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Humans shape the world through policies, practices, and behavior that create environmental hetero-
geneity. Political and critical ecology offer frameworks for understanding how societies have historically
and currently used power, policies, and practices to shape environmental landscapes and conditions,
ultimately influencing the ecology and evolution of biodiversity. We suggest that integrating political
and critical ecology can enhance our understanding of anthropogenic influences, such as luxury effects
and legacy effects, including redlining—a form of structural racism implemented in the United States.
Here, we review the consequences of legacy and luxury effects on urban ecosystems, with a focus on
their impact on the fauna and flora. We propose that legacy and luxury effects can have independent
and interdependent influences on ecological diversity, abundance, biological invasions, and pollution
exposure. Although these effects can persist, environmental remediation may provide a pathway to
restorative justice. We also discuss Plantago, herbaceous plants with the potential to mitigate the im-
pacts of cadmium, a notorious environmental contaminant whose disposition parallels redlining pat-
terns. Phytoremediation can contribute to biofuels, biofoundries, and the green economy, offering
solutions to restore affected communities. By applying political and critical ecology lenses, we can
identify socio-ecological mechanisms that affect humans and the environment. These insights can
inform the development of green infrastructure to help remediate adverse effects. Ideally, these ap-
proaches provide pathways to address historical injustices, enhance equity, and restore ecological

landscapes.
© 2025 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:
Political ecology
Critical ecology
Redlining

Green technology
Phytoremediation

1. Introduction

Structural racism, how societies perpetuate discrimination
through mutually reinforcing systems of inequity [1], refers to
deeply entrenched and systemic inequalities that have historically
disadvantaged communities of color across multiple domains,
including housing, education, healthcare, and the environment.
Structural racism operates primarily through policies, practices,
and norms that contribute to the perpetuation of inequities and
often lead to disparities in wealth, access to resources, and overall
well-being.

* Corresponding author. Abess Center for Ecosystem Science & Policy, University
of Miami, 33146, USA
E-mail address: dshelton@miami.edu (D.S. Shelton).

https://doi.org/10.1016/j.ese.2025.100601

One of the most pervasive manifestations of structural racism is
redlining, a discriminatory practice originating in the 1930s.
Redlining was a form of institutionalized racism that systemically
denied minoritized communities' access to mortgage loans and
investment opportunities in the United States (US). The Home
Owners’ Loan Corporation (HOLC), established during the Great
Depression, created maps that ranked neighborhoods from A
through D based on their racial composition and economic status.
Neighborhoods designated with an “A” were considered “Best” and
outlined green on maps; those designated with a “D” were
considered “Hazardous” and outlined in red, signifying high-risk
areas where banks would not approve loans or investments.
These so-called redlined areas were largely occupied by non-white
populations, predominantly African Americans. These policies
prevented these residents from building home equity and
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accessing financial resources available to their white counterparts,
leading to generational economic disadvantages for people of color
[2,3].

Although redlining was declared illegal in 1968, its impacts
persist today [4]. The practice entrenched residential segregation
and laid the foundation for modern structural racism, where
housing, economic opportunity, and environmental quality
continue to reflect racial inequities. Redlined areas, largely popu-
lated by nonwhite communities, were often selected for industrial
development and hazardous land uses [2]. Decades of disinvest-
ment coupled with discriminatory urban planning have resulted in
reductions in green spaces [3,5-9], higher localized temperatures/
urban heat islands [10,11], and persistent environmental degra-
dation (environmental degradation can include pollution,
contamination, resource depletion, ecosystem destruction, loss of
ecosystem functions, extinction of flora and fauna, erosion, etc.)
[12-20] in historically redlined neighborhoods. This practice has
led to disproportionately high levels of environmental pollutants
and increased exposure to air, water, and soil contaminants
[21-24]. The environmental consequences of redlining are pro-
found and long-lasting, particularly in terms of their impact on
public health outcomes. Exposure of residents to harmful pollut-
ants exacerbates health conditions such as cardiovascular disease,
asthma, respiratory issues, cancer, and pre-term birth [25-30], and
generally results in poorer physical and mental health [25-27].

Addressing the environmental and health disparities in red-
lined communities requires a holistic approach that integrates the
interconnected social, ecological, and economic factors shaping
urban systems. A socio-ecological systems (SES) perspective em-
phasizes that solutions must target the root causes of environ-
mental injustice and focus on the embedded structural
inequalities [28]. Rather than treating the symptoms of environ-
mental degradation, intended actions and policies must address
the systemic forces that have shaped these conditions over time.
While SES approaches offer a valuable lens through which to un-
derstand the complexities existing between social, ecological, and
economic systems, they often do not fully acknowledge the con-
tributions of power and equity in these relationships. This high-
lights the importance of incorporating other frameworks that can
place particular emphasis on these additional factors.

