. We also tested the sensitivity of the effects across all models using

binary representations of the susceptibility indicators (delineated by the median).

Although we utilized alphas (0.05 level) to report significant findings, we focused our

interpretations on forest plots (standardized coefficients and confidence intervals) that

were used to infer directional trends and relative effect sizes across all models, regardless

of statistical significance. Data were analyzed using R (3.6.3) with the lmerTest package

for mixed effect models, the emmeans package for contrasts, the effectsize package for

standardized coefficients, and the ggplot2 package for generating plots.

[3] Results

As expected from randomization, no significant differences in participant demographics,

health status, susceptibility indicators, or autonomic metrics at baseline were noted across

the condition groups (see Table 1). Bivariate correlations for the susceptibility indicators

(S1 Table) and autonomic metrics (S2 Table) are provided in the supplemental materials.
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Table 1. Participant Characteristics

Characteristic
M ± SD or N (%)

p
Total (n = 64) Office (n = 32) Nature (n = 32)

Demographics

Age (Years) 22.70 ± 3.35 22.16 ± 3.21 23.25 ± 3.44 .19

Hispanic or Latino 53 (82.8%) 25 (78.1%) 28 (87.5%) .51

White1 55 (85.9%) 26 (81.3%) 29 (90.6%) .47

Health Status

BMI (kg/m2) 24.32 ± 3.27 24.50 ± 3.81 24.14 ± 2.67 .66

SBP (mmHg) 121.67 ± 10.24 122.56 ± 10.91 120.78 ± 9.62 .49

DBP (mmHg) 73.27 ± 7.69 72.88 ± 7.90 73.66 ± 7.59 .69

Pulse (per min) 61.73 ± 8.89 62.50 ± 9.34 60.97 ± 8.49 .50

Depressive Symptoms2 3.53 ± 2.81 3.66 ± 2.62 3.41 ± 3.02 .72

Sleep Duration (Hours)3 6.93 ± 0.83 7.00 ± 0.94 6.86 ± 0.70 .51

Sleep Quality4 2.38 ± 0.75 2.53 ± 0.72 2.22 ± 0.75 .09

Physical Activity5 22.32 ± 15.45 22.31 ± 18.26 22.33 ± 12.38 .99

Susceptibility

Socioeconomic Status6 4.00 ± 1.75 3.97 ± 1.75 4.03 ± 1.77 .89

Early Life Stress7 1.56 ± 1.71 1.59 ± 1.97 1.53 ± 1.44 .89

Inflammatory Reactivity8 1.17 ± 0.41 1.15 ± 0.43 1.19 ± 0.39 .68

Glucocorticoid Resistance8 2.02 ± 0.19 2.02 ± 0.19 2.03 ± 0.19 .90

Autonomic Activation (Baseline)

RMSSD (ms) 73.84 ± 45.66 69.98 ± 32.13 77.70 ± 56.34 .50

PNS (nu)9 1.29 ± 1.59 1.19 ± 1.34 1.38 ± 1.82 .62

LF/HF (nu) 1.01 ± 0.86 0.90 ± 0.57 1.30 ± 1.08 .28

SNS (nu)9 −0.74 ± 0.85 −0.72 ± 0.95 −0.76 ± 0.76 .86

HR (bpm) 61.04 ± 8.10 60.95 ± 8.35 61.13 ± 7.97 .93

P-values represent between-group differences using t-tests or chi-square tests for the corresponding char-
acteristic. (1) Black: n = 5, Asian: n = 2, Native American: n = 1, Pacific Islander: n = 1. (2) Patient Health
Questionnaire. (3) Past month average sleep duration; (4) Past month average sleep quality, from 1 “very
good” to 5 “very bad”. (5) Past month days x hours of exercise. (6) MacArthur Scale of Subjective Social
Status; (7) Adverse Childhood Experience Questionnaire; (8) In vitro bacterial challenge; (9) Composite of
time and non-linear domain metrics.
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The stressor induced observable cardiovascular arousal as evidenced by significant dif-

ferences in autonomic activation between the baseline and stressor periods, with higher

arousal observed during the stressor period (increased sympathetic and reduced parasym-

pathetic activation, relative to the baseline period; see the S1 Fig). We also observed

clear indications of stress recovery following the stressor, as evidenced by significant

differences between the stressor and subsequent periods, trending towards lower arousal

over time (increased parasympathetic and reduced sympathetic activation, relative to

the stressor period; see the S1 Fig).

Significant between-group differences were not observed during the baseline period

(p = .71 – .93), the stressor period (p = .74 – .99), the exposure period (p = .42 – .99), or the

recovery period (p = .26 – .60), indicating similar levels of stress reactivity and recovery

across the condition groups. However, non-significant trends were consistently in the

direction of better stress recovery for participants in the nature versus office condition dur-

ing both post-stressor periods (see the S2 Fig), with the largest between-group differences

observed during the recovery period.

[3.1] Modifying Effects of Susceptibility on Stress Recovery

We then tested our interaction terms (Susceptibility x Condition) and interpreted global

trends across all models regardless of statistical significance using forest plots with

standardized coefficients and confidence intervals (see Fig 4). Modest trends were ob-

served among the interaction effects during the recovery period for the pro-inflammatory

indicators; higher inflammatory reactivity and glucocorticoid resistance consistently

trended in the direction of better stress recovery (increased parasympathetic and reduced

sympathetic activation) in the nature condition versus office condition across all mod-

els. However, these same trends were not observed for socioeconomic status or early

life stress which showed no discernible trends among the interaction effects with the

condition groups on stress recovery.
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Figure 4. Forest Plots of Standardized Effects (Continuous Interaction Terms)

Forest plots visualizing interaction terms (standardized coefficients and confidence intervals [95%]) across
all linear regression models. Within these plots, all models were specified so that among participants
with higher susceptibility (continuous), positive interaction terms indicate better stress recovery (increased
parasympathetic and reduced sympathetic activation) in the nature condition while negative terms indicate
better stress recovery in the office condition. Interaction terms at zero indicate no differences in the association
between susceptibility and stress recovery by condition group. *p < .05

To better understand the characteristics of these trends, we then generated plots for

our significant interaction terms (see Fig 5; S3 Fig). Specifically, inflammatory reactiv-

ity was associated with greater reductions in sympathetic activation for participants

in the nature versus office condition during the recovery period (SNS: β = -0.390, 95%

CI [-0.750, -0.029], p = .035), and glucocorticoid resistance was associated with greater

increases in parasympathetic activation for participants in the nature versus office con-

dition during the recovery period (RMSSD: β = 0.382, 95% CI [0.024, 0.739], p = .037;

PNS: β = 0.334 95% CI [0.009, 0.659], p = .044).
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Figure 5. Interaction Plots: Susceptibility by Condition on Autonomic Activation

Interaction plots visualizing the effect (slope) of susceptibility (inflammatory reactivity or glucocorticoid
resistance) on stress recovery (autonomic activation) by condition group (nature [solid black line] versus
office [dashed gray line]). Y-axes present sympathetic or parasympathetic activation using fitted values
(unstandardized) from the corresponding regression model (baseline adjusted metric of autonomic activ-
ity [log] during the recovery period [40 min]). X-axes present susceptibility indicators using log-values.
P-values (beta weights) represent the interaction term.

The direction of these significant interactions indicates that the effect (slope) of a pro-

inflammatory state on autonomic activation differs between the environmental conditions.

Specifically, a pro-inflammatory state was associated with better recovery in the nature

versus office environment (increased parasympathetic and reduced sympathetic activa-

tion), following sympathetic arousal induced by the stressor. The direction of the simple

slopes for each condition suggests a pro-inflammatory state had a positive trend on stress

recovery in the nature condition (SNS: β = -0.335, 95% CI [-0.586, -0.083], p = .010; RMSSD: β

= 0.134, 95% CI [-0.117, 0.385], p = .290; PNS: β = 0.186, 95% CI [-0.043, 0.414], p = 0.110) but

a negative trend on stress recovery in the office condition (SNS: β = 0.055, 95% CI [-0.202,

0.311], p = .671; RMSSD: β = -0.248, 95% CI [-0.502, 0.007], p = .056; PNS: β = -0.148, 95% CI

[-0.381, 0.084], p = .206), although these trends were modest and mostly non-significant.

[3.2] Sensitivity Analyses

Sensitivity analyses using binary indicators suggested these trends were fairly consis-

tent across continuous and binary representations of susceptibility. Specifically, these

binary analyses again revealed no discernible trends for socioeconomic status or early life
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stress while inflammatory reactivity and glucocorticoid resistance consistently trended

towards better stress recovery in the nature condition and worse recovery in the office

condition (see the S4 Fig). It is also of note that binary trends for inflammatory reactivity

and glucocorticoid resistance were larger and mostly significant relative to continuous

trends (modest and mostly non-significant).

[4] Discussion

In this experimental study among healthy college-age males, we observed partial support

for our hypothesis that susceptible participants would exhibit greater autonomic recovery

from an acute psychosocial stressor in a nature versus office environment, relative to less

susceptible participants. Specifically, we found that participants with higher inflammatory

reactivity and glucocorticoid resistance exhibited greater increases in parasympathetic

activation and greater reductions in sympathetic activation when exposed to a virtual na-

ture versus office environment, relative to participants with lower inflammatory reactivity

and glucocorticoid resistance. However, no differences in autonomic recovery were found

among participants in lower versus higher socioeconomic positions or among participants

with higher versus lower exposure to early-life stressors.

While the conclusions that can be drawn from this evidence are tentative, overall our

findings support the need for further research in larger and more diverse samples, es-

pecially considering that we observed expected trends for inflammatory reactivity and

glucocorticoid resistance following just a 10-min virtual reality exposure in a small sam-

ple of college-age males. As the evidence supporting our framework was derived from

more representative samples, including females and older adults, it is plausible these

trends could be supported in larger and more generalizable studies. In the following

sections, we discuss some potential implications if future research using broader and

more diverse samples aligns with our findings.

[4.1] Theoretical Implications
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Our findings only supported certain aspects of our framework (see Fig 1) where we

expected that participants in lower versus higher socioeconomic positions would ex-

hibit greater cardiovascular benefits from the health-protective effects of nature exposure,

possibly as a function of a pro-inflammatory immune state induced by early life stress.

Specifically, our findings support the possibility that increased inflammatory reactivity and

glucocorticoid resistance could be associated with greater autonomic recovery from nature

exposure. However, our findings did not support this possibility for lower socioeconomic

status or higher early-life stressor exposure.

These null associations were surprising as our expectations were based on large-scale

population-based studies in Europe and North America, which have consistently shown

that individuals living in socioeconomically deprived neighborhoods exhibit greater car-

diovascular benefits from the health-protective effects of nature exposure [1–4]. However,

it is possible these associations were not replicated in this study due to our small conve-

nience sample of male college students, and a relative lack of variability in our sample

regarding socioeconomic status and early life stress. This might also explain why we did

not observe significant associations between our susceptibility indicators (see the S1 Table)

as consistently shown within experimental studies [27,28,30–35].

[4.2] Research Implications

If future research in larger and more diverse populations also provides evidence that a pro-

inflammatory immune state enhances sensitivity to the health-protective effects of nature

exposure, this could carry substantial implications for public health research. Specifically,

this could support an alternative conceptualization of susceptibility, predominantly used to

explain the health risks associated with adverse environments, as increased environmental

sensitivity, reflecting heightened responsivity to the health influences of both adverse

and protective environmental conditions.

This could also strengthen the evidence base for the Differential Susceptibility Hypothesis

[59], which has primarily centered on social environments, by demonstrating that suscepti-

ble individuals also experience greater health benefits from protective physical environ-
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ments. In turn, this could provide opportunities for more effective interventions by altering

and improving physical environments with the intention of promoting positive well-being

outcomes. This has been less of a focus in public health research, which has predominantly

focused on the experiences of susceptible individuals in adverse environments.

Further research could also underscore the importance of reconsidering how susceptibil-

ity is indexed in public health research, highlighting the advantages of using proximal

indicators (e.g., biological correlates of susceptibility to stress). Traditional self-report

measures such as socioeconomic status and early life stress are mechanistically distal

from health outcomes, restricting their utility as indicators of susceptibility due to the

increased likelihood of confounding and the need to account for counteracting expo-

sures that could be unknown or immeasurable. For instance, not all individuals in low

socioeconomic positions with high early-life stressor exposure develop susceptibility to

stress due to protective factors (e.g., parental attachment, social support [98,99]). Hence,

these measures do not consistently yield biological indicators of susceptibility to stress,

limiting their application in the discerning of causal pathways.

In our study, only the pro-inflammatory indicators trended towards better stress re-

covery in the nature versus office condition. Thus, we encourage further experimen-

tal work on these causal pathways to employ assessments of inflammatory reactivity

and glucocorticoid resistance, potentially representing objective and sensitive indicators

of susceptibility to stress compared to distal indicators such as socioeconomic status

and early life stress [100,101]. To this end, if we define “susceptibility” as an increased

sensitivity to environmental factors, and “vulnerability” as higher exposure to such

factors [102], then socioeconomic status and early life stress arguably serve as better

indicators of “vulnerability” than “susceptibility”.

Future researchers are also encouraged to examine proximal indicators of susceptibility to

stress across other neurobiological systems associated with a pro-inflammatory immune

state (e.g., neuroendocrine system, central nervous system, autonomic nervous system,

cardiovascular system [27,28]). However, there are some discrepancies in the literature

regarding how early life stress alters these systems. For instance, early life stress has
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been associated with cortisol hyper-reactivity, but also cortisol hypo-reactivity, with either

augmentation leading to negative health outcomes during adulthood [103]. Account-

ing for the severity level of the early-life stressor exposure might explain some of these

discrepancies in the literature, as systematic evidence indicates cortisol hyper-reactivity

is associated with childhood adversity while cortisol hypo-reactivity is associated with

childhood trauma [23]. Therefore, efforts to better conceptualize and measure the distinc-

tion between childhood adversity versus trauma are needed to disentangle the complex

influence of early life stress on health and well-being across the lifespan [104].

[4.3] Strengths & Limitations

Overall, we provide modest experimental evidence supporting the possibility that a pro-

inflammatory immune state could induce greater cardiovascular benefits from nature

exposure. Further, our results are supported by high levels of internal validity due to

the blinded experimental design, successful induction of stress during the stressor, and

successful capture of stress recovery during the post-stressor periods. We also used

stringent inclusion and exclusion criteria [76], advanced algorithms to clean the heart

rate variability data [90], strategies to mitigate confounding factors (e.g., novelty effect of

virtual reality [81], timing of the exposure experiment for circadian effects [82]), along with

analyzing blood samples in duplicate using a validated protocol [33,34,97].

We also used a virtual paradigm to isolate sensory effects (e.g., visual, auditory [65])

and mitigate confounding factors (e.g., exercise, socialization [52]) that might have been

encountered in real-world settings. However, while virtual and real-world exposures

are comparable [65,66], effect sizes are often attenuated in virtual paradigms [105], sug-

gesting our effect sizes might have been larger had we used a real-world paradigm.

Nonetheless, our use of a virtual paradigm also provides implications for simulated

nature-based interventions that might be remarkably simple but effective, such as win-

dows with nature views [106] or indoor plants [107,108].

However, the generalizability of our study was limited, warranting caution when inter-

preting our results from a small sample of male college students who were primarily
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Hispanic/Latinx and lived in West Texas. Although we expected our sample to have a

distribution across our susceptibility indicators, we observed limited variability in our

measures of socioeconomic status and early life stress, potentially contributing to the

null results associated with these variables. Consequently, our results may have been

underpowered and further research is needed to explore these trends in larger and more

diverse samples, including females and older adults, with more variability in terms of

socioeconomic status, early life stress, and protective factors.

The use of a current measure of socioeconomic status represents another limitation as

evidence indicates that higher socioeconomic status during adulthood is unable to reverse

the lifelong effects of early life stress [32,35]. To this end, it is also possible our outcomes

could have been influenced by other pathways attributed to childhood socioeconomic

status that are independent of early life stress. Further, the measure we used could have

oversimplified our assessments and it might have been more informative to use a compos-

ite index across a broader range of indicators (e.g., household income, maternal education)

to account for the various pathways to which socioeconomic status could influence sus-

ceptibility to stress, beyond the psychological aspects of subjective social status. Despite

these shortcomings, some evidence indicates subjective assessments provide stronger

and more consistent associations with stress-related factors compared to objective scales

using earned income, educational attainment, and occupational status [95] which were

remarkably homogeneous in our sample of college students, most of whom were in their

teens or early twenties. However, future researchers should include more comprehensive

measures of different pathways (objective and subjective) in early life.

Using adverse childhood experiences [96] as a proxy for early life stress represents another

limitation, as this measure does not account for the perceived severity, timing, duration, or

frequency of stressful childhood events [100], protective factors [101], or broader societal

contexts as emphasized by the social determinants of health [109]. Future researchers

should account for these factors with more comprehensive assessments. Regarding the

experimental design, it is also possible the virtual office setting was not a perfectly neutral

reference as this was the same room where the participants experienced the stressor.
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However, a perfectly neutral environmental condition might be unattainable, and we

considered that a change from the same real to virtual office setting would be a good

approximation of neutral change compared to a new environment. Further, another

benefit of using the same real and virtual office setting was that it accounted for any

effects of wearing the headset. However, future researchers should also explore these

trends using different comparator environments.

Another concern with our approach is the multiple comparisons problem, as alpha inflation

increases the risk of false positives when testing a large number of models without correc-

tions [110]. To address this challenge, we focused our interpretations on directional trends

and relative effect sizes across all regression models (hypothesis tests), using forest plots

with standardized coefficients and confidence intervals. Further, without pre-established

cut-off ranges for our pro-inflammatory indicators, we used a median split relative to the

distribution of our sample for the binary representations. There is also controversy in the lit-

erature regarding the LF metric, with some authors suggesting it reflects both sympathetic

and parasympathetic activation [111]. Yet, evidence indicates this metric solely reflects

sympathetic activation when it is expressed in normalized units [88,112]. This is com-

plemented by our results, showing a tight alignment with another metric of sympathetic

activation (SNS) from alternative domains (composite of time and non-linear metrics [89]).

Despite these limitations, overall, our results were supportive of specific elements of our

framework which builds upon evidence derived from larger and more diverse samples.

[4.4] Public Health Implications

Overall, our findings support the value of further investigation into the idea that a pro-

inflammatory immune state could be at least one potential mechanism underpinning

epidemiological observations that nature exposure is associated with better cardiovascular

health among groups in lower versus higher socioeconomic positions [1–4]. However,

even if a pro-inflammatory immune state is independent of socioeconomic status in larger

and more diverse samples, this could still hold substantial implications for public health.

Specifically, this could further support the idea that incorporating nature into urban

settings could be a strategic intervention target to curb the prevalence of cardiovascular
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disease, but especially among individuals with a pro-inflammatory state. Importantly,

nature in urban settings is typically a safe, feasible, and cost-effective intervention target

[113,114] with potential as a complementary health approach that (1) could be installed

as a passive intervention; (2) is a long-term intervention, fostering generational health;

(3) could provide multiple co-benefits and (4) could be implemented through public

health policy [52]. Other helpful nature-based interventions could even be provided using

windows with nature views [106] or indoor plants [107,108].

Future research in this area could also support a reconceptualization of susceptibility

in public health research, conveying that individuals who are more susceptible to the

risks of adverse environments might also be more receptive to the benefits of protective

ones. This is underscored by our findings, providing modest support for past evidence

that heightened inflammatory reactivity and glucocorticoid resistance might not just be

risk factors [27,28] but also resources in protective environments [62]. While this idea is

contained within the Differential Susceptibility Hypothesis in developmental psychology

[59], we provide modest evidence that these effects might also pertain to protective physical

environments, providing another avenue of integration with public health.

Based on our theoretical framework, we also assessed susceptibility across a range of

indicators, including socioeconomic status, early life stress, inflammatory reactivity, and

glucocorticoid resistance. Overall, our findings suggest that a pro-inflammatory state

could be a particularly sensitive indicator of environmental sensitivity as a biological

correlate of susceptibility to stress (proximal: direct pathway between the indicator and

outcome) relative to self-reported assessments of socioeconomic status and early life stress

(distal: indirect pathway between the indicator and the outcome, that in turn increases

the risk of unmeasured confounder). For instance, not all adults with high early-life

stressor exposure develop susceptibility to stress due to protective factors (e.g., parental

attachment, social support [98,99]) that could be unknown or immeasurable. Further

validation of proximal indicators in larger and more diverse samples could significantly

enhance assessments of susceptibility to environmental health effects in research and

clinical settings, promoting prevention efforts for public health approaches centered on

reducing the prevalence of cardiovascular disease.
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[4.5] Conclusion

Ultimately, future research in line with this theoretical framework could lead to a greater

understanding of the ways in which nature-based interventions could be leveraged to

reduce disparities in health among vulnerable populations. Specifically, this could further

underscore the value of integrating protective environments into public health strategies,

especially for individuals with a pro-inflammatory immune state who are particularly

susceptible to health risks but also might stand to experience the greatest health benefits

from nature exposure. Through the use of proximal indicators, we can more effectively

identify potential mechanisms facilitating health risks and benefits among susceptible

groups and tailor public health interventions, taking into account individual differences in

environmental sensitivity to reduce disparities in health across socioeconomic gradients.
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Supporting Information

S1 Table. Bivariate Correlations (Susceptibility Indicators)

Distal indicators of susceptibility included socioeconomic status (SES) and adverse childhood experiences
(ACE) while proximal indicators included inflammatory reactivity (IL6) and glucocorticoid resistance (IC50).

S2 Table. Bivariate Correlations (Baseline Autonomic Metrics)

Autonomic metrics were separated into two profiles to index higher parasympathetic (RMSSD, PNS, HR↓)
or sympathetic activation (LF/HF, SNS, HR↑).
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S1 Figure. Cardiovascular Arousal and Recovery (Autonomic Activation)

Time plots visualizing changes in sympathetic (LF/HF, SNS, HR↑) or parasympathetic (RMSSD, PNS,
HR↓) activation throughout the experimental protocol, relative to the baseline period. X-axes present
the study periods (baseline [10 min], stressor [20 min], exposure [10 min], recovery [40 min]). Y-axes
present mean differences from the baseline period (∆; points) and corresponding confidence intervals (95%;
error bars) obtained from the pairwise contrasts, using corrections for multiple comparisons (mixed effect
models without interaction terms). Asterisks above the error bars represent significant differences from
the baseline period; asterisks below these error bars represent significant differences from the stressor
period. Gray dashed lines highlight the mean value for the baseline period. Gray dotted lines highlight the
mean value for the stressor period. *p < .05; **p < .001
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S2 Figure. Nature Exposure and Stress Recovery (Autonomic Activation)

Mean and error plots visualizing group differences in sympathetic (LF/HF, SNS, HR↑) or parasympathetic
(RMSSD, PNS, HR↓) activation during the exposure (left) or recovery (right) periods. Y-axes present mean
differences between the nature versus office group obtained from the pairwise contrasts (mixed effect models
with interaction terms). Points and confidence intervals (95% error bars) represent the nature condition
compared to the office condition (dashed black line; y-intercept at zero).
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S3 Figure. Interaction Plots: Maximum Information

Interaction plots visualizing significant associations (slopes) between susceptibility and stress recovery
(autonomic activation) by condition group (nature [solid black line] versus office [dashed gray line]).
Y-axes present sympathetic or parasympathetic activation using fitted values (unstandardized) from the
corresponding regression model (baseline adjusted metric of autonomic activity [log] during the recov-
ery period [40 min]). X-axes present susceptibility indicators using log-values. P-values denote the
simple slope for the nature (black) or office (gray) condition; error bands represent the standard error
for each slope. Points denote participants in the nature (black triangle) or office (gray circle) condition.
Type III effects represent the interaction term.
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S4 Figure. Forest Plots of Standardized Effects (Binary Interaction Terms)

Forest plots visualizing interaction terms (standardized coefficients and confidence intervals [95%]) across all
linear regression models. Within these plots, all models were specified so that among participants with high
versus low susceptibility (binary; median-value), positive interaction terms indicate better stress recovery
(increased parasympathetic and reduced sympathetic activation) in the nature condition while negative
terms indicate better stress recovery in the office condition. Interaction terms at zero indicate no differences
in the association between susceptibility and stress recovery by condition group. *p < .05
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Abstract

Background

Emerging epidemiological evidence indicates that groups in low socioeconomic posi-

tions exhibit more pronounced health benefits from nature exposure compared to more

privileged groups. We have previously posited one possible mechanism underlying this

phenomenon through our framework: (susceptibility to stress) groups in low socioeco-

nomic positions are often exposed to more early-life stressors, which can induce a lifelong

susceptibility to stress through various neurobiological pathways; (environmental sensitiv-

ity) susceptibility to stress, traditionally understood as heightened reactivity to stressors,

could also encompass enhanced responsivity to health-protective exposures, inducing

greater risks in adverse environments, but also greater benefits in protective environments.

Objective

Examine the moderation effect of early life stress on the association between residential

nature exposure and fasting glucose.

Methods

We assessed the impact of residential nature exposure (quantified using the normalized

difference vegetation index across different radial buffers, centered on the home address

of each participant) on glucose dysregulation (elevated fasting blood glucose levels) with

a specific focus on the moderation effect of early life stress (before age 18) using baseline

data from a cohort of 340 nursing students.

Results

We found a significant curvilinear trend wherein participants with higher and lower

levels of early life stress both exhibited more pronounced beneficial reductions in fasting

glucose when living in greener neighborhoods. By contrast, participants with average

levels of early life stress exhibited the smallest beneficial reductions when living in greener

neighborhoods.
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Discussion

Our findings contribute to growing evidence and further support the idea that increasing

access to nature within disadvantaged neighborhoods could be an effective strategy to

mitigate metabolic risks and attenuate health disparities among vulnerable populations.

As the evidence for this theoretical framework expands, it could inform more targeted

interventions that leverage individual differences in environmental sensitivity to pro-

mote health equity, ultimately providing more nuanced and socioeconomically attuned

approaches to public health.
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[1] Introduction

Emerging epidemiological evidence indicates that groups in low socioeconomic positions

exhibit more pronounced health benefits from nature exposure (e.g., contact with natural

green spaces) compared to more privileged groups [1–7]. This implies that increasing access

to nature for disadvantaged communities could be a strategic approach to attenuate health

disparities by alleviating the risks of chronic stressors among groups who are the most

susceptible to stress [8–10]. However, the evidence supporting this possibility is mixed

[11,12], including reports of null associations [13,14], and further research is thus needed

to better understand the mechanisms underpinning this phenomenon [15]. Clarifying

these mechanisms could reveal more effective pathways for reducing health disparities, as

nature-based interventions offer a promising approach: they are passive, promoting health

without requiring behavioral change; they are sustainable, often with low maintenance

costs; and they can be implemented through public health policy to create lasting impacts.

[1.1] Theoretical Framework

One possible mechanism underpinning this phenomenon is described in the Integrative

Model of Environmental Sensitivity (see Fig 1 [15]). Central to the premise of this frame-

work is the idea that groups in lower socioeconomic positions often face higher exposure

to persistent psychosocial stressors in early life [16–23], which in turn could induce a

lifelong susceptibility to stress through various neurobiological pathways (i.e., Biological

Embedding Model [24–31]). However, mounting evidence indicates that susceptibility to

stress, traditionally understood as heightened reactivity to stressors, could also encompass

enhanced responsivity to health-protective exposures, inducing greater risks in adverse

environments, but also greater benefits in protective environments (i.e., Differential Suscep-

tibility Hypothesis [32–39]). Put together, this evidence implies that early life stress might

be better understood as not merely increasing susceptibility to stress, but as cultivating

a broader form of environmental sensitivity, enhancing responsivity to both stressors

and protective environmental factors. This reframing provides a plausible mechanistic
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explanation as to why groups in lower versus higher socioeconomic positions could derive

greater benefits from the health-protective effects of nature exposure.

Figure 1. The Integrative Model of Environmental Sensitivity

Emerging epidemiological evidence indicates that groups in low socioeconomic positions exhibit more
pronounced health benefits from nature exposure compared to more privileged groups. One possible
mechanism underpinning this evidence is described in the Integrative Model of Environmental Sensitivity.
Susceptibility to Stress: groups in lower socioeconomic positions often face higher exposure to early-life
stressors, which can induce a lifelong susceptibility to stress through various neurobiological pathways.
Environmental Sensitivity: individuals who are susceptible to stress are more responsive to stressors and
health-protective exposures, inducing greater risks in adverse environments but also greater benefits in
protective environments, relative to less susceptible individuals.

(1) Socioeconomic Status is defined as the position of an individual in their society which is determined by
both social and economic factors that impact exposure to and experiences with psychosocial stressors. (2)
Early Life Stress is defined as persistent exposure to psychosocial stressors during childhood, with ranging
degrees of perceived severity, that induce neurobiological responses and could promote developmental
alterations over time. (3) Developmental Alterations are defined as enduring changes induced by early life stress
across numerous neurobiological systems, which engage in multidirectional transactions throughout the
lifespan, persistently amplifying crosstalk that increases reactivity to stressors. This figure was adapted from
“Susceptibility to Stress and Nature Exposure: Unveiling Differential Susceptibility to Physical Environments;
a Randomized Controlled Trial” by Aaron M. Eisen, Gregory N. Bratman, and Hector A. Olvera-Alvarez,
2024, PLOS ONE, 19(4): e0301473. Copyright 2024 Eisen et al.

In short, it is well-established that early life stress can induce developmental alterations

that exert enduring effects, even decades later, across numerous neurobiological systems

(e.g., central nervous system, autonomic nervous system, immune system, cardiovascular
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system, endocrine system [40–47]). Together, these neurobiological systems engage in

multidirectional transactions throughout the lifespan, persistently amplifying crosstalk

that increases reactivity to stressors (e.g., Neuroimmune Network Hypothesis [48–50],

Social Signal Transduction Theory of Depression [51–53]). Given that groups in lower

versus higher socioeconomic positions often face higher lifetime stressor exposure (i.e.,

vulnerability) and are more sensitive to the health risks of chronic stress (i.e., susceptibility),

early life stress could be a key pathway through which socioeconomic status becomes

biologically embedded, altering how individuals experience and respond to environmental

exposures across the lifespan and contributing to health disparities [54–61].

However, mounting evidence indicates that individuals who are susceptible to stress are

also more responsive to protective environmental factors (e.g., Biological Sensitivity to

Context Theory [62–64], Adaptive Calibration Model [65–67], Differential Susceptibility

Theory [68–70]). For instance, a seminal review of 56 studies encompassing thousands of

participants (n = 22,686) demonstrated that groups who were susceptible to stress (using an

extensive range of behavioral, physiological, and genetic indicators) also exhibited greater

benefits in response to protective social factors (e.g., social support, positive feedback),

relative to less susceptible groups [71]. Put together, this evidence implies that groups

with higher exposure to early-life stressors are more sensitive to both the health risks

and benefits of their environmental conditions in a context-dependent manner. Therefore,

it is plausible that groups in lower versus higher socioeconomic positions could derive

greater benefits from the health-protective effects of nature exposure (e.g., Stress Reduction

Theory [72,73], Attention Restoration Theory [74,75], Biophilia Hypothesis [76,77]) due to

increased environmental sensitivity as a function of early life stress [15].

Notably, the evidence supporting this framework has centered on social environments

and further research is needed to determine whether increased environmental sensitivity

induced by early life stress could also promote greater health benefits in protective physical

environments such as nature. Eisen et al. used an experimental paradigm to evaluate

this hypothesis and found that participants who were susceptible to stress (indicated by

a pro-inflammatory immune state) exhibited greater autonomic recovery from an acute



Eisen 2025 95

stressor in a virtual nature versus an office setting, relative to less susceptible participants

[15]. However, even though a pro-inflammatory state is a well-established developmental

alteration induced by early life stress [48–53,78–81], no differences in recovery were found

for participants with higher versus lower exposure to early-life stressors.

The null findings for early life stress were unexpected and might have been attributed

in part to the measure used (i.e., Adverse Childhood Experience Questionnaire [82]) and

limited variability in this sample of college-aged males (n = 64 [15]). For instance, this

measure might not have been comprehensive enough to detect differences in autonomic

recovery, as it does not account for the subjective severity, frequency, timing, or duration

of childhood stressors [83–85]. However, it is also possible that a pro-inflammatory state

could be a more sensitive indicator of environmental sensitivity (proximal: direct pathway

between the indicator and outcome; see Fig 1) relative to self-reported assessments of

early life stress (distal: indirect pathway between the indicator and outcome that in turn,

increases the risk of unmeasured confounders; see Fig 1). For instance, not all adults with

high early-life stressor exposure develop susceptibility to stress due to protective factors

and counteracting exposures (e.g., parental attachment, social support [86,87]).

[1.2] Present Study

Beyond the aforementioned investigation, to our knowledge, no other studies have exam-

ined whether early life stress may be associated with greater health benefits from nature

exposure. Therefore, the purpose of the present study was to evaluate this association

in a larger and more diverse sample (i.e., Nurse Engagement and Wellness Study [88]),

and using a more comprehensive measure of early life stress (i.e., Stress and Adversity

Inventory for Adults [89]).

In this context, we centered our investigation on glucose dysregulation, a risk factor for

type 2 diabetes, which significantly contributes to the global burden of disease [90,91] and

is more prevalent among groups in lower socioeconomic positions [92,93]. Evidence also

indicates that residential nature exposure has protective effects on diabetes prevalence

[94,95], incidence [96,97], insulin and glucose tolerance [98,99], and fasting blood glucose
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[100,101], with some studies showing stronger protective effects among groups in lower

versus higher socioeconomic positions [102–104].

Building on this foundation, we used an observational paradigm to evaluate the effect of

residential nature exposure (quantified using the normalized difference vegetation index

across different radial buffers [250 m, 500 m, and 1000 m], centered on the home address

of each participant) on glucose dysregulation (elevated levels of fasting blood glucose),

with a specific focus on the moderation effect of early life stress (before 18 years old).

Based on the research summarized above, we hypothesized that the protective effect of

residential nature exposure on fasting glucose levels (beneficial reductions) would be

stronger (more pronounced beneficial reductions) among adult participants with higher

versus lower exposure to early-life stressors.