1.1. Looking forward through integrating political and critical
ecology

Political ecology (PE) focuses on how power relations shape
environmental conditions and access to resources, examining how
social inequalities become embedded in the environment and
contribute to systems of environmental injustice. PE asserts that
environmental conditions are inextricably linked to human exis-
tence and social systems, making it impossible to separate nature
from society [29,30]. This is especially true in this age of the
Anthropocene, where driving forces (i.e., socio-cultural and -eco-
nomic factors), human activity, and pressures (i.e., stressors from
human activity on the environment) now play a dominant role in
shaping ecosystems and natural processes [31-35]; yet, traditional
environmental management practices often ignore this intercon-
nectedness of social and ecological systems by treating humans as
separate from nature. Political ecology challenges this divide by
recognizing that human actions influence and are influenced by
ecological processes, and power dynamics mediate these
interactions.

One of the key contributions of PE is its ability to examine why
some groups have greater access to environmental goods, such as
clean air and water, while others bear the brunt of environmental
“bads,” including pollution and toxic waste [36]. This uneven
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distribution of resources and harms is often a result of both sys-
temic racism and institutionalized power structures. These pat-
terns of inequity are not just ecological issues but are also social, as
decisions made by those in power determine which communities
have greater access to vital resources and which are left to contend
with environmental degradation. By examining power relations in
human-environmental interactions, political ecology helps explain
how environmental injustices are produced and maintained,
providing a framework to understand community vulnerability to
environmental risks and to assess how systems of oppression
intertwine with environmental conditions (Fig. 1). This type of
framework can be applied to the environmental issues surfacing
from the implementation of redlining, as well as to the imple-
mentation of potential solutions to address and/or mitigate, such
as green infrastructure.

Critical ecology also emphasizes the need to consider ecological
issues within the broader context of social justice and history
[37,38]. It challenges traditional conservation and environmental
management practices, which often fail to account for the root
causes of environmental degradation—namely, the historical
practices and structures that have led to the exploitation of
marginalized groups and environmental harm [38,39]. Whereas
political ecology examines the unequal power relations at play and
how these power dynamics lead to marginalization and degrada-
tion, critical ecology examines how past and present actions and
decisions contribute to environmental change and the resulting
impacts and inequities evident in many communities.

Together, political and critical ecology provide essential tools
for understanding and addressing environmental inequities. By
centering issues of power, equity, and historical legacies, these
fields of study advocate for solutions that not only address envi-
ronmental harms but also dismantle the underlying factors that
create and sustain them. They highlight the importance of exam-
ining the social and political elements that shape human-
environment interactions and emphasize the need to confront
the structural causes of environmental injustice. These approaches
are particularly relevant in the context of urban environments,
where the historical legacies of practices like redlining have
created lasting environmental and health consequences.

The legacy of redlining exemplifies how structural racism in-
tersects with environmental injustice, creating an enduring cycle
of marginalization and health disparities for communities in these
redlined areas. It also underscores the importance of considering
both the ecological and social dimensions of efforts aimed at
addressing environmental issues to enhance public health. Though
redlining has left long-lasting social, economic, and environmental
damage on impacted communities, we propose that there are
paths towards repair. One path forward is to acknowledge how
socioeconomic factors related to wealth and development can
influence and shape the ecology of urban landscapes. By exam-
ining development and social policies through the lens of legacy
and luxury effects, spatial heterogeneity, including the emergence
of ecological “bads” in certain communities, can be explained.
Another path forward includes environmental remediation, spe-
cifically phytoremediation, i.e., using plants to remove or
sequester contaminants in soil, water, and air. With this technol-
ogy, cadmium and other harmful pollutants can be neutralized
while also revitalizing communities through improved environ-
mental health and economic opportunities. In the forthcoming
sections of this paper, we (1) present the hypotheses of legacy and
luxury effects, providing examples of how they have shaped the
ecology and evolution of biodiversity in cities and (2) utilize
Plantago species as a case study to examine cadmium tolerance,
thereby exploring the mechanisms of phytoremediation. This
study will also consider the potential role of this plant-based
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Fig. 1. Political ecology framework. Political ecology examines the dynamics between power relations and human-environmental interactions, explaining how environmental
inequities and injustices, as well as community vulnerabilities to environmental risks, are produced and maintained. Some of the environmental factors and conditions that we
explore throughout this manuscript are depicted in gray, including toxins, pollution, wildlife, canopy cover, and impervious spaces.

environmental remediation approach in addressing both the
degradation of the land and the historical implications of red-
lining. With growing interest in the bioeconomy, phytor-
emediation presents an innovative path forward—one that
addresses environmental contamination while also supporting
sustainable development and community well-being.