Inherent to our hypothesis is the expectation that the association between early life stress

and environmental sensitivity would be linear, increasing the protective effects of residen-

tial nature exposure in a dose-response pattern. However, we also tested for potential

curvatures in the moderation effect of early life stress, as growing perspectives in the

literature supporting our framework posit a curvilinear u-shaped association between

early life stress and environmental sensitivity (i.e., Biological Sensitivity to Context Theory

[62–64], Adaptive Calibration Model [65–67]).

[2] Materials & Methods

[2.1] Participants

Data were obtained from baseline measurements of a prospective cohort of men and

women (n = 517; 18–55 years of age) enrolled during their first semester of the Bachelor of

Science in Nursing program at the University of Texas at El Paso (i.e., Nurse Engagement

and Wellness Study; described in detail elsewhere [88]). Measurements included early

life stress, residential nature exposure, fasting glucose levels, and relevant demographics.

Participants were recruited using emails, posters, flyers, media outlets, and information

sessions between May 17, 2016 and November 29, 2018. All participants provided written
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informed consent and measurements occurred during an in-person visit to the Biobehav-

ioral Research Laboratory. This study was approved by the institutional review board at

the University of Texas at El Paso (857149–1).

[2.2] Study Measures

[2.2.1] Early Life Stress

Early life stress was assessed using the well-validated Stress and Adversity Inventory

for Adults (STRAIN [89]). This dynamic and interview-based assessment tool quantifies

exposure to different types of chronic (n = 29) and episodic (n = 26) stressors across various

life domains (e.g., housing, education, employment, finances, relationships) and core

social-psychological characteristics (e.g., interpersonal loss, physical danger, entrapment,

humiliation) with known implications for health and wellness [105,106]. For each stressor

endorsed, follow-up questions are used to ascertain the subjective severity, frequency,

exposure timing, and duration of the stressor. This information is then used to calculate

cumulative stress scores by summing the counts and perceived severity ratings of all

stressors endorsed, including in early life (before 18 years old) and adulthood (18+ years

old). As research using this assessment tool has demonstrated that subjective stress

severity is a more sensitive predictor of health outcomes (accounting for the “weight”

of the stressors and capturing individual differences in susceptibility to stress [107]),

early life stress was specified using the corresponding (time-specific) subjective severity

index in our regression models.

[2.2.2] Residential Nature Exposure

Chronic exposure to residential nature (neighborhood-level green vegetation) was proxied

using a cumulative opportunity approach across radial buffers centered on the home ad-

dress of each participant. Levels of green vegetation were quantified using the normalized

difference vegetation index (30 m2 pixels [108]) from cloudless satellite images (Landsat

7 [109]) taken on a single summer day in 2016. Negative pixel values were present in a

small portion of the region (< 5%) and were reclassified as missing data to avoid potential
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confounding effects of water bodies (e.g., rivers, irrigation canals). Pixel values were

averaged across buffer sizes that corresponded to the amount of green vegetation within

a 3–min (250 m), 6–min (500 m), and 12–min (1000 m) walk for a healthy adult in their

mid-thirties [110]. This range of buffers was selected to focus on the local neighborhood

and based on systematic evidence that larger buffer sizes are less robust in predicting

health [111]. Pixel values could range from zero (no green vegetation) to one (maximum

green vegetation) and were specified as percentages in our regression models to reflect

changes in fasting glucose levels relative to a 1% increase in residential nature exposure.

[2.2.3] Fasting Blood Glucose

Glucose measurements were obtained following an overnight fast from 35 µL of whole

blood (Lipid Panel + Glucose Panel Cassettes; range 2.8–27.8 mmol/L) using a Cholestech

LDX Analyzer (Cholestech Corporation, Hayward, CA, USA). This instrument was cali-

brated before each measurement and used an enzymatic method (which has been shown

to align with plasma concentrations using a hexokinase method; 95% CI: 92%–100% [112]).

Glucose concentrations were expressed in mg/dL units, with higher values indicative

of glucose dysregulation [113].

[2.2.4] Demographic Covariates

Demographic covariates included years of age, biological sex, and self-reported income

ratios (household income divided by the federal poverty threshold for specific household

size). In addition, we included other relevant demographic covariates to eliminate the most

plausible alternative explanations and confounders. First, as higher socioeconomic status

during adulthood is unable to reverse or undo the lifelong effects of early life stress [114],

we included the highest level of maternal education as an indicator of socioeconomic status

during childhood (“less than high school”, “some high school”, “high school graduate”,

“some college”, “college graduate”). Second, as residential nature exposure could influence

fasting glucose levels through promoting exercise and weight loss [115], we included the

average duration of three common exercises (walking, running, and biking) per week,
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during the past year (“0 min”, “1–5 min”, “6–20 min”, “21–59 min”, “1–2 hours”, “3–6

hours”, “7–10 hours”, “11+ hours”) along with body mass index. Third, as our proxy for

residential nature exposure was based on the current address of each participant, we also

included the duration of time that participants lived at their address.

[2.3] Analytical Approach

We restricted the sample to participants under the age of 40, as with older age comes the

development of aging-related health states and different behavioral patterns that could

confound our analysis [116]. In this sample, the number of participants who were 40 years

of age or older was relatively small (n = 19; 4%). We also excluded participants who were

missing nature exposure data (n = 16; 3%) and fasting glucose data (n = 28; 5%), in addition

to a number of participants who did not complete the comprehensive early life stress

assessment due to time constraints during the laboratory visit (n = 114; 22%). Therefore,

the final analytical sample included 340 participants.

Our hypothesis was evaluated using linear regression models with continuous two-way

interaction terms (Early Life Stress x Nature Exposure) to assess the moderation effect

of early life stress on the association between residential nature exposure and fasting

glucose. Interaction terms were tested across different buffer sizes for nature exposure

(250 m, 500 m, and 1000 m) and were probed using Johnson-Neyman (J-N) intervals to

determine the specific regions along the continuum of early life stress that significantly

moderate the nature-glucose association. Potential curvatures in the moderation effect

were tested by including a quadratic term for early life stress. Likelihood ratio tests were

used to determine whether including the quadratic term significantly improved model fit,

otherwise the model without the quadratic term was reported.

Main effects were centered and variance inflation factor values provided no evidence of

multicollinearity (cutoff value > 2.0). Assumptions for linear regression were affirmed

and model fit was assessed prior to interpreting our results. We also tested the sensitivity

of our results using models unadjusted for relevant covariates and models with prominent

outliers as determined by studentized residual values (cutoff value > |2.5|). Although we

used alphas (0.05 level) to report significant results, our interpretations focused on effect
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sizes and confidence intervals across all models. Data were analyzed using R (4.4.1) with

the interactions package and the ggplot2 package.

[3] Results

The sample consisted of 340 participants under the age of 40 (M = 24.0 ± 4.3 years of age;

77% female; see Table 1). On average, participants lived at their reported address for over a

decade (M = 10.4 ± 7.9 years). At the 250 m buffer size, the proportion of residential nature

exposure ranged from 6% – 28% (M = 11% ± 3%), which was consistent across buffer sizes.

The results of correlation tests are provided in the supplemental materials (see the S1 Fig).

Table 1. Participant Demographics

Characteristic M or (N) SD or (%) Observed Range

Demographics

Years of Age 23.95 4.34 18.00 – 39.00

Female Bio-Sex (262) (77%) - - - - - - - -

Income Ratio1 2.30 1.87 0.06 – 12.44

Maternal Education2 3.63 1.27 1.00 – 5.00

Exercise

Walking3 4.23 1.59 0.00 – 7.00

Running3 2.74 1.96 0.00 – 7.00

Biking3 1.00 1.78 0.00 – 7.00

Health Indicators

Body Mass Index 25.34 5.34 14.10 – 51.90

Glucose (mg/dL) 90.93 10.07 69.00 – 142.00

Early Life Stress

Stress Severity4 11.63 10.80 0.00 – 69.00

Nature Exposure

NDVI (250 m) 10.78 3.21 6.38 – 27.77

NDVI (500 m) 10.83 2.89 6.77 – 25.17

NDVI (1000 m) 10.90 2.61 6.78 – 25.85

Years of Residence5 10.39 7.87 0.00 – 28.00
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(1) Self-reported household income divided by the federal poverty threshold for specific household size.
(2) Maternal educational attainment from, 1 “less than high school” to 5 “college graduate”. (3) Average
duration of exercise per week during the past year, from 0 “0 min” to 7 “11+ hours”. (4) Stress and Adversity
Inventory for Adults (STRAIN [89]). (5) Duration of time that participants lived at their reported address.
NDVI: Normalized Difference Vegetation Index.

[3.1] Moderation Effect of Early Life Stress

We first tested the two-way interaction term (Early Life Stress x Nature Exposure) at the

250 m buffer size. The likelihood ratio test provided evidence that including a quadratic

term for early life stress significantly improved model fit (X2(2) = 11.66, p = .003). In the

resulting model, we observed that the linear interaction was non-significant (B = 0.023,

95% CI [-0.009, 0.055], p = 0.162) whereas the quadratic interaction was significant (B =

-0.003, 95% CI [-0.004, -0.001], p = .005), indicating a curvilinear trend in the moderation

effect of early life stress on the nature-glucose association.

To better understand the characteristics of this interaction effect, we plotted the slope of

nature exposure on fasting glucose along the continuum of early life stress (see Fig 2).

In this plot, we observed that among participants with lower levels of early life stress,

the protective effect of nature exposure on fasting glucose levels (negative regression

slope) decreased (became less negative) as early life stress increased, an effect that was

only significant (p < .05) when early life stress was within the interval of 0.0 – 7.7 points.

We then identified a turning point (the vertex of the parabola) at 16.0 points (4.4 points

above the sample mean), where the moderation effect changed direction. Specifically, we

observed that among participants with higher levels of early life stress, the protective effect

of nature exposure on fasting glucose levels (negative regression slope) increased (became

more negative) as early life stress increased, an effect that was only significant (p < .05)

when early life stress was within the interval of 27.5 – 69.0 points.

To understand the magnitude of these interaction effects, we then evaluated simple slopes

for early life stress using the min and max values of the lower and higher intervals. In the

lower interval (0.0 – 7.7 points), simple slopes provided evidence that for each percentage

increase in nature exposure, fasting glucose levels would decrease by 0.79 mg/dL (95% CI
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[-1.28, -0.29], p = .002) at the min value, to 0.30 mg/dL (95% CI [-0.60, -0.01], p = .049) at the

max value. In the higher interval (27.5 – 69.0 points), simple slopes provided evidence that

for each percentage increase in nature exposure, fasting glucose levels would decrease by

0.46 mg/dL (95% CI [-0.92, -0.01], p = .049) at the min value, to 7.43 mg/dL (95% CI [-12.16,

-2.70], p = .002) at the max value. In addition to this, we also sequenced simple slopes for

early life stress across the observed range of the total sample (0.0 – 69.0 points) using units

of standard deviation (see Table 2). However, given the width of the confidence intervals

at higher levels of early life stress, point estimates for simple slopes above two standard

deviations should be interpreted with caution.

Figure 2. Moderation Effect of Early Life Stress on the Nature-Glucose Association

Johnson-Neyman plot visualizing changes in the slope of nature exposure on fasting glucose levels (y-axis)
along the continuum of early life stress (x-axis). Blue regions denote intervals where the moderation effect of
early life stress is significant (p < .05). Estimates were obtained from a regression model with a continuous
two-way interaction term (Early Life Stress x Nature Exposure).
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Table 2. Simple Slopes for Early Life Stress on the Nature-Glucose Association

Level Score Slope SE 95% CI P

-1 SD 0.78 -0.724 0.233 -1.183, -0.266 .002

M (x̄) 11.64 -0.170 0.167 -0.499, 0.158 .308

+1 SD 22.49 -0.230 0.212 -0.649, 0.188 .279

+2 SD 33.35 -0.903 0.312 -1.517, -0.288 .004

+3 SD 44.20 -2.189 0.672 -3.513, -0.866 .001

+4 SD 55.06 -4.088 1.285 -6.617, -1.558 .002

+5 SD 65.92 -6.601 2.124 -10.783, -2.419 .002

Simple slopes for early life stress sequenced across the observed range of the total sample in standard
deviation units. Estimates reflect changes in fasting glucose levels (mg/dL) relative to a percentage 1%)
increase in residential nature exposure.

[3.2] Buffer Sizes & Sensitivity Analyses

We then tested the two-way interaction term across different buffer sizes for residential

nature exposure and observed effects consistent with the 250 m buffer at the 500 m and

1000 m buffers. However, the significance of the moderation intervals was attenuated at

larger buffer sizes (see the S1 Table). We then tested the sensitivity of our results using

models with outliers and models unadjusted for relevant covariates. In the models with

outliers, we observed consistent effects at the 250 m, 500 m, and 1000 m buffers. However,

the higher moderation interval was no longer significant at the 1000 m buffer (S1 Table). In

the unadjusted models, we observed consistent effects at the 250 m, 500 m, and 1000 m

buffers. However, the higher moderation interval was attenuated, and both moderation

intervals were no longer significant at the 1000 m buffer (S1 Table). We then included adult-

life stressor exposure as another covariate in the main models and observed consistent

effects at the 250 m, 500 m, and 1000 m buffers (S1 Table).

[4] Discussion

In this cross-sectional investigation, we observed partial support for our hypothesis that

adult participants with higher exposure to early-life stressors would exhibit stronger

protective effects from residential nature exposure, as evidenced by greater reductions in
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fasting glucose. Specifically, relative to the sample average, we found that participants

with higher levels of early life stress exhibited more pronounced beneficial reductions

in fasting glucose when living in greener neighborhoods. However, we also found that

relative to the sample average, participants with lower levels of early life stress also

exhibited more pronounced beneficial reductions in fasting glucose when living in greener

neighborhoods. By contrast, participants with average levels of early life stress exhibited

the smallest beneficial reductions in fasting glucose when living in greener neighborhoods.

Although the direction of our findings remained consistent across different buffer sizes for

residential nature exposure (250 m, 500 m, and 1000 m), there was a decay of these effects

with increasing buffer sizes (at a greater distance from the home address), a trend that was

more evident among participants with higher levels of early life stress.

These findings reveal a complex interplay between social and physical environmental

factors in relation to metabolic outcomes. Curiously, our hypothesis that participants with

higher exposure to early-life stressors would exhibit stronger protective effects from nature

exposure was supported only for participants above the sample average. This unexpected

pattern raises key questions about the mechanisms underlying these associations and

warrants further investigation.

[4.1] Theoretical Implications

In the context of our framework, we expected that environmental sensitivity induced by

early life stress could promote greater health benefits from nature exposure. This was

based on mounting evidence indicating that early life stress can induce a lifelong suscepti-

bility to stress (i.e., Biological Embedding Model [24–31]), and that susceptibility to stress

could reflect increased responsivity to both stressors and health-protective exposures (i.e.,

Differential Susceptibility Hypothesis [32–39]). Therefore, we expected that the association

between early life stress and environmental sensitivity would be linear, increasing the

protective effects of residential nature exposure in a dose-response pattern. However, we

found that participants with higher and lower levels of early life stress both exhibited

stronger protective effects of nature exposure, relative to participants near the sample aver-
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age. This implies that the association between early life stress and environmental sensitivity

might not be linear, but a more complex u-shaped association that might induce different

adaptive phenotypes of environmental sensitivity along the continuum of early life stress,

a concept that is well-grounded within evolutionary-developmental perspectives [62–67].

In short, these perspectives posit that: (1) early-life environments with high stressor expo-

sure and low support upregulate a phenotype of environmental sensitivity that is adaptive

in adverse environments (vigilant profile), increasing the capacity of an individual to

identify and respond to external challenges and threats; (2) early-life environments with

low stressor exposure and especially high support upregulate a phenotype of environmen-

tal sensitivity that is adaptive in supportive environments (sensitive profile), increasing

susceptibility to social resources and ambient support; (3) and by contrast, early-life en-

vironments with moderate exposures in either direction downregulate environmental

sensitivity (buffered profile), maximizing adaptive fitness in environments that are not

particularly adverse or supportive, as experienced by the vast majority of individuals (for

an excellent review on the u-shaped association, see the Biological Sensitivity to Context

Theory [62–64], for the adaptive phenotypes, see the Adaptive Calibration Model [65–67]).

Integrating these evolutionary-developmental perspectives into our framework could

provide some insight into our findings, where participants with higher levels of early

life stress (vigilant profile) and lower levels of early life stress (sensitive profile) both

exhibited stronger protective effects from nature exposure, relative to participants near

the sample average (buffered profile). Although this implies that groups with higher

and lower early-life stressor exposure are both particularly sensitive to the protective

effects of nature exposure, these protective effects could be even more pronounced among

groups with higher exposure to early-life stressors, given the heightened risk of disease

in this population [117,118]. This also implies that a pro-inflammatory immune state

could be a measure of environmental sensitivity specific to groups with higher exposure

to early-life stressors. This interpretation aligns with our recent experimental findings,

where participants with a pro-inflammatory state exhibited stronger protective effects from

nature exposure in a dose-response pattern (greater autonomic recovery from an acute

psychosocial stressor in a virtual nature versus office setting [15]).
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We also found that the protective effects of residential nature exposure decayed with

increasing buffer sizes (at a greater distance from the home address), a trend that was more

evident among participants with higher versus lower levels of early life stress. This might

suggest that groups with higher exposure to early-life stressors (vigilant profile) are more

attuned to immediate threats, but are also more attuned to protective factors in the ambient

environment. This interpretation aligns with psycho-evolutionary theories (e.g., Stress

Reduction Theory [72,73], Attention Restoration Theory [74,75], Biophilia Hypothesis

[76,77]), which posit that visual elements are an important mechanism underpinning

the health-protective effects of nature exposure. By contrast, the more consistent effect

found with increasing distance among participants with lower levels of early life stress

(sensitive profile) might suggest that these groups are more attuned to broader (e.g., non-

visual) pathways. Although our interpretations throughout this section are theoretical and

speculative, they underscore the complexity of the moderation effect of early life stress

and emphasize the need for further research to disentangle the intricate interplay between

early life stress, nature exposure, and metabolic outcomes.

[4.2] Research Implications

Overall, our findings contribute to growing evidence indicating that the health-protective

effects of nature exposure are not the same for everyone, but can vary significantly across

individuals, groups, and populations [1–7]. Specifically, we found that early life stress

moderated the protective effects of nature exposure in a way that either promoted or di-

minished beneficial reductions in fasting glucose levels. Hence, we urge future researchers

to account for individual differences in life stress when investigating the protective ef-

fects of nature exposure. Failure to account for these differences could not only lead

to replication challenges but also hinders our capacity to disentangle the complex role

of life stress in nature and health relationships. By incorporating measures that quan-

tify exposure to stressors across the lifespan, researchers can gain deeper insights into

the mechanisms through which nature exposure influences health and well-being across

diverse populations and socioeconomic gradients.
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If future research corroborates these findings, this could necessitate a significant shift in

how we conceptualize “susceptibility” in public health research. Traditionally, suscep-

tibility has been primarily understood as heightened neurobiological sensitivity to the

health risks of adverse environments, which could be a function of early-life exposures.

However, our findings suggest a more nuanced understanding: that the same early-life

exposures that increase sensitivity to adverse environments might also increase sensitivity

to protective and supportive environments. Therefore, this bidirectional responsiveness

might be more accurately conceptualized as a form of total “environmental sensitivity”

rather than the unidirectional distinction of “susceptibility”.

This reconceptualization ultimately proposes that individuals identified in various in-

vestigations as being more reactive to adverse conditions might also be more responsive

to protective and supportive conditions. In other words, susceptible individuals may

have a wider range of reaction norms, covering the full gamut of environmental expo-

sures, whereas non-susceptible individuals may have a narrower range of reaction norms,

responding less to adverse and protective environmental exposures. Therefore, certain

aspects of what is currently recognized as susceptibility from an environmental health

perspective might in some cases be better framed as increased sensitivity to both adverse

and protective environments. This understanding, which is grounded within the concept

of differential susceptibility in developmental psychology, could have widespread and

far-reaching implications for public health and environmental health research, particularly

in elucidating the differential impacts of physical and social environmental factors across

diverse populations and socioeconomic gradients to inform targeted interventions.

[4.3] Public Health Implications

Our findings also support the value of further investigation into the idea that early life

stress could be one mechanism underpinning epidemiological observations that nature

exposure is associated with better health among groups in lower versus higher socioeco-

nomic positions [1–7]. If future research corroborates these findings, this might further

indicate that incorporating nature exposure into disadvantaged neighborhoods could be

a strategic intervention target to curb disparities in health across socioeconomic gradi-
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ents. For instance, incorporating nature exposure into residential settings is often a safe,

feasible, sustainable, and cost-effective intervention target [119–122] with potential as a

complementary health approach that: (1) could be installed as a passive intervention, (2)

is a long-term intervention, promoting generational health, (3) could provide multiple

co-benefits, and (4) could be implemented through public health policy [122].

In this regard, our findings suggest that urban planning initiatives should prioritize close-

to-home nature-based interventions in these disadvantaged neighborhoods (e.g., public

parks, green corridors, community gardens), especially considering that groups in low so-

cioeconomic positions often experience environmental injustices, including neighborhood-

level inequalities in their access to nature exposure [123]. Our findings also suggest that

even small-scale increases in nature exposure might provide a protective effect in these

neighborhoods, even in desert regions where the proportion of green vegetative cover is

minimal relative to other regions. Therefore, it might be that the most relevant predictor of

health is a change or difference in relative levels of nearby nature exposure, compared to

absolute values without taking the local norm into account.

[4.4] Strengths & Limitations

To our knowledge, this is the first investigation to provide evidence suggesting that

early life stress is associated with greater health benefits from nature exposure. While

modest, these findings are supported by several study strengths, including our use of

a comprehensive measure to quantify early life stress [89], the integration of various

well-established theories to support our claims [49,51,62,65,68,73,75,77], and our focus on

biomarkers of glucose dysregulation, a diabetes risk factor that significantly contributes to

the global burden of disease [90,91]. Identifying a significant moderation effect of early life

stress on the nature-glucose association at particularly low levels of nature exposure also

increases our confidence in a robust association across these variables.

At the same time, several limitations should be considered. The use of a cross-sectional

observational design limited causal inference, and additional research is needed to in-

vestigate the generalizability of the present findings to other populations. Although the

normalized difference vegetation index is a reliable measure of nature exposure [108], this
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measure does not distinguish between different types or account for the quality of the

exposure, which could be important moderating factors. The interpretation of our findings

was also based on long-term exposure to residential nature; however, without complete

information on residential histories or time spent away from home, we were constrained

to cumulative exposure estimates based on the current home address of each participant.

Yet, considering that participants lived at their reported address for more than a decade,

on average, and that spatial variation of green nature is limited in desert regions, these

limitations are likely non-differential with respect to our findings.

There was also a large amount of missing data for the early life stress assessment (22%),

resulting from time constraints during the laboratory visit due to the length of the com-

prehensive assessment (≥ 20 min). Therefore, these data are considered to be missing

completely at random, and no differences were observed between participants with miss-

ing data and the rest of the sample. Even though we adjusted for a range of relevant

covariates to eliminate the most plausible alternative explanations and confounders (e.g.,

exercise, weight loss), it is possible that other unassessed factors might have contributed

to our findings. Looking forward, future studies with more representative samples, more

rigorous assessment of nature exposure and other potential confounding factors, and

longitudinal designs to support causal modeling will be helpful.

[4.5] Conclusion

Ultimately, future research in line with this theoretical framework could lead to a greater

understanding of the ways in which nature-based interventions could be leveraged to

reduce disparities in health among vulnerable populations. Specifically, this could further

underscore the value of integrating protective physical environments into public health

strategies, especially for groups with higher exposure to early-life stressors, who are

particularly susceptible to health risks but also might stand to experience the greatest health

benefits from nature exposure. As the evidence for this framework expands, we could more

effectively identify and target mechanisms of health risks and benefits among susceptible

groups and tailor public health interventions, taking into account individual differences in

environmental sensitivity to reduce disparities in health across socioeconomic gradients.
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Supporting Information

S1 Figure. Bivariate Correlation Plot

Parametric correlations across our included measures. Diagonal lines are superimposed over non-significant
correlations. Correlations for nature exposure were consistent across buffer sizes (250 m, 500 m, and 1000 m).
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S1 Table. Estimates Across All Models

Estimates were obtained from continuous two-way interaction terms used to assess the moderation effect
of early life stress on the association between residential nature exposure and fasting glucose levels across
different buffer sizes. Interaction terms were probed using Johnson-Neyman intervals to determine the
specific regions along the continuum of early life stress that significantly moderate the nature-glucose
association. Interaction terms were tested across models: (1) adjusted for covariates and excluding outliers,
(2) adjusted for covariates and including outliers, (3) unadjusted for covariates and excluding outliers, and
(4) adjusted for covariates, excluding outliers, and adjusted for adult-life stressor exposure. Outliers included
nine participants identified through studentized residual values. Simple slopes are shown at the min and max
values (points) of the significant region for the lower and higher moderation intervals and reflect changes in
fasting glucose levels (mg/dL) relative to a 1% increase in nature exposure. The vertex refers to the turning
point (the score at the top of the curve) where the moderation effect changed direction. **p < .01, *p < .05
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Abstract

Background

Emerging epidemiological evidence indicates that groups in low socioeconomic posi-

tions exhibit more pronounced health benefits from nature exposure compared to more

privileged groups. We have previously posited one possible mechanism underlying this

phenomenon through the Integrative Model of Environmental Sensitivity: (susceptibility

to stress) groups in low socioeconomic positions are often exposed to more early-life stres-

sors, which can induce a lifelong susceptibility to stress through various neurobiological

pathways; (environmental sensitivity) susceptibility to stress, traditionally understood as

heightened reactivity to stressors, could also encompass enhanced responsivity to health-

protective exposures, inducing greater risks in adverse environments, but also greater

benefits in protective environments.

Objective

Examine whether residential nature exposure could be associated with better health among

groups in lower socioeconomic positions with higher exposure to early-life stressors.

Methods

We conducted a latent cluster analysis based on five lifetime stressor counts of life domains

associated with the social determinants of health (exposures related to finances, education,

healthcare, housing, and social contexts) using baseline data from a cohort of 362 nursing

students. We then examined differences in targeted life patterns between the resulting

clusters (general health symptoms and complaints, parental attachment and relationship

qualities, and objective socioeconomic status across the lifespan) using pairwise contrasts,

and the effect of residential nature exposure (quantified using the normalized difference

vegetation index across different buffer sizes, centered on the home address of each

participant) on glucose dysregulation (elevated levels of fasting blood glucose) within each

cluster, using structural equation modeling.
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Results

As expected, participants with high exposure to socioeconomic stressors (26% of the

sample) reported the highest levels of early life stress, the lowest levels of parental at-

tachment, and the worst general health outcomes, while participants with low exposure

to socioeconomic stressors (12% of the sample) reported the lowest levels of early life

stress, the highest levels of parental attachment, and the best general health outcomes. By

contrast, participants with average exposure to socioeconomic stressors (62% of the sam-

ple) reported relatively moderate levels of early life stress and parental attachment, and

intermediate health outcomes. Trend-level findings suggested that participants with high

exposure to socioeconomic stressors had the lowest objective socioeconomic status across

the lifespan. Further, participants with high and low exposure to socioeconomic stressors

both exhibited stronger protective effects from nature exposure, as evidenced by more

pronounced beneficial reductions in fasting glucose levels when living in greener neigh-

borhoods, while participants with average exposure to socioeconomic stressors exhibited

weaker and non-significant associations.

Discussion

Our findings align with past research and provide crucial insights as to why epidemio-

logical evidence indicates that groups in lower versus higher socioeconomic positions

exhibit more pronounced health benefits from nature exposure. First, they highlight that

even if groups in lower and higher socioeconomic positions are both particularly sensitive

to the health-protective effects of nature exposure, these protective effects could be even

more pronounced among groups in lower socioeconomic positions with higher early-life

stressor exposure, given the heightened risk of disease in this population. Second, they

outline that the proportion of individuals who are environmentally sensitive in higher

socioeconomic positions could be significantly less than the proportion of individuals

who are environmentally sensitive in lower socioeconomic positions. Put together, these

interpretations further support the idea that increasing access to nature within disadvan-

taged neighborhoods could be an effective strategy to reduce disparities in health among

vulnerable populations. As the evidence for this framework continues to expand, it could
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inform more targeted interventions that leverage individual differences in environmental

sensitivity to promote health equity, ultimately providing more nuanced, strategic, and

socioeconomically attuned approaches to public health.
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[1] Introduction

Emerging epidemiological evidence indicates that groups in low socioeconomic positions

exhibit more pronounced health benefits from nature exposure (e.g., contact with natural

green spaces) compared to more privileged groups [1–7]. This implies that increasing access

to nature for disadvantaged communities could be a strategic approach to attenuate health

disparities by alleviating the risks of chronic stressors among groups who are the most

susceptible to stress [8–10]. However, the evidence supporting this possibility is mixed

[11,12], including reports of null associations [13,14], and further research is thus needed

to better understand the mechanisms underpinning this phenomenon [15,16]. Clarifying

these mechanisms could reveal more effective pathways for reducing health disparities, as

nature-based interventions offer a promising approach: they are passive, promoting health

without requiring behavioral change; they are sustainable, often with low maintenance

costs; and they can be implemented through public health policy to create lasting impacts.

[1.1] Theoretical Framework

One possible mechanism underpinning this phenomenon is described in the Integra-

tive Model of Environmental Sensitivity (see Fig 1 [15,16]). In short, mounting evidence

demonstrates that groups in lower socioeconomic positions often face higher exposure

to persistent psychosocial stressors in early life [17–24]. Mounting evidence also demon-

strates that early-life stressor exposure can induce a lifelong susceptibility to stress through

various neurobiological pathways (i.e., Biological Embedding Model [25–32]). One of the

most well-established pathways consists of early life stress inducing a pro-inflammatory

immune state, observed as heightened neuroimmune reactivity to stressors (e.g., Neuro-

immune Network Hypothesis [33–35], Social Signal Transduction Theory of Depression

[36–38]). However, mounting evidence also demonstrates that individuals who are sus-

ceptible to stress are also more susceptible to health-protective exposures (i.e., Differential

Susceptibility Hypothesis [39–46]). This implies that early life stress might be better under-

stood as not merely increasing susceptibility to stress, but as cultivating a broader form
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of environmental sensitivity, enhancing responsiveness to both stressors and protective

factors (e.g., Biological Sensitivity to Context Theory [47–49], Adaptive Calibration Model

[50–52]). This reframing provides a plausible mechanistic explanation as to why groups

in lower versus higher socioeconomic positions could derive greater benefits from the

health-protective effects of nature exposure.

Figure 1. The Integrative Model of Environmental Sensitivity

Emerging epidemiological evidence indicates that groups in low socioeconomic positions exhibit more
pronounced health benefits from nature exposure compared to more privileged groups. One possible
mechanism underpinning this evidence is described in the Integrative Model of Environmental Sensitivity.
Susceptibility to Stress: groups in lower socioeconomic positions often face higher exposure to early-life
stressors, which can induce a lifelong susceptibility to stress through various neurobiological pathways,
including a pro-inflammatory immune state. Environmental Sensitivity: individuals who are susceptible to
stress are more responsive to stressors and health-protective exposures, inducing greater risks in adverse
environments but also greater benefits in protective environments, relative to less susceptible individuals.

(1) Socioeconomic Status is defined as the position of an individual in their society which is determined by
both social and economic factors that impact exposure to and experiences with psychosocial stressors. (2)
Early Life Stress is defined as persistent exposure to psychosocial stressors during childhood, with ranging
degrees of perceived severity, that induce neurobiological responses and could promote developmental
alterations over time. (3) A Pro-Inflammatory Immune State is defined as heightened neuroimmune reactivity
to psychological and biological stressors combined with resistance to anti-inflammatory signals. This figure
was adapted from “Susceptibility to Stress and Nature Exposure: Unveiling Differential Susceptibility to
Physical Environments; a Randomized Controlled Trial” by Aaron M. Eisen, Gregory N. Bratman, and
Hector A. Olvera-Alvarez, 2024, PLOS ONE, 19(4): e0301473. Copyright 2024 Eisen et al.

Notably, the evidence supporting this framework has centered on social environments

and further investigation is needed to determine whether increased environmental sensi-



Eisen 2025 135

tivity induced by early life stress could also promote greater health benefits in protective

physical environments such as nature. Eisen et al. used an experimental paradigm to

evaluate this hypothesis and found that participants with a pro-inflammatory immune

state exhibited greater autonomic recovery from an acute stressor in a virtual nature ver-

sus an office setting, relative to less susceptible participants [15]. Eisen et al. also used

an observational paradigm to evaluate this hypothesis and found that participants with

higher exposure to early-life stressors exhibited more pronounced beneficial reductions in

fasting glucose levels when living in greener neighborhoods [16]. However, this finding

was only relative to the sample average, and participants with lower exposure to early-life

stressors also exhibited more pronounced beneficial reductions in fasting glucose levels

when living in greener neighborhoods. By contrast, participants with relatively average

exposure to early-life stressors exhibited the smallest changes in fasting glucose levels

when living in greener neighborhoods.

Overall, this evidence supports the idea that the association between early life stress

and environmental sensitivity might not be linear, but a more complex u-shaped associa-

tion that could induce different adaptive phenotypes of environmental sensitivity along

the continuum of early life stress, a concept that is well-grounded within evolutionary-

developmental perspectives [47–52]. In short, these perspectives propose a conditional

adaptation model of developmental variation in the stress response system based on two

propositions. The first proposition is that the stress response system is a complex and

integrated consort of neurobiological responses (e.g., autonomic, neuroendocrine, neuroim-

mune, cardiometabolic) designed to prepare humans for challenges or threats, but also

functions to increase susceptibility to social resources and supportive factors in the ambient

environment. This dual function signifies the need to conceptualize stress reactivity more

broadly as heightened neurobiological sensitivity to context. The second proposition is that

the stress response system operates as a mechanism of conditional adaptation, encoding

information about levels of support versus adversity in the early-life environment; this

information is then used to regulate the activation thresholds and response magnitudes of

the stress response system to match those specific environmental conditions.
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Based on this conditional adaptation model of the stress response system, these evolutionary-

developmental perspectives posit that: (1) early-life environments with high stressor expo-

sure and low support upregulate a phenotype of environmental sensitivity that is adaptive

in adverse environments (vigilant profile), increasing the capacity of an individual to

identify and respond to external challenges and threats; (2) early-life environments with

low stressor exposure and especially high support upregulate a phenotype of environmen-

tal sensitivity that is adaptive in supportive environments (sensitive profile), increasing

susceptibility to social resources and ambient support; (3) and by contrast, early-life en-

vironments with moderate exposures in either direction downregulate environmental

sensitivity (buffered profile), maximizing adaptive fitness in environments that are not

particularly adverse or supportive, as experienced by the vast majority of individuals (for

an excellent review on the u-shaped association, see the Biological Sensitivity to Context

Theory [47–49], for the adaptive phenotypes, see the Adaptive Calibration Model [50–52]).