2. Legacy and luxury effects shape landscapes

Anthropogenic factors have been recognized as key de-
terminants of environmental landscapes. These anthropogenic
factors have largely been in the realm of climate and pollution
[34,35,40]; however, other explanatory variables, such as policy
and socio-economic status, have also gained attention in
explaining ecological heterogeneity. Increasingly, there is recog-
nition that socioeconomic factors related to wealth and develop-
ment contribute to shaping the ecology of urban environments.
Development and social policies have contributed to the creation
of heterogeneous urban landscapes by influencing the distribution
and abundance of impervious surfaces, pollution, heat islands, and
green spaces. These factors, in turn, affect water, soil, and air
quality, with wide-ranging consequences for both human and
environmental health. To explain the spatial heterogeneity in ur-
ban landscapes, several hypotheses have been proposed, including
the legacy [15] and luxury [41] effects. Here, we will present these
two hypotheses and provide examples of how they have shaped
the ecology and evolution of biodiversity in cities.

2.1. Legacy effects: redlining effects

Legacy effects are suggested to arise from environmental
changes induced by historical human activities, particularly in
urban ecology [15]. Legacy effects are frequently used to explain
patterns in natural communities and have been proposed to ac-
count for relationships between development, biodiversity, and
health. Here, we will focus on the legacy effects of redlining in
urban environments in the US (see the “Introduction” section) and
briefly discuss other studied legacy effects worldwide and in rural
communities.

A prominent example of a legacy effect is redlining (see the
“Introduction” section). Although redlining was instituted in the
1930s and later repealed, persistent impacts of this structural
racism continue to shape urban landscapes. Legacy effects attrib-
uted to redlining have been documented in nearly all classes of
vertebrates, with a notable paucity of aquatic organisms (Fig. 2)
[15,42]. The focus on terrestrial systems extends to plant

biodiversity and abundance. Multiple studies consistently find
higher biodiversity and abundance in HOLC grade A zones
compared to lower levels in HOLC grade D zones, although some
studies report only regional or negligible effects [13,43]. Differ-
ences in biodiversity and abundance between HOLC zones are
often linked to variations in impervious surfaces and green space
[8], and, more recently, to biases in crowd-sourced repositories (e.
g., eBird) [44]. HOLC grade A zones typically feature more green
spaces, which can support a greater diversity and abundance of
wildlife than HOLC grade D zones [13]. In a comparative study of
37 cities, HOLC grade D zones were found to have 21 % less canopy
cover than HOLC grade A zones [45]. This disparity in tree cover
contributes to the observed 2.6 °C higher temperatures in HOLC
grade D zones compared to HOLC grade A zones [10]. The elevated
temperatures in HOLC grade D zones may impact species that
exhibit temperature-dependent sex determination, as well as
other temperature-sensitive physiological processes [46,47].
Recent studies on the effects of urban heat islands on ectotherms,
such as amphibians and reptiles, suggest that while some species
suffer from increased mortality, altered morphology, and impaired
development, others exhibit greater resilience. This resilience
stems from maternal nest site selection decisions, plasticity, and
transgenerational inheritance of thermal tolerance, which enable
adaptation to urban heat [48-50]. Although these studies explore
the effects of urban heat islands on the behavior and physiology of
ectotherms, direct investigations into the physiological impacts of
redlining on organisms and their capacity to cope with these
conditions are still needed.

Other areas of fastidious study include the relationship be-
tween redlining and pollution. There has been an emphasis on
chemical and air pollution, as redlining often stratifies with
abandoned hazardous waste sites, including brownfields and
Superfund sites, such as incinerators, landfills, mines, and
manufacturing facilities. For example, in Detroit, historically, HOLC
grade D zones were located near 1.7 times more hazardous waste
sites and twice the number of risk management plan sites than
HOLC grade A zones [19]. A broader study of 8871 HOLC-grade
neighborhoods further highlighted the legacy effects of redlining
on disparities in pollution and green spaces. HOLC grade D
neighborhoods were found to have significantly higher levels of
environmental hazards, including 32 % more diesel particulate
matter and 65 % higher traffic volumes, compared to their HOLC
grade A counterparts [19]. These pollutants can have adverse ef-
fects on olfactory, auditory, and other organ systems, further
exacerbating health inequities in historically marginalized
communities.
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Fig. 2. Structural racism in the form of redlining has led to disparities in wildlife and plant diversity and abundance, as well as pollution. Neighborhoods graded A by the Home
Owners' Loan Corporation (HOLC) exhibit greater diversity and abundance of wildlife and plants, as well as increased tree canopy coverage. Conversely, neighborhoods graded D
by HOLC demonstrate lower levels of wildlife diversity and abundance, reduced canopy cover, a higher presence of impervious surfaces, and greater instances of pollution. We also
illustrate a physical barrier in the form of train tracks, symbolizing various obstructions (such as water bodies, bridges, and highways) that frequently hinder and limit movement
between zones graded by the HOLC. Figure designed using graphic elements from Freepik.

Other forms of pollution, such as noise and light, also stratify
with redlining and may shape the ecology of cities. Disparities in
noise pollution from industrial and transportation networks,
which often reverberate over long distances, are increasing and are
projected to continue growing with ongoing urban migration [51].
Structural investments aligned with HOLC grades may explain
inequalities in noise pollution distribution and its consequent ef-
fects on wildlife behavior. Noise pollution that exceeds 50 dB is
well-documented for its harmful effects on both human health
and the well-being of wildlife and lower noise levels may also pose
harm [52-56]. In a study assessing excessive noise levels
(>17.4 dB A) across 263 redlined counties in the US, researchers
found that HOLC grade A zones had significantly lower maximum
noise levels compared to HOLC grade C and D zones [57]. The
average decibels in HOLC grade D zones were 92 % higher than in
HOLC grade A zones. The elevated noise pollution in HOLC grade D
zones is thought to have profound consequences for wildlife,
including disruptions to foraging, communication, movement, and
predator-prey interactions [42,58-60]. These effects can cascade,
influencing survival rates, community structure, and even genetic
diversity [16,61,62].

2.2. Luxury effects

The luxury effect suggests a positive relationship between so-
cioeconomic status and urban biodiversity. Unlike legacy effects,
which link urban biodiversity to historical human activities, luxury
effects focus on the influence of current human factors. Socio-
economic status can be measured using variables such as educa-
tion, income, and employment, which are often analyzed
alongside biodiversity, environmental, or health variables to assess
the luxury effect. Studies examining the luxury effect predomi-
nantly focus on terrestrial flora and fauna, with only a few
addressing aquatic organisms such as fish and arthropods [41].
Evidence supporting the luxury effect is robust for terrestrial or-
ganisms, although the strength of the effect varies depending on
factors such as income inequality, species invasiveness, and local
climate. For instance, luxury effects for lizards are more pro-
nounced in drier cities [63].

The luxury effect can have complicated impacts on ecosystems.
While wealthier neighborhoods typically have more green spaces
and plant diversity than poorer neighborhoods, this biodiversity
often includes a higher proportion of non-native plants and ani-
mals [64]. Counties with higher per capita income also tend to
have a greater abundance of exotic plant species [65]. Another

ecological phenomenon at play is that hotspots of native plant
diversity are more vulnerable to plant invasions [66]. Thus, HOLC
grade A neighborhoods might have more invasive plants due to the
“rich get richer” phenomenon observed in plant invasions in the
US [66]. While more research is needed, one hypothesis is that
richer households or counties that have experienced more intense
development can purchase more exotic plants, creating habitats
that facilitate the propagation of invasive species. These invasives
can displace native wildlife and threaten local biointegrity,
potentially undermining ecosystem health.

There is a paucity of studies that have assessed the luxury effect
in aquatic organisms. In the United Kingdom (UK), pollutant-
tolerant aquatic macrophytes were observed more frequently in
areas with higher median home prices compared to areas with
lower median home prices [67]. When assessing lakes, rivers, and
streams for macroinvertebrates and fish and relating their di-
versity to house values and impervious surface areas, it was found
that these factors had differing effects on macroinvertebrate and
fish diversity [68]. House values paralleled increases in fish di-
versity, whereas impervious surface area did not affect fish di-
versity. For macroinvertebrates, diversity increased with higher
house values and decreased with a greater amount of impervious
surfaces [68]. These findings suggest that various urban factors
influence the strength of the luxury effect for aquatic plants, in-
vertebrates, and fish.

2.3. Interrelated effects

While the legacy and luxury effects can be assessed indepen-
dently, they are often interconnected, with their co-occurrence
influencing observed relationships with biodiversity and abun-
dance. The strength of the legacy effect may be shaped by present-
day income stratification, with legacy effects being more pro-
nounced in areas where strong luxury effects are present. For
instance, in redlined zones that have undergone gentrification, the
removal of income disparities between zones may result in dimin-
ished legacy effects. Similarly, climatic effects might disrupt the
expression of legacy effects. Climatic events can also disrupt the
expression of legacy effects. In New Orleans, soil lead levels were
stratified with HOLC-grade zones prior to Hurricane Katrina. How-
ever, the 2005 hurricane caused widespread destruction, including
the loss of over 100,000 homes, massive flooding, sediment redis-
tribution, and significant demographic shifts. These changes altered
the city's ecological landscape and potentially erased prior legacy
effects. Post-Katrina, the distribution of lead in the soil became
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more uniform and levels decreased. After Katrina, the lead distri-
bution in the soil became more uniform, and levels decreased [69].
The hurricane also had immediate and long-term impacts on urban
biodiversity. Bird abundance plummeted immediately following the
storm, and the most populous species had not returned to pre-
Katrina levels three years later [70]. A decade after the hurricane,
rodent assemblages reflected contemporary urbanization patterns,
with the greatest abundance and richness observed in areas char-
acterized by high vacancy rates and unmanaged vegetation, such as
the Lower 9th Ward. These areas historically housed a higher per-
centage of minoritized and lower-income individuals before the
hurricane [71]. Minoritized and lower-income communities remain
disproportionately vulnerable to climate threats. Future research
should explore the persistence of redlining effects in the context of
climate change and their implications for urban biodiversity and
environmental justice.