In further detail, one of the core distinctions between the vigilant and sensitive profiles is

the development of different life history strategies. Life History Theory [53–57] is a central

branch of evolutionary biology used to explain coordinated patterns of human develop-

ment, encompassing growth, reproduction, and survival over the life course. Maximizing

adaptive fitness in specific environmental contexts necessitates inherent trade-offs in these

developmental investments, characterized as slower versus faster life history strategies [58].

Assuming that basic bioenergetic resources are met, slower life history strategies are the

product of supportive early-life environments and are oriented towards future outcomes,

including long-term health and well-being. By contrast, faster life history strategies are the

product of adverse early-life environments and are oriented towards immediate outcomes,

including survival under threatening conditions experienced throughout our evolutionary

history (e.g., predatory threats, hostile conspecifics), prompting developmental trade-offs

that are often detrimental for long-term health and well-being. For instance, one mech-

anism through which early life stress could promote a faster life history strategy is by

calibrating the immune system to induce a pro-inflammatory immune state, protecting the

individual against infection from frequent engagement in flight or fight behaviors while

also increasing their allostatic load over time [33–38].
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Integrating these perspectives into our framework implies that groups with higher and

lower exposure to early-life stressors are both particularly sensitive to the health-protective

effects of nature exposure, yet with important differences in core life patterns. Specifically,

we expect that groups with higher early-life stressor exposure (vigilant profile) would

exhibit the worst health outcomes, the lowest levels of parental support, and the lowest

socioeconomic positions, while groups with lower early-life stressor exposure (sensitive

profile) would exhibit the best health outcomes, the highest levels of parental support,

and the highest socioeconomic positions. By contrast, groups with relatively moderate

exposures (buffered profile) would be less sensitive to the health-protective effects of na-

ture exposure and exhibit moderate levels across these core life patterns. Even though this

implies that groups in lower and higher socioeconomic positions are both particularly sen-

sitive to the health-protective effects of nature exposure, it is plausible these effects would

be even more pronounced among groups in lower socioeconomic positions with higher

early-life stressor exposure, given the heightened risk of disease in this population [59,60].

[1.2] Present Study

The overarching objective of the present study was to bridge the evidence gaps between

socioeconomic status, early life stress, and environmental sensitivity to nature exposure

within our framework, through the lens of these evolutionary-developmental perspectives

(Biological Sensitivity to Context Theory [47–49]; Adaptive Calibration Model [50–52]).

Based on mounting evidence that groups in lower socioeconomic positions face often

higher exposure to stressors across the lifespan as a result of social inequities [61–64], we

conducted a latent cluster analysis using lifetime stressor counts of life domains associated

with the social determinants of health (exposures related to finances, education, healthcare,

housing, and social contexts). We then evaluated the alignment between the resulting

clusters and the expected vigilant, sensitive, and buffered profiles of environmental sen-

sitivity by examining: (1) differences in core life patterns between the clusters, with a

focus on general health symptoms and complaints, parental attachment and relationship

qualities, and objective indicators of socioeconomic status from early to adult life; and
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(2) environmental sensitivity to nature exposure within each cluster, with a focus on the

association between residential nature exposure and fasting glucose levels.

Notably, this study expands the findings of our prior investigations in several important

ways. First, even though it is well-established that early-life stressor exposure increases the

risk of negative outcomes across the lifespan [25–32], we were unable to demonstrate this

without measures of general health. Second, the evolutionary-developmental perspectives

emphasize that it is not just early life stress, but the ratio of early life stress to support that

signals the development of different adaptive phenotypes [47–52]; while it is reasonable to

assume that high exposure to early-life stressors corresponds to low levels of support, we

were unable to demonstrate this without measures of parental attachment and relationship

qualities. Third, although it is well-established that groups in lower socioeconomic posi-

tions face higher exposure to early-life stressors [17–24], we were unable to demonstrate

this without the latent cluster analysis. Demonstrating these associations, while also

replicating the moderation effect of early life stress observed in our prior studies would

provide a comprehensive demonstration of our framework.

[2] Materials & Methods

[2.1] Participants

Data were obtained from baseline measurements of a prospective cohort of men and

women (n = 517; 18–55 years of age) enrolled during their first semester of the Bachelor

of Science in Nursing program at the University of Texas at El Paso (i.e., Nurse Engage-

ment and Wellness Study; described in detail elsewhere [65]). Measurements included

lifetime stressor exposure, socioenvironmental factors, health indicators, and relevant

demographics. Participants were recruited using emails, posters, flyers, media outlets,

and information sessions between May 17, 2016 and November 29, 2018. All participants

provided written informed consent and measurements occurred during an in-person visit

to the Biobehavioral Research Laboratory. This study was approved by the institutional

review board at the University of Texas at El Paso (857149–1).
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[2.2] Measures

This study included measures used to (1) determine cluster membership (lifetime stres-

sor counts); (2) explore targeted life patterns between clusters (general health, parental

attachment, and objective socioeconomic status); (3) examine environmental sensitivity

to the health-protective effects of residential nature exposure within each cluster (with a

specific focus on fasting glucose levels).

[2.2.1] Cluster Membership

Lifetime Stressor Exposure was assessed using the well-validated Stress and Adversity

Inventory for Adults (STRAIN [66]). This dynamic and interview-based assessment tool

quantifies exposure to different types of episodic (n = 26) and chronic (n = 29) stressors

across various life domains (e.g., life-threatening situations, legal challenges, possessions,

reproduction) and core social-psychological characteristics (e.g., humiliation, entrapment,

physical danger, interpersonal loss) with known implications for health and wellness

[67,68]. For each stressor endorsed, follow-up questions are used to ascertain the subjective

severity, frequency, exposure timing, and duration of the stressor. This information is then

used to calculate cumulative stress scores by summing the counts and perceived severity

ratings of each stressor endorsed. As the focus of the present study was on stressors related

to the social determinants of health, the variables used to determine cluster membership

in our analysis included five lifetime stressor counts of associated life domains (exposure

related to finances, education, healthcare, housing, and social contexts).

[2.2.2] Targeted Life Patterns

General Health symptoms and complaints during the preceding month were assessed

using the well-validated Physical Health Questionnaire-14 (PHQ-14 [69]), the Patient

Health Questionnaire-9 (PHQ-9 [70]), the Kessler 6-Item Psychological Distress Inven-

tory (K-6 [71]), and the Mood and Feelings Questionnaire (MFQ-33 [72]); higher scores

indicate more somatic symptoms, depressive symptoms, psychological distress, and

unpleasant emotions, respectively.
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Parental Attachment and relationship qualities were assessed using the Maternal Attach-

ment Index and Paternal Attachment Index of the well-validated Inventory of Parent

and Peer Attachment (IPPA [73]). Each index provides a global assessment of maternal

or paternal attachment and relationship qualities, with three sub-scores reflecting trust,

communication, and alienation (reverse scored). Higher index scores indicate greater

parental attachment and better relationship qualities.

Objective Socioeconomic Status during childhood was quantified as the highest level

of maternal education (“less than high school”, “some high school”, “high school grad-

uate”, “some college”, “college graduate”), while objective socioeconomic status dur-

ing adulthood was quantified as per capita household income (self-reported household

income divided by household size).

[2.2.3] Environmental Sensitivity to Nature Exposure

Chronic Residential Nature Exposure (neighborhood-level green vegetation) was proxied

using a cumulative opportunity approach across radial buffers centered on the home

address of each participant. Levels of green vegetation were quantified using the nor-

malized difference vegetation index (30 m2 pixels [74]) from cloudless satellite images

(Landsat 7 [75]) taken on a single summer day in 2016. Negative pixel values were present

in a small portion of the region (< 5%) and were reclassified as missing data to avoid

potential confounding effects of water bodies (e.g., rivers, irrigation canals). Pixel values

were averaged across buffer sizes that corresponded to the amount of green vegetation

within a 3–min (250 m), 6–min (500 m), and 12–min (1000 m) walk for a healthy adult in

their mid-thirties [76]. Pixel values could range from zero (no green vegetation) to one

(maximum green vegetation) and were specified as percentages in our models to reflect

changes in fasting glucose levels relative to a 1% increase in residential nature exposure.

Fasting Blood Glucose levels were obtained following an overnight fast from 35 µL of

whole blood (Lipid Panel + Glucose Panel Cassettes; 2.8–27.8 mmol/L) using a Cholestech

LDX Analyzer (Cholestech Corporation, Hayward, CA, USA). This instrument was cali-

brated before each measurement and used an enzymatic method (which has been shown
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to align with plasma concentrations using a hexokinase method; 95% CI: 92%–100% [77]).

Glucose concentrations were expressed in mg/dL units, with higher values indicative

of glucose dysregulation [78].

[2.3] Analytical Approach

We restricted the sample to participants under the age of 40, as with older age comes the

development of aging-related health states and different behavioral patterns that could con-

found our analysis [79]. In this sample, the number of participants who were 40 years of age

or older was relatively small (n = 19; 4%). We also excluded participants who were unable

to complete the comprehensive lifetime stressor assessment due to time constraints during

the study visit (n = 136; 26%). Hence, the final analytical sample included 362 participants.

[2.3.1] Analysis 1: Cluster Membership and Targeted Life Patterns

We conducted a latent cluster analysis using lifetime stressor counts for each of the five

domains of the social determinants of health (exposure related to finances, education,

healthcare, housing, and social contexts). Gaussian finite mixture modeling (GMM) using

an Expectation-Maximization (EM) algorithm was used to fit one through nine clusters to

the lifetime stressor count data with either equal or unequal variance modeled between

clusters. Data were standardized and the best-fitting model was selected based on the

Bayesian Information Criterion (BIC) and the Integrated Completed Likelihood (ICL).

Descriptive statistics and pairwise contrasts with corrections for multiple comparisons

(Bonferroni procedure) were used to explore targeted life patterns between the clusters

(general health, parental attachment, and objective socioeconomic status). To reduce

the number of comparisons and streamline interpretations, normalized scores for each

measure were averaged to create a general health index, a parental attachment index, and

an objective socioeconomic status index. Data were analyzed using R (4.4.1) with the

mlcust package for the mixture modeling, the emmeans package for the pairwise contrasts,

and the ggplot2 package to generate z-plots.
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[2.3.2] Analysis 2: Environmental Sensitivity to Nature Exposure

To examine environmental sensitivity to the health-protective effect of residential nature

exposure within each cluster, we used structural equation modeling (SEM) to perform a

multiple-group analysis (MGA). We first fitted a linear regression model where the slope

of nature exposure on fasting glucose and covariate effects were constrained to be equal

across the clusters. We then used a likelihood ratio test (LRT) to determine whether remov-

ing these equality constraints significantly improved model fit. A significant likelihood

ratio test indicates that the estimated slopes are not the same within each cluster, providing

a statistical justification to allow the slopes to be freely estimated. Models were tested

across different buffer sizes for residential nature exposure (250 m, 500 m, and 1000 m) and

adjusted for seminal demographic covariates (years of age, biological sex, body mass index,

and per capita household income). Parameters were estimated using full information max-

imum likelihood estimation (FIML) and data were analyzed using Mplus (8.4). Although

we used alphas (0.05 level) to report significant findings, our interpretations focused on ef-

fect sizes and confidence intervals across all models, regardless of statistical significance.

[3] Results

The sample consisted of 362 participants who were under the age of 40 (M = 24.1 ± 4.4

years; 77% female). Participants were exposed to an average of 14.4 (± 10.7) stressors

over their lifespan with an average severity score of 34.0 points (± 25.9), corresponding

to a “low to moderate” severity rating for each stressor endorsed. With respect to life

domains, approximately half of these stressors (43.4%) encompassed the primary domains

of the social determinants of health, including finances (4.7%), education (1.0%), healthcare

(10.0%), housing (6.9%), and social contexts (20.8%).

[3.1] Analysis 1: Cluster Membership and Targeted Life Patterns

The latent cluster analysis provided evidence that a three-cluster model with unequal

variance best fit the underlying distribution of the five lifetime stressor counts related to

the social determinants of health. Relative to the sample mean (M = 6.3 ± 5.3), the first
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cluster was identified as a high-stress group (M = 12.2 ± 5.3; n = 96), the second as an

average-stress group (M = 4.9 ± 3.0; n = 223), and the third as a low-stress group (M = 0.3 ±

0.5; n = 43; see Fig 2; S1 Table). As expected from clusters based on lifetime stressor counts,

participants in the high-stress group reported the highest exposure to stressors across

their lifespan (Early = 7.2 ± 5.3; Adult = 17.7 ± 9.5) while participants in the low-stress

group reported the lowest exposure (Early = 1.1 ± 1.4; Adult = 2.8 ± 2.9). By comparison,

participants in the average-stress group reported relatively moderate exposures (Early =

3.7 ± 3.0; Adult = 8.2 ± 5.5; see Fig 3; S2 Table).

Figure 2. Cumulative Exposure to Socioeconomic Stressors

Bar chart of standardized (z) scores visualizing cumulative exposure to socioeconomic stressors by group
membership. Purple bars represent exposure counts while the red bars represent subjective severity.

Figure 3. Cumulative Exposure to Life Stressors

Bar chart of standardized (z) scores visualizing cumulative exposure to life stressors by group membership.
Purple bars represent exposure counts while the red bars represent subjective severity.
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[3.1.1] General Health

In terms of general health, participants in the high-stress group reported the highest rates

of symptoms and complaints while participants in the low-stress group reported the lowest

rates (see Fig 4; S3 Table). By comparison, participants in the average-stress group reported

relatively moderate rates. Pairwise contrasts provided evidence of significant differences

in general health between the high versus average-stress groups (M∆ = 7.3, 95% CI [2.6,

12.0], Hedges’ g = 0.45, p < .001) and the low versus average-stress groups (M∆ = 8.6, 95%

CI [2.1, 15.0], Hedges’ g = 0.57, p = .005).

Figure 4. General Health Symptoms & Complaints

Bar chart of standardized (z) scores visualizing general health symptoms and complaints (past month) by
group membership: somatic symptoms; psychological distress; depressive symptoms; unpleasant emotions.

[3.1.2] Parental Attachment

In terms of parental attachment, participants in the high-stress group reported the lowest

levels of parental attachment and relationship qualities while participants in the low-stress

group reported the highest levels (see Fig 5; S4 Table). By comparison, participants in

the average-stress group reported relatively moderate levels. Pairwise contrasts provided

evidence of significant differences in parental attachment between the high versus average-

stress groups (M∆ = 6.0, 95% CI [1.9, 10.0], Hedges’ g = 0.43, p = .001) and the low versus

average-stress groups (M∆ = 8.0, 95% CI [2.5, 13.5], Hedges’ g = 0.60, p = .002).
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Figure 5. Parental Attachment & Relationship Qualities

Bar chart of standardized (z) scores visualizing maternal or paternal attachment (purple bar) and relationship
qualities: trust (blue bar); communication (pink bar); alienation (black bar; reversed); by group membership.

[3.1.3] Objective Socioeconomic Status

In terms of objective socioeconomic status, participants in the high-stress group reported

the lowest levels of maternal education and per capita household income while participants

in the low and average-stress groups reported relatively moderate levels (see Fig 6; S5

Table). Pairwise contrasts did not provide evidence of significant differences in objective

socioeconomic status between the high versus average-stress groups (M∆ = 2.1, 95% CI

[-2.4, 6.5], Hedges’ g = 0.15, p = .813) or the low versus average-stress groups (M∆ = 0.1,

95% CI [-6.6, 6.5], Hedges’ g = 0.00, p = .999).

Figure 6. Objective Socioeconomic Status Across the Lifespan

Bar chart of standardized (z) scores of objective socioeconomic status indicators by group membership: child-
hood socioeconomic status (maternal education ); adult socioeconomic status (per capita household income).
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[3.2] Analysis 2: Environmental Sensitivity to Nature Exposure

Differences in the distribution of demographic covariates followed trends that could be

expected based on prior research (see Table 1). Specifically, relative to the low and average-

stress groups, participants in the high-stress group were older on average (pairwise

contrasts: p < .001), and non-significant trends suggested that these participants were

more often females with higher body mass indices, higher fasting glucose levels, and

lower per capita household income levels.