The presence and expression of the luxury effect may depend
on the types of physical barriers used to separate communities of
different socioeconomic statuses. For instance, in Johannesburg,
water bodies have been used to demarcate communities by eco-
nomic status [72]. Interestingly, communities with lower socio-
economic status in these areas were found to have greater bird
diversity than their more affluent counterparts. This phenomenon
may be attributed to water bodies acting as buffers, protecting
poorer communities from environmental degradation and thereby
mitigating the typical patterns of the luxury effect on bird biodi-
versity [72]. In the US, the presence of the luxury effect varies, with
some communities documenting it while others do not. This
variability may be influenced by the types of physical barriers,
such as highways and train tracks, used to segregate communities.
Physical barriers, such as impervious surfaces, can increase resi-
dents’ exposure to pollutants and reduce suitable habitats for
wildlife, thereby exacerbating disparities in wildlife abundance
and biodiversity [73,74]. Exploring the role of physical barriers in
shaping the luxury effect presents a valuable opportunity to un-
derstand and address socio-economic disparities in wildlife di-
versity. Identifying strategies to minimize these disparities by
mitigating the ecological impacts of such barriers could signifi-
cantly improve urban biodiversity equity.

2.4. Legacy and luxury effects around the world and in rural
communities

Legacy and Luxury effects have been documented in the US and
UK, and to a lesser extent, around the world, including in Australia,
Canada, Ecuador, Japan, South Africa, and in rural communities
[68,75-80]. Certain biases and political practices such as “Ag-gag”
laws that criminalize the reporting of conditions inside industrial
farms, lack of access to procedural justice because legal services,
courts, and political decision-makers are located in cities or are
under restricted access, systematic denial of justice for dis-
enfranchised communities, privileged access to resources (e.g.,
tax breaks, subsidies) in exchange for shaping the pollution
narrative and coercion has led to environmental injustices in these
communities being understudied and under-reported [75-79]. We
encourage the reader to explore recent reviews on the legacy ef-
fects of apartheid in South Africa [81,82], tribal environmental
injustices in the US [83,84] and rural communities around the
world [75-77,79,85], as well as climate apartheid globally [86].

3. Redlining legacy addressed by environmental remediation
The practice of redlining and its impact have been described, but

what can be done to remedy the negative social, economic, and
environmental influence of the practice? Broadly, environmental
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remediation is the process by which contamination that could be
harmful to human health is lessened or removed from the envi-
ronment [87]. The contaminants can be organic and susceptible to
degradation. Alternatively, contaminants can be inorganic, which
means they can only be stabilized, sequestered, or removed [88].
While over 20 remediation techniques are used onsite (in situ) or
offsite (ex situ) to address environmental contamination [89], the
focus of this section will be phytoremediation. We encourage the
reader to explore other remediation techniques via a recent review
that details the physical, chemical, and biological methods of soil,
water, and air remediation [90]. Phytoremediation is a specific type
of environmental remediation process that uses plants, their
metabolic pathways, and physiological properties to sequester,
stabilize, or degrade contaminants [91] in soil and water (Fig. 3). In
addition to its usefulness as an environmental remediation tool,
phytoremediation can be useful for stimulating community well-
being and addressing some of the negative impacts of redlining
[92,93].

Phytoremediation can be subdivided based on its mode of ac-
tion as phytoextraction, phytostabilization, phytovolatilization,
phytostimulation, or phytodegradation [91] and these modes of
action can happen alone or simultaneously (Fig. 3). The type of
phytoremediation that is necessary for soil clean up depends on
the soil type, contaminant type, climate, and level and location of
contamination. Some reviews discuss phytoremediation [94-96],
but here, the focus will be on describing cadmium tolerance in
Plantago as a representative of the mechanisms and potentials of
plant-based remediation techniques. Furthermore, we aim to
contextualize plant-based remediation technology in the growing
bioeconomy.