Table 1. Descriptive Statistics by Cluster Membership

Variable
M ± (SD) or N (%)

p-value1

Total Sample

(n = 362)

High Stress

(n = 96)

Average Stress

(n = 223)

Low Stress

(n = 43)

Demographics

Age (Years) 24.06 ± 4.37 26.50 ± 4.95 23.28 ± 3.96 22.63 ± 2.65 < .001

Sex (Female) 280 (77%) 79 (82%) 169 (76%) 32 (74%) .394

Income ($K) 15.14 ± 14.50 14.32 ± 11.28 15.44 ± 15.39 15.48 ± 16.70 .782

Health Indicators

BMI (kg/m2) 25.39 ± 5.34 25.53 ± 5.02 25.35 ± 5.42 25.30 ± 5.67 .952

Glucose (mg/dL) 90.87 ± 9.95 91.63 ± 11.16 90.76 ± 9.20 89.71 ± 10.93 .632

Nature Exposure

G250 (%) 10.72 ± 3.19 10.84 ± 2.90 10.64 ± 3.25 10.83 ± 3.53 .849

G500 (%) 10.79 ± 2.87 10.95 ± 2.49 10.62 ± 2.90 11.30 ± 3.39 .358

G1000 (%) 10.85 ± 2.59 11.06 ± 2.27 10.68 ± 2.63 11.34 ± 2.94 .254
1 one-way test assuming unequal variance; chi-square test

[3.2.1] 250 M Buffer Size

In the total sample, for each percentage increase in nature exposure, the model estimated

that fasting glucose levels would decrease by 0.50 mg/dL (95% CI [0.20, 0.81], p < .001).

When we stratified the model and constrained the effects to be equal across the groups, the

likelihood ratio test was significant (X2(10) = 25.40, p = .005), indicating that the estimated

effects were not the same within each group and therefore, the unconstrained model was
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interpreted. Relative to the average-stress group, participants in the high and low-stress

groups both demonstrated more pronounced beneficial reductions in fasting glucose levels

when living in greener neighborhoods. Specifically, for each percentage increase in nature

exposure, the model estimated that fasting glucose levels would decrease by 0.74 mg/dL

(95% CI [0.07, 1.41], p = .030) in the high-stress group and 0.81 mg/dL (95% CI [0.09, 1.54],

p = .027) in the low-stress group (see Fig 7). By comparison, the estimated effect of nature

exposure in the average-stress group was less pronounced and not statistically different

than zero (B = -0.32, 95% CI [-0.69, 0.04], p = .083).

Figure 7. Adjusted Slope of Nature Exposure (250 m) on Fasting Glucose Levels

Partial effects plot visualizing the slope of nature exposure on glucose by group membership, adjusted for
years of age, biological sex, body mass index, and household income. Bands denote 95% confidence intervals.

[3.2.2] 500 M Buffer Size

In the total sample, for each percentage increase in nature exposure, the model esti-

mated that fasting glucose levels would decrease by 0.45 mg/dL (95% CI [0.11, 0.79],

p = .010). The likelihood ratio test was significant (X2(10) = 24.62, p = .006) and therefore,

the unconstrained model was interpreted. Relative to the high and average-stress groups,

participants in the low-stress group demonstrated more pronounced beneficial reductions

in fasting glucose levels when living in greener neighborhoods. Specifically, for each

percentage increase in nature exposure, the model estimated that fasting glucose levels

would decrease by 0.84 mg/dL (95% CI [0.06, 1.64], p = .035) in the low-stress group (see
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Fig 8). By comparison, the effect of nature exposure in the high-stress group (B = -0.52,

95% CI [-1.31, 0.27], p = .198) and the average-stress group (B = -0.29, 95% CI [-0.70, 0.12],

p = .158) was less pronounced and not statistically different than zero.

Figure 8. Adjusted Slope of Nature Exposure (500 m) on Fasting Glucose Levels

Partial effects plot visualizing the slope of nature exposure on glucose by group membership, adjusted for
years of age, biological sex, body mass index, and household income. Bands denote 95% confidence intervals.

[3.2.3] 1000 M Buffer Size

In the total sample, for each percentage increase in nature exposure, the model esti-

mated that fasting glucose levels would decrease by 0.41 mg/dL (95% CI [0.03, 0.79],

p = .033). The likelihood ratio test was significant (X2(10) = 25.83, p = .004) and therefore,

the unconstrained model was interpreted. Relative to the high and average-stress groups,

participants in the low-stress group demonstrated more pronounced beneficial reductions

in fasting glucose levels when living in greener neighborhoods. Specifically, for each per-

centage increase in nature exposure, the model estimated that fasting glucose levels would

decrease by 1.02 mg/dL (95% CI [0.14, 1.90], p = .024) in the low-stress group (see Fig 9). By

comparison, the effect of nature exposure in the high-stress group (B = -0.08, 95% CI [-0.96,

0.81], p = .869) and the average-stress group (B = -0.36, 95% CI [-0.81, 0.09], p = .117) was less

pronounced and not statistically different than zero, with the confidence interval for the

high-stress group indicating a high degree of uncertainty whether an effect was present.
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Figure 9. Adjusted Slope of Nature Exposure (1000 m) on Fasting Glucose Levels

Partial effects plot visualizing the slope of nature exposure on glucose by group membership, adjusted for
years of age, biological sex, body mass index, and household income. Bands denote 95% confidence intervals.

[4] Discussion

In this cross-sectional study, we observed patterns that aligned with the expectations of

our framework based on lifetime stressor counts associated with the social determinants of

health (exposures related to finances, education, healthcare, housing, and social contexts).

Specifically, the latent cluster analysis identified three groups with high exposure (26%

of the sample), average exposure (62% of the sample), and low exposure (12% of the

sample) to socioeconomic stressors. We found that participants with high exposure to

socioeconomic stressors reported the highest levels of early life stress, the lowest levels

of parental attachment, and the worst general health outcomes, while participants with

low exposure to socioeconomic stressors reported the lowest levels of early life stress, the

highest levels of parental attachment, and the best general health outcomes. By contrast,

participants with average exposure to socioeconomic stressors reported relatively moderate

levels of early life stress and parental attachment, and intermediate health outcomes.

We also found that participants with high and low exposure to socioeconomic stressors

both exhibited stronger health-protective effects from residential nature exposure, as

evidenced by more pronounced beneficial reductions in fasting glucose when living

in greener neighborhoods, while participants with average exposure to socioeconomic
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stressors exhibited weaker and non-significant associations. Notably, we observed a decay

of these effects with increasing buffer sizes among participants with high exposure to

socioeconomic stressors, but a consistent effect magnitude across buffer sizes among

participants with low and average exposure to socioeconomic stressors.

While significant between-group differences were not found in terms of objective socioeco-

nomic status indicators, participants with high exposure to socioeconomic stressors tended

to have the lowest per capita household income and maternal education levels, whereas

participants with low and average exposure to socioeconomic stressors tended to have

similar levels that were relatively moderate.

[4.1] Theoretical Implications

Based on our framework, we expected that participants in lower and higher socioeconomic

positions would both be more sensitive to the health-protective effects of nature exposure,

relative to participants in moderate positions, but with important differences in core life

patterns. Specifically, we expected that the life patterns of participants in lower socioeco-

nomic positions would align with the high-stress “vigilant phenotype” of environmental

sensitivity (the highest levels of early life stress, the lowest levels of parental support, and

the worst health outcomes) while the life patterns of participants in higher socioeconomic

positions would align with the low-stress “sensitive phenotype” of environ¬mental sen-

sitivity (the lowest levels of early life stress, the highest levels of parental support, and

the best health outcomes) [47–52]. In turn, this could provide some insight as to why

epidemiological evidence indicates that groups in lower socioeconomic positions exhibit

greater health benefits from nature exposure, even if groups in lower and higher socioeco-

nomic positions are both particularly sensitive to these health-protective effects. In other

words, the protective effects of nature exposure could be even more pronounced among

groups in lower socioeconomic positions with higher early-life stressor exposure due to the

heightened risk of disease in this population [59,60]. This heightened risk is attributed in

part to susceptibility to stress induced by early life stress (e.g., a pro-inflammatory immune

state), which is further exacerbated by high exposure to stressors across the lifespan, often

as a result of compromised access to the social determinants of health [61–64].
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Overall, our findings supported these expectations, where participants with high and

low exposure to socioeconomic stressors both exhibited heightened sensitivity to the

protective effects of nature exposure and demonstrated distinct life patterns, aligning

with the vigilant and sensitive phenotypes of environmental sensitivity, respectively. By

contrast, participants with average exposure to socioeconomic stressors were less sensitive

to nature exposure and demonstrated relatively moderate life patterns, aligning with the

buffered phenotype of environmental sensitivity. Our findings were also consistent with

the hypothesized population-level distribution of these adaptive phenotypes [39,40,47,50],

where the buffered profile was the most common phenotype (62% of the sample) and the

sensitive profile was a less common phenotype relative to the vigilant profile (12% versus

26% of the sample), aligning with distributions observed in other studies [48,51,52]. This

might also provide some insight as to why epidemiological evidence indicates that groups

in lower socioeconomic positions exhibit greater health benefits from nature exposure,

considering that the proportion of individuals who are environmentally sensitive in higher

socioeconomic positions could be significantly less than the proportion of individuals

who are environmentally sensitive in lower socioeconomic positions. In other words, the

early-life conditions that induce a sensitive phenotype (low levels of early life stress and

especially high levels of support) might be less common, even among groups in higher

socioeconomic positions, compared to the conditions that induce a vigilant phenotype

(high levels of early life stress and low support) which unfortunately, are relatively common

among groups in lower socioeconomic positions [17–24].

We also found that the protective effects of nature exposure decayed with increasing buffer

sizes, but only among participants with high exposure to socioeconomic stressors. This fur-

ther supports our argument that while groups in lower and higher socioeconomic positions

might both be particularly sensitive to the health-protective effects of nature exposure,

there could be different neurobiological mechanisms underpinning these effects [16]. For

instance, our recent experimental findings suggest that a pro-inflammatory immune state

could be a mechanism underpinning this effect for the high-stress group [15], which might

explain the distance decay effect as the stress response system could be more attuned

to protective factors in the immediate environment. By contrast, we would not expect
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the low-stress group to have a pro-inflammatory state, which could implicate a different

neurobiological mechanism, one that is more attuned to broader, non-visual pathways.

While we did find trends indicating that participants with high exposure to socioeconomic

stressors had the lowest per capita household income and maternal education levels, the

lack of significant between-group differences was unexpected, and the moderate levels ob-

served among participants with low exposure to socioeconomic stressors were surprising.

One explanation for these trend-level findings is that objective socioeconomic indicators

are less sensitive predictors of health outcomes relative to subjective indicators [80–83].

For instance, household income and maternal education levels do not capture family-level

coping strategies (e.g., social support) or other available resources (e.g., food assistance

programs) that could buffer against the effects of socioeconomic stressors. However, this

might also be attributed to limited variability in the distribution of household income and

maternal education levels in this sample of college students. Therefore, further research is

needed to better understand these findings in samples with more variability and broader

socioeconomic indexes that capture other domains of the social determinants of health.

Although our interpretations throughout this section are theoretical and in some cases

speculative, they underscore the complexity of the moderation effect of life stress on

health and well-being across the lifespan and emphasize the need for further research

to disentangle the intricate interplay between socioeconomic status, early life stress, and

sensitivity to the health-protective effects of nature exposure.

[4.2] Research Implications

Overall, our findings support the idea that individuals who are susceptible to risks of

adverse environments are also more susceptible to the benefits of protective environments

[39–46]. If future research corroborates our findings, this could necessitate a significant

shift in how we conceptualize “susceptibility” in public health research. Traditionally,

susceptibility has been primarily understood as heightened neurobiological sensitivity to

the health risks of adverse environments, which could be a function of early life exposures.

However, our findings suggest a far more nuanced understanding: that the same early-life



Eisen 2025 153

exposures that increase sensitivity to adverse environments might also increase sensitivity

to protective and supportive environments. Therefore, this bidirectional responsiveness

might be more accurately conceptualized as a form of total “environmental sensitivity”

rather than the unidirectional distinction of “susceptibility”.

Although this idea is grounded within the concept of differential susceptibility in de-

velopmental psychology, the literature supporting this idea has centered on social en-

vironments. To our knowledge, the present line of research is the first to elucidate that

differential susceptibility might also extend to protective physical environments. If fu-

ture research corroborates our findings, this could have widespread and far-reaching

implications for public health and environmental health research, particularly in disentan-

gling the differential impacts of physical and social environmental factors across diverse

populations and socioeconomic gradients.

Expanding the concept of differential susceptibility to physical environments also raises

important nuances to the question of whether differential susceptibility is “domain gen-

eral” or “domain specific” [84]. For instance, while a core argument of our framework is

that sensitive individuals are more responsive to both social and physical environmental

exposures, it is entirely possible that some individuals are more sensitive to one domain

versus another, and even on one neurobiological system versus another. Domain speci-

ficity aligns with the widely embraced idea that different neurobiological systems respond

to different environmental inputs and influence different developmental outputs [50].

At the same time, a certain degree of domain generality is required to regulate devel-

opmental outputs that ultimately form different adaptive phenotypes of environmental

sensitivity [50]. Efforts to better understand the domain specificity versus generality of

neurobiological responses to social and physical environmental exposures represent an

important area for further research.

[4.3] Public Health Implications

Our findings further support the value of considering person x environment interac-

tions when designing and implementing public health initiatives. To date, public health
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initiatives have predominantly considered the effects of socioenvironmental factors on

population-level health outcomes, without considering how individual differences in

environmental sensitivity modify these effects. This distinction is critical, as the majority

of individuals in a population are likely to be non-sensitive [39,40,47,50], masking the

effects for the smaller proportion of individuals who are especially sensitive to the risks

and benefits of their environment. This has resulted in missed opportunities for targeted

interventions that leverage individual differences in environmental sensitivity to more

effectively maintain and improve population-level health outcomes.

Our findings also support the value of further investigation into the idea that early life

stress could be one mechanism underpinning epidemiological observations that nature

exposure is associated with better health among groups in lower versus higher socioe-

conomic positions [1–7]. If future research corroborates our findings, this might further

indicate that incorporating nature exposure into disadvantaged neighborhoods could be a

strategic intervention target to curb disparities in health across socioeconomic gradients.

For instance, incorporating nature exposure into residential settings is often a safe, feasible,

sustainable, and cost-effective intervention target [85–88] with potential as a complemen-

tary health approach that: (1) could be installed as a passive intervention, (2) is a long-term

intervention, promoting generational health (3) could provide multiple co-benefits, and (4)

could be implemented through public health policy [88].

In this regard, our findings suggest that urban planning initiatives should prioritize close-

to-home nature-based interventions in these disadvantaged neighborhoods (e.g., public

parks, green corridors, community gardens), especially considering that groups in low so-

cioeconomic positions often experience environmental injustices, including neighborhood-

level inequalities in their access to nature exposure [89]. Our findings also suggest that

even small-scale increases in nature exposure might provide a protective effect in these

neighborhoods, even in desert regions where the proportion of green vegetative cover is

minimal relative to other regions. Therefore, it might be that the most relevant predictor of

health is a change or difference in relative levels of nearby nature exposure, compared to

absolute values without taking the local norm into account.



Eisen 2025 155

[4.4] Strengths & Limitations

To our knowledge, this is the first study to provide evidence suggesting that groups

in lower socioeconomic positions are more sensitive to the health-protective effects of

nature expo-sure due to increased environmental sensitivity as a function of early-life

stress. While modest, these findings are supported by several strengths, including our

use of a comprehensive measure to quantify exposure to socioeconomic stressors [66],

the integration of well-established theories to support our claims (e.g., [34,36,47,50]), and

our focus on biomarkers of glucose dysregulation, a diabetes risk factor that significantly

contributes to the global burden of disease [90]. Further, our focus on glucose dysregulation

allowed us to expand upon our prior findings and better understand their implications

across the array of studies used to examine our framework [15,16].

At the same time, several limitations should be considered. The use of a cross-sectional ob-

servational design limited causal inference, and additional research is needed to investigate

the generalizability of the present findings to other populations and other health-related

outcomes. There is always a risk of over-fitting the clusters to the observed data and it

is possible that other factors beyond lifetime stressor counts might have contributed to

cluster membership. However, given the tight alignment of the resulting clusters with

the expectations of our framework, these clusters are considered to be practical approx-

imations of the underlying homogeneous groups. There was also a lot of missing data

for the lifetime stressor counts (26%) resulting from time constraints during the study

visit due to the length of the comprehensive assessment (≥ 20 min). Therefore, these data

are considered to be missing completely at random, and no significant differences were

observed between participants with missing data and the rest of the sample.

The indicators used in our general health assessment primarily included measures of

mental and emotional distress and may have underrepresented physical symptoms in

the composite index. However, given the strong interconnection between mental and

physical health [91], we consider these indicators to be a useful approximation of general

health status. Further, as the sample was comprised of college-aged participants, men-
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tal and emotional distress might have been particularly relevant indicators of general

health, considering that young adult populations often experience fewer chronic physical

conditions relative to older populations [79].

While the normalized difference vegetation index is a reliable measure of nature exposure

[74], this measure does not distinguish between different types or account for the quality

of the exposure, which could be important moderating factors. The interpretation of our

findings was also based on long-term exposure to residential nature; however, without

complete information on residential histories or time spent away from home, we were

constrained to cumulative exposure estimates based on the current home address of each

participant. Yet, considering that participants lived at their reported address for more than

a decade, on average, and that spatial variation of green nature is limited in desert regions,

these limitations are likely non-differential with respect to our findings. Looking forward,

future studies with more representative samples, longitudinal designs to support causal

modeling, and more rigorous assessments of health status, nature exposure, objective

socioeconomic status, and other potential confounders will be helpful.

[4.5] Conclusion

Ultimately, future research in line with the Integrative Model of Environmental Sensitivity

could lead to a better understanding of how nature-based interventions could be harnessed

to reduce disparities in health among vulnerable populations. Specifically, this could

further underscore the value of integrating protective physical environments into public

health strategies, especially for groups in low socioeconomic positions with a history of

early-life stressor exposure, who are particularly susceptible to health risks but also might

stand to experience the greatest health benefits from nature exposure. As the evidence

for this continues to expand, it could inform more targeted interventions that leverage

individual differences in environmental sensitivity to promote health equity, providing

more nuanced and socioeconomically attuned approaches to public health.
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Supporting Information

S1 Table. Cumulative Exposure to Socioeconomic Stressors

Domain Total Sample High-Stress Average Stress Low Stress

Financial 0.68 ± 1.03 1.54 ± 1.42 0.44 ± 0.62 0.00 ± 0.00

Education 0.14 ± 0.45 0.54 ± 0.74 0.00 ± 0.00 0.00 ± 0.00

Healthcare 1.44 ± 1.74 2.82 ± 2.42 1.12 ± 1.04 0.00 ± 0.00

Housing 1.00 ± 1.92 2.67 ± 2.94 0.47 ± 0.79 0.00 ± 0.00

Social Contexts 2.99 ± 2.67 4.57 ± 2.81 2.82 ± 2.39 0.30 ± 0.46

Total Count 6.25 ± 5.25 12.15 ± 5.29 4.85 ± 3.00 0.30 ± 0.46

M ± (SD); Total Sample (n = 362); High-Stress (n = 96); Average-Stress (n = 223); Low Stress (n = 43)

S2 Table. Cumulative Exposure to Life Stressors

Domain Total Sample High-Stress Average Stress Low Stress

Early Acute 2.11 ± 2.81 3.66 ± 3.85 1.73 ± 2.15 0.63 ± 1.09

Early Chronic 2.19 ± 1.92 3.53 ± 2.21 1.95 ± 1.54 0.47 ± 0.74

Early Total 4.30 ± 4.07 7.19 ± 5.25 3.68 ± 2.95 1.09 ± 1.44

Adult Acute 5.46 ± 5.16 9.93 ± 6.31 4.16 ± 3.55 2.26 ± 2.64

Adult Chronic 4.62 ± 3.77 7.76 ± 4.06 4.06 ± 2.86 0.53 ± 0.74

Adult Total 10.08 ± 8.19 17.69 ± 9.45 8.22 ± 5.51 2.79 ± 2.94

M ± (SD); Total Sample (n = 362); High-Stress (n = 96); Average-Stress (n = 223); Low Stress (n = 43)

S3 Table. General Health Symptoms & Complaints

Domain Total Sample High-Stress Average Stress Low Stress

Physical Symptoms 22.22 ± 11.11 26.00 ± 11.04 21.90 ± 10.52 15.44 ± 10.97

Depressive Symptoms 4.70 ± 4.65 6.17 ± 5.22 4.42 ± 4.38 2.86 ± 3.71

Psychological Distress 6.64 ± 5.15 8.03 ± 5.01 6.61 ± 5.11 3.72 ± 4.46

Unpleasant Emotions 10.78 ± 11.81 15.69 ± 14.31 9.43 ± 10.36 6.66 ± 9.19

General Health Index 24.77 ± 16.40 31.10 ± 17.93 23.83 ± 15.33 15.26 ± 12.39

M ± (SD); Total Sample (n = 362); High-Stress (n = 96); Average-Stress (n = 223); Low Stress (n = 43)
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S4 Table. Parental Attachment & Relationship Qualities

Domain Total Sample High-Stress Average Stress Low Stress

Maternal Attachment 99.56 ± 19.61 93.23 ± 21.66 100.71 ± 18.60 107.77 ± 15.69

Maternal Trust 41.78 ± 7.76 39.11 ± 9.07 42.38 ± 7.17 44.63 ± 5.70

Maternal Communication 34.17 ± 8.63 31.85 ± 9.15 34.44 ± 8.44 37.93 ± 6.85

Maternal Alienation 12.39 ± 4.91 13.74 ± 5.17 12.11 ± 4.50 10.79 ± 5.70

Paternal Attachment 88.29 ± 24.38 81.31 ± 25.96 88.71 ± 23.26 101.70 ± 20.60

Paternal Trust 38.12 ± 10.18 35.07 ± 11.28 38.46 ± 9.77 43.14 ± 7.16

Paternal Communication 27.88 ± 10.42 25.64 ± 9.75 27.66 ± 10.47 34.02 ± 9.41

Paternal Alienation 13.71 ± 6.24 15.40 ± 6.48 13.41 ± 5.91 11.47 ± 6.54

Parental Attachment Index 75.14 ± 14.30 69.82 ± 15.05 75.77 ± 13.32 83.79 ± 12.79

M ± (SD); Total Sample (n = 362); High-Stress (n = 96); Average-Stress (n = 223); Low Stress (n = 43)

S5 Table. Objective Socioeconomic Status Across the Lifespan

Domain Total Sample High-Stress Average Stress Low Stress

Household Income1 15.14 ± 14.50 14.32 ± 11.28 15.44 ± 15.39 15.48 ± 16.70

Maternal Education 3.63 ± 1.27 3.48 ± 1.29 3.69 ± 1.26 3.67 ± 1.29

Objective SES Index 41.22 ± 14.38 39.71 ± 13.74 41.78 ± 14.30 41.83 ± 16.47

M ± (SD); Total Sample (n = 362); High-Stress (n = 96); Average-Stress (n = 223); Low Stress (n = 43); 1$K
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Chapter Five

The objective of this program of research was to uncover potential causal mechanisms

underpinning emerging epidemiological evidence that groups in low socioeconomic posi-

tions exhibit more pronounced health benefits from nature exposure (contact with natural

green spaces) compared to more privileged groups [1–7]. To guide this inquiry, we de-

veloped the Integrative Model of Environmental Sensitivity, a theoretical framework for

synthesizing knowledge from disparate literatures to better understand how individ-

ual differences in environmental sensitivity could be leveraged to reduce disparities in

health across socioeconomic gradients (Fig 1 [8–10]). Central to this framework are two

overarching ideas: (susceptibility to stress) groups in lower socioeconomic positions of-

ten face higher exposure to persistent psychosocial stressors in early life, which in turn

could induce a lifelong susceptibility to stress through various neurobiological pathways;

(environmental sensitivity) susceptibility to stress, traditionally understood as heightened

reactivity to stressors, could also encompass enhanced responsivity to health-protective

exposures, inducing greater risks in adverse environments, but also greater benefits in

protective environments. Put together, these ideas provide a plausible mechanistic ex-

planation as to why groups in lower versus higher socioeconomic positions could derive

greater health benefits from nature exposure.

[1] Integration of Evidence

Based on our framework, we operationalized environmental sensitivity across three levels

of analysis: a pro-inflammatory immune state as a neurobiological correlate of suscep-

tibility to stress; early life stress as a causal antecedent of susceptibility to stress; and

socioeconomic status as the broader context through which social and health relationships

are shaped, serving as an upstream facilitator of susceptibility to stress (Fig 1 [8–10]). Our

specific aims were addressed in a three-study series with a focus on each level of analy-

sis, using a bottom-up approach to provide a systematic examination of environmental

sensitivity to the health-protective effects of nature exposure, progressively building from

neurobiological mechanisms to broader societal contexts.
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Figure 1. Theoretical Framework & Specific Aims

Susceptibility to Stress: groups in low socioeconomic positions, compared to more privileged groups,
often face higher exposure to persistent psychosocial stressors in early life, which can induce a lifelong
susceptibility to stress through various neurobiological pathways, including a pro-inflammatory immune
state; Environmental Sensitivity: susceptibility to stress, traditionally understood as a heightened reactivity
to stressors, could also encompass enhanced responsivity to health-protective exposures, inducing greater
risks in adverse environments, but also greater benefits in protective environments.

[1.1] Level One: Pro-Inflammatory Phenotype (A1)

The aim of the first study was to establish experimental evidence that a pro-inflammatory

immune state could be associated with greater autonomic recovery from an acute psychoso-

cial stressor in a nature versus office environment. To achieve this, we used a randomized

controlled trial to examine differences in autonomic recovery (increased parasympathetic

activation and reduced sympathetic activation) caused by a virtual reality exposure to

either a nature condition (a public park) or an office condition (the same room as the

experiment, but in virtual reality) following exposure to a validated laboratory stres-

sor (Trier Social Stress Test [11]) among 64 healthy college-aged males. Based on our

framework, susceptibility to stress was indicated as a pro-inflammatory state (increased

inflammatory reactivity and glucocorticoid resistance in response to an in vitro bacterial

challenge) and secondarily as exposure to early-life stressors (Adverse Childhood Experi-

ence Questionnaire [12]) and subjective social status (MacArthur Scale of Subjective Social

Status [13]). In this experiment, we observed that participants with a pro-inflammatory
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state exhibited greater autonomic recovery from the acute stressor in the nature versus

office condition, relative to less susceptible participants. However, even though a pro-

inflammatory state is a well-established developmental alteration induced by early life

stress [14–17], no differences in recovery were found among participants with higher

versus lower exposure to early-life stressors or among participants in lower versus higher

socioeconomic positions (see Chapter Two).

The null findings for early life stress and socioeconomic status were unexpected and might

have been attributed in part to the measures used and limited variability in this sample

of college-aged males. For instance, our measure of early-life stressor exposure might

not have been comprehensive enough to detect differences in autonomic recovery, as it

does not account for the subjective severity, frequency, timing, or duration of childhood

stressors [18–20]. However, it is also possible that a pro-inflammatory state could be a

more sensitive indicator of environmental sensitivity (proximal: direct pathway between

the indicator and outcome) relative to self-report assessments of early life stress and

socioeconomic status (distal: indirect pathway between the indicator and outcome that in

turn, increases the risk of unmeasured confounders). For instance, not all adults with high

exposure to early-life stressors develop susceptibility to stress due to protective factors

and counteracting exposures (e.g., parental attachment, social support [21,22]).

[1.2] Level Two: Early Life Stress (A2)

The aim of the second study was to re-examine whether early life stress could be associated

with greater health benefits from nature exposure, using a larger and more diverse sample

(i.e., Nurse Engagement and Wellness Study [23]) and a more comprehensive measure

of early-life stressor exposure (i.e., Stress and Adversity Inventory for Adults [24]). To

achieve this, we used an observational paradigm to evaluate the effect of residential

nature exposure (quantified using the normalized difference vegetation index across

different radial buffers centered on the residential address of each participant) on glucose

dysregulation (elevated levels of fasting blood glucose), with a specific focus on the

moderation effect of early life stress. We observed that relative to the sample average,
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participants with higher levels of early life stress exhibited more pronounced beneficial

reductions in fasting glucose levels when living in greener neighborhoods. However, we

also observed that relative to the sample average, participants with lower levels of early

life stress also exhibited more pronounced beneficial reductions in fasting glucose levels

when living in greener neighborhoods. By contrast, participants with relatively average

levels of early life stress exhibited the smallest changes in fasting glucose levels when

living in greener neighborhoods (see Chapter Three).

When interpreting the findings from both our experimental and observational studies,

this evidence collectively supports the idea that the association between early life stress

and environmental sensitivity might not be linear, but a more complex u-shaped associa-

tion that might induce different adaptive phenotypes of environmental sensitivity along

the continuum of early life stress, a concept that is well-grounded within evolutionary-

developmental perspectives (Biological Sensitivity to Context Theory [25,26]; Adaptive

Calibration Model [27,28]). While integrating these perspectives into our framework

implies that groups with lower and higher exposure to early-life stressors are both particu-

larly sensitive to the health-protective effects of nature exposure, these protective effects

could be even more pronounced among groups in lower socioeconomic positions with

higher early-life stressor exposure, given the heightened risk of disease in this population

[29,30]. This heightened risk is attributed in part to susceptibility to stress induced by

early life stress (e.g., a pro-inflammatory state), which is further exacerbated by high

exposure to stressors across the lifespan, often as a result of compromised access to the

social determinants of health [31–34].

[1.3] Level Three: Socioeconomic Status (A3)

The aim of the third study was to bridge the evidence gaps between socioeconomic status,

early life stress, and environmental sensitivity to nature exposure within our framework,

through the lens of these evolutionary-developmental perspectives (Biological Sensitivity

to Context Theory [25,26]; Adaptive Calibration Model [27,28]). To achieve this, we re-

analyzed the data from our second study using a latent cluster analysis based on five
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lifetime stressor counts of life domains associated with the social determinants of health

(exposures related to finances, education, healthcare, housing, and social contexts). We

expected that participants in lower socioeconomic positions would exhibit the highest

exposure to early-life stressors, the lowest levels of parental support, and the worst

health outcomes, while participants in higher socioeconomic positions would exhibit

the lowest exposure to early-life stressors, the highest levels of parental support, and

the best health outcomes. By contrast, participants in moderate positions would exhibit

relatively moderate levels across these variables. Based on our prior findings, we also

expected that participants in lower and higher socioeconomic positions would both be

more sensitive to the protective effects of nature exposure, as compared to participants in

moderate positions (see Chapter Four).

Notably, this re-analysis expands the findings of our second study in several important

ways. First, even though it is well-established that early-life stressor exposure increases the

risk of negative outcomes across the lifespan [35–38], we were unable to demonstrate this

without measures of general health. Second, the evolutionary-developmental perspectives

emphasize that it is not just early life stress, but the ratio of early life stress to support that

signals the development of different adaptive phenotypes [25–28]; while it is reasonable to

assume that high exposure to early-life stressors corresponds to low levels of support, we

were unable to demonstrate this without measures of parental support and relationship

qualities. Third, although it is well-established that groups in lower socioeconomic posi-

tions face higher exposure to early-life stressors [39–42], we were unable to demonstrate

this without the latent cluster analysis. Demonstrating these associations, while also repli-

cating the moderation effect of early life stress on the nature-glucose association observed

in our second study would provide a comprehensive demonstration of our framework.

Overall, our findings were supportive of these expectations. The latent cluster analysis

identified three groups of high, average, and low exposure to socioeconomic stressors,

with the high-stress group (26% of the sample) reporting the highest exposure to early-life

stressors, the lowest levels of parental support, and the worst general health outcomes,

and the low-stress group (12% of the sample) reporting the lowest exposure to early-life
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stressors, the highest levels of parental support, and the best general health outcomes.

By contrast, the average-stress group (62% of the sample) reported relatively moderate

levels across these variables. We also found that our results from the second study were

replicated, where participants with high and low exposure to socioeconomic stressors both

exhibited stronger protective effects from nature exposure, while participants with average

exposure to socioeconomic stressors exhibited weaker and non-significant associations.

In turn, these findings provide seminal insights into our prior studies. First, they em-

phasize the predictive power of our framework, especially following the integration of

the evolutionary-developmental perspectives [25–28]. Second, they highlight that even

if groups in lower and higher socioeconomic positions are both particularly sensitive to

the health-protective effects of nature exposure, these protective effects could be even

more pronounced for groups in lower socioeconomic positions with higher early-life

stressor exposure, given the heightened risk of disease in this population [29,30]. Third,

they outline that the proportion of individuals who are environmentally sensitive in

higher socioeconomic positions could be significantly less than the proportion of individ-

uals who are environmentally sensitive in lower socioeconomic positions. Collectively,

these findings provide crucial insights as to why emerging epidemiological evidence

indicates that groups in low socioeconomic positions exhibit greater health benefits from

nature exposure, relative to their more privileged counterparts, and underscore important

implications for research and public health.

[2] Research & Public Health Implications

Overall, the evidence attained from this program of research supports the idea that

increased environmental sensitivity induced by early life stress could be at least one

plausible mechanism underpinning epidemiological evidence that groups in low so-

cioeconomic positions exhibit more pronounced health benefits from nature exposure

[1–7]. This provides a causal claim to strengthen the argument that increasing access

to nature for disadvantaged communities could be a strategic target to reduce health

disparities [43–46]. Importantly, nature-based interventions offer a promising approach;
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they are passive, promoting health without requiring behavioral change; they are sus-

tainable, often with low maintenance costs, and they can be implemented through public

health policy for lasting impacts [47–50].

If future research corroborates our findings, this could have widespread and far-reaching

implications for public health and environmental health research, particularly in eluci-

dating the differential impacts of physical and social environmental factors across di-

verse populations and socioeconomic gradients. Overall, our findings emphasize the

importance of considering “person x environment” interactions when designing and

implementing public health initiatives. To date, public health initiatives have predom-

inantly considered the effects of socioenvironmental factors on population-level health

outcomes, without considering how individual differences in environmental sensitivity

modify these effects. This distinction is critical, as the majority of individuals in a pop-

ulation are likely to be non-sensitive [25,27,51,52], masking the effects for the smaller

proportion of individuals who are especially sensitive to the risks and benefits of their

environment. This has resulted in missed opportunities for targeted interventions that

leverage individual differences in environmental sensitivity to more effectively maintain

and improve population-level health outcomes.