Cadmium is an inorganic contaminant with no known biolog-
ical function and is toxic at low levels [97,98]. Unfortunately, it is
also one of the most mobile metal contaminants due to its ability
to leach into groundwater and remain in solution, whereas other
metals would precipitate out [99]. Cadmium exposure can occur
by mining cadmium-containing ores or through smoke inhalation,
as the tobacco plant readily uptakes cadmium. Smokers have been
shown to have higher levels of cadmium than non-smokers
[100-102]. Generally, people are exposed to cadmium through
the foods they eat, such as cereals, bread, leafy vegetables, po-
tatoes, legumes, nuts, and stem or root vegetables [103,104].
Community gardens in previously redlined areas often have higher
occurrences of heavy metals which increases contaminant expo-
sure to the people who rely on the garden for food [105]. In
addition to cadmium exposure through behavior, environmental
exposure to cadmium is prevalent in communities near Superfund
sites [106]. Superfund sites are locations contaminated by haz-
ardous substances that pose potential threats to public health and
the environment [107]. These sites are more common in areas that
were previously redlined [19], and the impacts of that practice are
still visible in the demographics of populations near Superfund
sites. About 22 % of the US population lives within three miles of a
Superfund site (~73 million people); 49.4 % are from minoritized
groups, and 15.1 % are households below the poverty line [108]. As
of 2007, 1014 of the 1669 Superfund sites that are proposed for
inclusion on the National Priorities List contain cadmium [109].
Unfortunately, even low levels of cadmium can cause vision
impairment, renal failure, or cancer of the lung, endometrium,
bladder, and breast, and heart disease, and adversely affect social
behavior [110-113]. The consequences of redlining can further be
seen through environmental and health disparities [13,114]. With a
growing global population and increased urbanization, foraging,
and cadmium exposure, in urban areas is also expected to increase
[115]. Dissecting the mechanisms of metal tolerance in plants like
Plantago provides a way to improve plant-based technologies and
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Fig. 3. Phytoremediation: types (colored by general location of action), modes of tolerance, and benefits. Phytoremediation uses plant-based technology to remove, sequester, or
volatilize organic and inorganic pollutants in air, soil, and water. The most effective phytoremediators are tolerant to the contaminants that they are remediating. Plant tolerance
and susceptibility to contaminants exist on a spectrum and can be measured physically, chemically, and molecularly. Utilizing this technology can mitigate the negative envi-
ronmental impacts of redlining's legacy and provide social and economic benefits to communities that adopt it. Figure created using Canva.com.

offer a potential respite for the legacy effects of redlining and
environmental contamination.

Plantago is a genus of mostly herbaceous plants belonging to
the family Plantaginaceae. With over 250 species, these plants are
globally distributed and have a variety of purposes, including
medicinal [116]. Over 200 patents exist that feature this genus as a
major component [117]. Plantago species are known to tolerate
harsh environments [112-114], and co-cropping with this genus
can help protect food crops, such as tomatoes, from contamination
[118]. Dissecting the molecular, chemical, and physical mecha-
nisms these plants use for cadmium tolerance can provide a
roadmap for discerning similar mechanisms in other plants and
contaminants.

Phytoremediation provides a cost-effective solution to cadmium
contamination in urban environments. A trade-off for the low cost,
however, is that this technology is time-intensive and requires
regular monitoring to assess its success. Yet, the money saved and
monitoring requirements can offer routes for socio-economic revi-
talization by planting dual-purpose plants (i.e., those that can be
used for phytoremediation and biofuels), contribute to work-force
development and professional development opportunities (i.e.,
United States Department of Agriculture International Phytor-
emediation Training Academy), and establish relationships with
community for on-going scientific research [119].

3.1. Modes of cadmium tolerance in plantago

Cadmium tolerance and detoxification by Plantago is a process
that occurs through the coordination of physical, chemical, and
molecular plant mechanisms [120]. Physical changes in Plantago
can be used as a biomonitoring tool to assess the extent of cad-
mium contamination [121]. If concentrations are high enough, the
amount of seeds that germinate decreases, the time to germina-
tion increases, and seedling growth is inhibited [122]. Additionally,
shoot and root lengths decrease, making a small herbaceous plant
even smaller in stature [123,124]. Still, the genera's ability to
accumulate cadmium in its roots and leaves in a nearly 1:1 ratio
makes it an excellent bioindicator that accurately reflects the soil
conditions in which it grows [125,126].