When considering our findings in the context of our framework, this could necessitate a

significant shift in how we conceptualize “susceptibility” in public health research. Tra-

ditionally, susceptibility has been primarily understood as heightened neurobiological

sensitivity to the health risks of adverse environments, which could be a function of early-

life exposures. However, our findings suggest a more nuanced understanding: that the

same early-life exposures that increase sensitivity to adverse environments might also in-

crease sensitivity to protective and supportive environments. Therefore, this bidirectional

responsiveness might be more accurately conceptualized as “total environmental sensitiv-

ity” rather than the unidirectional distinction of “susceptibility”. This reconceptualization

ultimately proposes that individuals identified in various investigations as being more

reactive to adverse conditions might also be more responsive to protective and supportive

conditions. In other words, susceptible individuals may have a wider range of reaction
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norms, covering the total gamut of environmental exposures, whereas non-susceptible in-

dividuals may have a much narrower range of reaction norms, responding less to adverse

and protective environmental exposures. Therefore, certain aspects of what is currently rec-

ognized as “susceptibility” from an environmental health perspective might in some cases

be better framed as increased sensitivity to both adverse and protective environments.

While this idea is grounded within the concept of differential susceptibility in develop-

mental psychology [51–54], the evidence supporting this idea has prominently centered

on social environments. To our knowledge, the evidence obtained from this program

of research is the first to elucidate that differential susceptibility might also extend to

protective physical environments. This could provide opportunities for more effective

interventions through altering and improving physical environments with the intention

of promoting positive well-being outcomes, which has been less of a focus in public

health research. In this regard, our findings also suggest that urban planning initiatives

should prioritize close-to-home nature-based interventions in disadvantaged communi-

ties (e.g., public parks, green corridors, neighborhood gardens), especially considering

that groups in low socioeconomic positions often experience environmental injustices,

including neighborhood-level inequities in their access to nature exposure [55]. Our virtual

reality findings also provide implications for simulated nature-based approaches that

might be remarkably simple but effective, including windows with nature views, greening

walls, and indoor plants [56–58]. Just imagine if by orienting beds toward windows in a

community clinic, we could improve the recovery time of patients; if by greening walls,

we could reduce the burden of air pollution for families living near highways; and if by

redesigning the landscapes of public housing communities, we could reduce disparities in

health between groups in lower versus higher socioeconomic positions.

When considering our findings in the context of our framework, this also could necessitate

a significant shift in how we conceptualize “resilience” in public health research. Tradition-

ally, while some people are regarded as being especially susceptible to the risks of adverse

environments, due to their neurobiological predispositions, other people lacking these

predispositions who do not succumb to these risks are considered to be resilient. Through
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a differential susceptibility lens “resilience” is something of a misnomer, as people who

are more resilient to the risks of adverse environments are also more (resilient?) to the

benefits of protective environments [51–54]. Unfortunately, many studies informed by

the traditional understanding of resilience are not well-positioned to examine differen-

tial susceptibility to the total environment, as protective environments in these contexts

often just reflect the absence of adversity, and beneficial outcomes often just reflect the

absence of disease or dysfunction [59]. The result has been an imbalanced approach to

research, yielding significantly more knowledge about dysfunction rather than adaptive

function, making it challenging to attain a full account of the subject matter. Rather, our

findings support an alternative “adaptation-based” approach to resilience, one that aims

to cultivate environments that leverage the unique strengths of susceptible individuals

to promote positive well-being outcomes [60].

[3] Future Directions

While the evidence obtained from this program of research is promising, additional re-

search is needed to investigate the generalizability of the present findings to other popula-

tions and other outcomes. Studies with longitudinal designs are also needed to support

causal modeling, especially considering that proposed theoretical mediation is central to

our framework (e.g., early life stress mediates the association between child poverty and

susceptibility to stress, which in turn could moderate the effect of adverse and protective

environments on adult health outcomes). While we controlled for a range of relevant

covariates to eliminate the most plausible alternative explanations and confounders (e.g.,

childhood socioeconomic status, adult-life stressor exposure, physical activity and weight

loss), systematic assessments of other potential confounders will be helpful.

Even though data obtained from geographical information systems are reliable measures of

nature exposure [61], these measures do not distinguish between different types or account

for the quality of the exposure, which could be important moderating factors. Using

more innovative approaches such as global position systems and smartphone tracking

[62], wearable sensors and watches [63], and machine learning algorithms and street-view
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imagery [64] would be helpful to better link nature exposure to personal experiences (e.g.,

level of engagement, duration of the exposure, engaging with one exposure over another

[65]). In this regard, it is also important for future researchers to consider other relevant

exposures, such as the quality of the neighborhood (e.g., housing conditions, crime rates,

access to amenities, walkability, cleanliness, air quality, aesthetics, noise and traffic) which

could have interactive effects with nature exposure [66–69].

Regarding stress assessments, it is crucial for researchers to consider the strengths and

weaknesses of the measures used. Stress is a complex construct that represents a neurobio-

logical response to adverse socioenvironmental exposures “stressors”, which differ in their

subjective severity, frequency, timing, and duration, can occur in different life domains

(e.g., relationships, finances) and have various social-psychological characteristics (e.g.,

interpersonal loss, physical danger) [20]. While simple measures such as the Adverse

Childhood Experience Questionnaire [12] seem to be effective in differentiating between

pathogenic and non-pathogenic adaptations to stressors [29,30], they also treat all stressors

as equal, making it unclear what is actually being measured. To better understand stress

and health relationships, a precursor for environmental sensitivity research, we encourage

researchers to use more sophisticated interview-based measures that do account for these

complexities, such as the Stress and Adversity Inventory for Adults (STRAIN [24]).

In terms of statistical power, it is important for researchers to consider the distinction be-

tween proximal and distal indicators of environmental sensitivity. Proximal indicators (e.g.,

neurobiological correlates of susceptibility to stress) share a direct pathway between the

indicator and outcome, increasing statistical power and reducing the risk of unmeasured

confounders [8]. By contrast, distal indicators (e.g., early life stress, socioeconomic status)

share a more indirect pathway between the indicator and outcome, which can reduce

statistical power and increase the risk of unmeasured confounders. It is also important to

recognize that the use of proximal versus distal indicators corresponds to the pathways

being tested. In other words, a pro-inflammatory immune state could be a measure of

environmental sensitivity specific to groups with higher exposure to early-life stressors
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[14,15], while a precise measure of early-life stressor exposure could capture multiple

phenotypes of environmental sensitivity along the continuum of early life stress [27,28].

Another important consideration for future research relates to the distribution of early

life stress within a sample, especially considering that the association between early life

stress and environmental sensitivity is likely to be non-linear [25–28]. For instance, if most

participants in a sample report low to average levels of early life stress, relative to the

population, this might lead to the conclusion that early life stress decreases environmental

sensitivity; and by contrast, if most participants report average to high levels of early

life stress, this might lead to the conclusion that early life stress increases environmental

sensitivity [70]. A better understanding of this non-linear association could be fundamental

for resolving discrepancies in the biological embedding literature about whether early life

stress induces hyper-reactivity or hypo-reactivity to stressors (for discrepancies related to

cortisol reactivity, see Hosseini-Kamkar et al. 2021 [71]).

Although we have used typological language to describe environmentally sensitive versus

non-sensitive individuals, this is just a linguistic convenience, and it would be a mistake

to infer that environmental sensitivity is more categorical than continuous (e.g., the misas-

sumption that non-sensitive individuals are completely immune to their environmental

influences; instead these individuals might simply need intensification of the intervention

to experience results similar to those achieved among environmentally sensitive individu-

als [51]). Rather, we argue that it makes the most sense to conceptualize environmental

sensitivity along a continuous dimension, with specific thresholds that represent the theo-

retical boundaries of homogeneous response patterns; thresholds which themselves may

vary considerably across individuals, groups, and populations. To support research in this

area, we encourage the use of statistical approaches such as Johnson-Neyman intervals

[72] which retain the moderator on a continuous scale to identify thresholds of significant

versus non-significant effects (e.g., sensitive versus non-sensitive individuals).

Expanding the concept of differential susceptibility to physical environments also raises

important nuances to the question of whether differential susceptibility is “domain gen-

eral” or “domain specific” [73]. For instance, while a core argument of our framework
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is that sensitive individuals are more responsive to both social and physical environ-

mental exposures, it is entirely possible that some individuals are more sensitive to one

domain versus another, and even on one neurobiological system versus another. Domain

specificity aligns with the widely embraced idea that different neurobiological systems

respond to different environmental inputs and influence different developmental outputs

[27]. At the same time, a certain degree of domain generality is required to regulate

adaptive developmental outputs that ultimately form different responsivity patterns

[27]. This suggests that domain specificity could be more common at a granular level

(e.g., the individual components within a neurobiological system), while domain gener-

ality could be more common at a global level (e.g., the hierarchical organization of the

stress response system: encompassing the autonomic, neuroendocrine, neuroimmune,

cardiometabolic systems [74]). Efforts to better understand the domain specificity versus

generality of neurobiological responses to social and physical environmental exposures

represent an important area for further research.

Future researchers are also encouraged to measure the complete range of environmental

exposures, ranging from truly adverse (not just the absence of protective) to truly protective

(not just the absence of adverse) [59]. While the focus of the current program of research

was specifically on protective physical environments (ranging from protective [high levels

of nature exposure] to neutral [the absence of nature exposure]), demonstrating that

individuals who are more sensitive to the protective effects of nature exposure are also

more sensitive to the harmful effects of adverse physical exposures would have provided

an even stronger claim that differential susceptibility also extends to physical environments.

To advance this arm of our framework, the principal investigator and co-investigators of

this program of research are currently working on additional studies, using data from

the same participants, to demonstrate that early life stress also increases sensitivity to the

adverse effects of traffic-related air pollution (e.g., Olvera-Alvarez et al., 2025 [75]). The

culmination of this work will be a framework paper, highlighting both experimental and

observational evidence that individuals with high exposure to early-life stressors are more

sensitive to both the health benefits of nature exposure and the health risks of air pollution.
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[4] Ethical Disclaimers

Even though this program of research focuses on the positive effects of early life stress, we

are not arguing that it is a good thing for children to grow up in poverty or under stressful

conditions. Harsh environments often harm or even kill children, and it is well-established

that early life stress is associated with the leading causes of morbidity and mortality

among adult populations [29,30]. Rather, we are arguing that the detrimental effects of

childhood adversity are very real, but this is only half the story, and more researchers

should be asking: “how can we leverage the unique strengths and abilities that develop in

response to adverse environments?”

We are also not arguing that individuals in lower socioeconomic positions are bad parents

who treat their children harshly. Rather, the burden of high early-life stressor exposure

among these groups is primarily characterized by household dysfunctions that are beyond

the control of the family (e.g., poor housing conditions, neighborhood deprivation, fre-

quent relocations, food insecurities, restrictive work schedules [31,32]). In other words,

this burden is not a “family issue” but the result of social inequities that should not be

considered as unmodifiable facts of life.

In contrast to the dominant perspective in the resilience literature, we are also not arguing

that the solution to adversity is bolstering an individual’s resilience. This rhetoric occupies

the dangerous ground of “fixing” what is “wrong” with susceptible people, when in

reality, their neurobiology is appropriately responding to adversity through processes

maintained during our natural selective history [76] (just as someone living in a mold-

infested building would develop coughing and sneezing to expel harmful spores). Instead,

we argue that rather than “blaming” the susceptible person, intervention efforts should

focus on improving environmental conditions.

This program of research also has important implications for researchers in identifying

subsets of a population who would be the most responsive to interventions, and for

clinicians and policymakers in obtaining more realistic estimates of the effectiveness of

these interventions. As stated before, this could lead to the development of more targeted
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interventions, and in some cases, candidates may be selected using environmental sensi-

tivity screens [51]. However, we are not arguing that interventions should be exclusively

targeted toward sensitive individuals. Rather, we need to ensure a baseline standard of

care for everyone, and use these screens to tailor interventions in a way that leverages

individual differences in environmental sensitivity to promote health equity.

[5] Relevance to Nursing

Environmental factors have long been recognized as integral to health in nursing, dating

back to Florence Nightingale’s impetus on creating healing environments for the patient’s

mind, body, and spirit [77]. In fact, Nightingale was a pioneer in linking the physical

environment to the health and well-being of her patients and her legacy provides a strong

foundation for modern nurses to lead the design of healthcare in a way that harnesses the

healing power of the total environment [78]. From fresh air to sunlight, integrating natural

elements into healthcare settings is a maturing field of fundamental importance to nurses.

While there is an extensive field of literature on the health benefits of natural environments,

dating back to the earliest civilizations [79], the contemporary renaissance of this field was

a study led by nurses [56] who found that patients recovering from surgery had shorter

postoperative hospital stays, better vital signs, and fewer symptoms when assigned to

rooms with window views of nature versus urban buildings.

Importantly, the Integrative Model of Environmental Sensitivity incorporates and extends

this perspective, highlighting that the healing power of the total environment could be

harnessed to reduce disparities in health across socioeconomic gradients [8–10]. This

aligns with the overarching principles of nursing practice, to embrace holistic and person-

centered approaches that provide all patients with equitable opportunities to achieve their

full potential for health and well-being [80]. For instance, with a better understanding of

individual differences in environmental sensitivity, nurse practitioners could help patients

develop personalized care plans that harness the healing power of the environment, lever-

aging the unique strengths and abilities that develop in response to childhood adversity

[60]. This reflects a nexus between patient-centered care and a next generation of trauma-
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informed care, which recognizes that patients exposed to childhood adversity could be

more sensitive to the risk-promoting and benefit-enhancing aspects of their environment.

[6] Summary, Implications, & Conclusion

The overarching objective of this program of research was to uncover potential causal

mechanisms underpinning epidemiological evidence that groups in low socioeconomic

positions exhibit more pronounced health benefits from nature exposure compared to more

privileged groups. Establishing these mechanisms could ultimately reveal more effective

strategies for addressing health disparities, as nature-based interventions offer a promising

approach: they are passive, promoting health without requiring behavioral change; they

are sustainable, often with low maintenance costs; and they can be implemented through

public health policy to create lasting impacts.

To guide this inquiry, we developed the Integrative Model of Environmental Sensitivity,

a theoretical framework for synthesizing knowledge from disparate literatures to better

understand how individual differences in environmental sensitivity could be leveraged to

reduce disparities in health across socioeconomic gradients. Central to this framework are

two overarching ideas: (susceptibility to stress) groups in lower socioeconomic positions

often face higher exposure to persistent psychosocial stressors in early life, inducing a

lifelong susceptibility to stress through various neurobiological pathways; (environmental

sensitivity) susceptibility to stress, traditionally understood as increased reactivity to stres-

sors, could also encompass enhanced responsivity to health-protective exposures, inducing

greater risks in adverse environments, but also greater benefits in protective environments.

Based on our framework, we operationalized environmental sensitivity across three levels

of analysis: a pro-inflammatory immune state as a neurobiological correlate of suscep-

tibility to stress; early life stress as a causal antecedent of susceptibility to stress; and

socioeconomic status as the broader context through which social and health relationships

are shaped, serving as an upstream facilitator of susceptibility to stress. In the first study,

we found that participants with a pro-inflammatory immune state exhibited greater auto-
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nomic recovery from an acute stressor in a nature versus office environment, relative to

less susceptible participants. This evidence broadly elucidates a physiological mechanism

through which groups with high exposure to early-life stressors could derive greater

health benefits from nature exposure. In the second study, we found that participants

with higher exposure to early-life stressors exhibited more pronounced cardiometabolic

benefits when living in greener neighborhoods, as compared to participants with relatively

moderate exposures. This evidence reinforces the role of early life stress as a facilitator

of the mechanistic pathway through which groups in low socioeconomic positions could

derive greater health benefits from nature exposure. In the third study, we found that

participants in lower socioeconomic positions reported the highest exposure to early-life

stressors and also exhibited more pronounced cardiometabolic benefits when living in

greener neighborhoods, as compared to participants in relatively moderate positions. This

evidence reinforces the role of low socioeconomic position as an upstream facilitator of

early life stress and in turn, the physiological mechanism that could promote greater health

benefits from nature exposure.

Overall, our findings contribute to growing evidence and further support the idea that

increasing access to nature within disadvantaged neighborhoods could be an effective

strategy to reduce disparities in health across socioeconomic gradients. Specifically, our

findings further underscore the importance of integrating protective physical environments

into public health strategies, especially for groups with high exposure to early-life stressors,

who are particularly susceptible to health risks but also might stand to experience the

greatest health benefits from nature exposure. In turn, future research in line with the

Integrative Model of Environmental Sensitivity could lead to a better understanding of

how the total environment could be harnessed to more effectively reduce disparities

in health among vulnerable populations. As the evidence supporting this framework

continues to expand, it could inform more targeted interventions that leverage individual

differences in environmental sensitivity to promote health equity, ultimately providing

more nuanced, strategic, and socioeconomically attuned approaches to public health.
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