Chemical changes in Plantago underscore the observable
physical changes, but specialized protocols or equipment are
required to measure them. For example, catalase and superoxide
dismutase are enzymes that generally protect against abiotic
stress caused by reactive oxygen species (ROS), such as hydrogen
peroxide and hydroxyl radicals [127]. These ROS can cause damage
to plant protein and deoxyribonucleic acid (DNA), which can result

in plant death [128]. Most simply, these enzymes can be measured
using a small tissue sample and a spectrophotometer that mea-
sures light absorbance at specific wavelengths [129]. In Plantago,
catalase and superoxide dismutase activity decrease as leaf cad-
mium concentration increases [130]. These enzymes protect
plants from abiotic stress at multiple stages of development,
including seed germination and subsequent plant growth and
development [131]. L-ascorbate peroxidase (APX) and L-gulono-
lactone oxidase (GULO) are similar enzymes that play a role in
managing oxidative stress and abiotic stress tolerance by regu-
lating dehydroascorbate and contributing to cadmium resistance
[130]. While catalase, superoxide dismutase, APX, and GULO
indirectly protect the plant from the effects of cadmium toxicity,
direct detoxification of cadmium occurs through enzymes such as
phytochelatin and metallothionein [132]. These enzymes can be
measured using various types and combinations of liquid chro-
matography, mass spectrometry, and stable isotope probing
techniques [133]. Phytochelatin 2 and metallothionein function as
metal-chelating agents that bind metals like cadmium [134,135].
Phytins, organic acids, and amino acids can also serve as metal-
binding agents, increasing metal tolerance [130,136]. For
example, Plantago can exclude cadmium by secreting various
amounts of amino acids. Specifically, the secretion of acetic acid
decreases, while the secretion of fumaric acid increases [137].
Genetic and molecular changes within the plant control these
chemical secretions. A genome assembly was performed on Plan-
tago, a species with a broad distribution, and revealed 1048 genes
unique to the genus, including several related to metabolite
biosynthesis. These genes controlled the biosynthesis of poly-
phenols and amino acids, such as histidine. Histidine can serve as a
metal chelator, similar to phytochelatin and metallothionein [138],
thereby improving metal tolerance. This effect was observed when
P. major and Arabidopsis were treated with nickel sulfate, and only
Arabidopsis exhibited phenotypic changes associated with metal
toxicity. Genetic investigation identified PmHISN1A/B as a source of
metal tolerance in P. major, and then transgenically modified
Arabidopsis with PmHISN1A/B, a component of the histidine
pathway. The resulting Arabidopsis showed improved metal
tolerance [138]. Plants use similar metal detoxification mecha-
nisms and pathways to remediate water [139,140]. Overall, in all
environments, metal tolerance in plants is a tightly coordinated
process that involves physical, chemical, and molecular changes.

3.2. Other plants, heavy metals and contaminants

There are many plant, contaminant, and environmental
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combinations for which plant-based remediation technologies can
be beneficial. Some examples of other plant, contaminant, and
environment combinations that have been explored include lead
and Hydrangea macrophylla [141], manganese and Celosia argentea
[142], and copper and lead, as well as Sedum alfredii [ 143]. Recent
reviews have broadly detailed specific pollutants and the plants
and phytoremediation mechanisms used to remove them from the
environment [95,144-146]. Here, we will highlight some of the
physical, chemical, and molecular basis of tolerance to other heavy
metals. For example, two Hydrangea macrophylla cultivars were
used to explore the chemical mechanisms of lead tolerance in the
plant. One cultivar was tolerant to lead, while the other was sen-
sitive. The tolerant cultivar had higher amounts of antioxidant
enzymes, including superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT), compared to the lead-sensitive cultivar
after exposure to 137 ppm of lead [141]. Interestingly, the amounts
of these antioxidant enzymes increased as the lead concentration
increased, which is the opposite trend observed with Plantago and
cadmium. In Sedum alfredii, catalytic activity increased in response
to copper tolerance [143]. It is clear that antioxidant enzymes play
arole in stress tolerance; however, the exact role is dependent on
the specific plant and the type of stressor. Physically, Celosia
argentea responds to manganese stress by reducing the contents of
chlorophyll a, chlorophyll b, and carotenoids, which negatively
impacts photosynthesis and results in leaves that no longer appear
green. Molecularly, the heavy metal-associated isoprenylated
plant protein, metal transporter Nramp (natural resistance-
associated macrophage protein), and zinc transporter were all
implicated for their role in supporting tolerance to manganese
[142]. Future research can identify analogs to these proteins in
other plants to assess the range of metal-binding capabilities.

3.3. Dual-use plants for phytoremediation and the bioeconomy

The remediation of cadmium using plant-based technology has
the potential to reduce soil toxicity, contribute to urban greening,
develop a skilled workforce, and integrate into the growing bio-
economy, especially in areas experiencing the negative impacts of
redlining. While this review focused on Plantago, the study and use
of other plants on cadmium-contaminated soil and water can offer
additional benefits, such as biofuel production, cadmium mining,
and the identification of genes related to cadmium-resistance
[147,148]. Using plants in this way enables communities to
address environmental health concerns and contribute to the
emerging bioeconomy [149,150]. The bioeconomy can be
described as the “sustainable production of goods and services
through the use or transformation of biological resources” [151].

When evaluating plants suitable for remediation, biofuel pro-
duction, or mining, it is essential to consider several factors.
Foremost among these is a plant's capacity to tolerate and absorb
or degrade the target contaminant, particularly cadmium in this
instance. Due to genetic variation, some plants are naturally more
tolerant to pollutants than others [152]. This natural variation
provides a foundation through which the ecological process of
selection can function. Selective breeding can be used to amplify
stress-tolerant traits in plants and further develop plant cultivars
that address the needs of people. For example, biofuel production
often competes with food production on arable lands, but
contaminated lands cannot be safely used for food production.
Therefore, stress-tolerant, weedy plants are a viable option for soil
remediation, biofuel production, and community-selective
breeding programs [153,154]. Considering “the global biofuel in-
dustry market was valued at $123.2 billion in 2023 and is projected
to grow at a compound annual growth rate of 7.6 % during the
forecast period 2024-2034,” it is worthwhile to investigate plants
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that can be used for biomass production for biofuels while serving
an environmentally prudent purpose [155]. Additionally, the po-
tential dual-use of these plants is part of blue-green infrastructure,
which “absorbs and filters pollutants,” and can relate to the
following United Nations Sustainable Development Goals Afford-
able and Clean Energy, Sustainable Cities and Communities, and
Life on Land.

In general, plants exhibit various mechanisms to tolerate con-
taminants. Genetic information codes for proteins that correlate to
a specific part of the stabilization or degradation process. These
genes can be determined through ecological methods that
compare the genomes of plants that are resistant or susceptible to
a stressor. Toxicological and molecular methods can also be used
by introducing a stressor to a plant and then measuring the
regulation of genes [141-143]. Conducting research with these
plants can serve multiple uses. Facilities, such as biofoundries, use
this information to develop standardized, living, bio-based tools
that can serve specific functions [ 156-158]. Chocolate, for example,
is prone to cadmium contamination [159,160]. Therefore, scien-
tists at the Earlham Biofoundry are identifying genes to help
chocolate exclude cadmium [161]. Community-based biofoundries
that investigate the molecular mechanisms of cadmium seques-
tration hold significant potential for advancing scientific innova-
tion while simultaneously educating the next generation of STEM
professionals [146,147] and generating revenue from their contri-
butions. Although not every plant, contaminant, or use for
contaminated land was discussed here, there are related yet
distinct opportunities depending on the type of contaminant.
Alternatively, plants can be selected for phytoremediation based
on other ecological functions beyond biofuel production, such as
carbon sequestration or erosion control. These functions also have
economic values and markets associated with them that can
potentially be leveraged at the community level.

4. Conclusion

Political and critical ecology can be used as holistic approaches
that emphasize a socio-ecological systems perspective to address
environmental and social inequities caused by the structurally
racist practice of redlining. The now-defunct policy of designating
homes and land in primarily non-white neighborhoods as “haz-
ardous” continues to have an impact on environmental landscapes,
urban biodiversity, pollution exposure, health disparities, and
economic opportunities, as partially explained by the legacy effect.
Today, communities that were graded well by the Home Owners’
Loan Corporation are more affluent compared to communities that
were graded poorly. Additionally, communities with higher levels
of education, employment, and income tend to have more green
spaces, cleaner environments, and greater plant biodiversity. The
relative abundance of foliage and impervious surfaces, such as
concrete and parking lots, in communities directly contributes to
their ability to resist minor climate disasters. Major climate di-
sasters have the potential to neutralize large environmental dis-
parities across communities. Absent major natural disasters that
redistribute animals, plants, and pollutants, environmental
remediation is a mechanism through which air, soil, and water can
be made healthier. By focusing specifically on Plantago and cad-
mium as a case study for phytoremediation—an environmental
remediation technique utilizing plant-based technology—we
described the physical, chemical, and molecular modes of metal
tolerance, their potential applications for cleaning contaminated
environments, and their potential to financially invigorate com-
munities as part of the growing bioeconomy.

While this current study does not provide a policy recom-
mendation, it encourages multi-disciplinary viewpoints with
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which to explore environmental remediation and community
restoration. Ideally, policymakers, ecologists, sociologists, and
community members will be able to discuss the contribution each
can make to improve both the environment and the socio-
economic status of communities. We encourage readers to
explore the current global environmental policies and their socio-
economic outcomes, as presented by the Organization for Eco-
nomic Co-operation and Development, which assesses the social
and economic impacts of environmental policies, and consider
how local policies and their impacts compare [162-164].

Addressing environmental degradation and the impact of
structural racism on community well-being continues to be an
ongoing process that requires careful consideration and input from
the communities most affected. The hypotheses, framework, and
tools presented here offer one approach that should be scrutinized
and adapted based on the material conditions of an environment
and the community it sustains. The interdisciplinary nature of this
approach offers multiple points of entry and inquiry for commu-
nity organizers, biologists, sociologists, and all those who want to
collectively advance environmental equity.
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