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In recent decades, biodiversity loss has greatly impacted planetary and human health. Children are at additional risk of adverse
effects due to unique biological, developmental, and behavioral factors, as well as their longer exposure to an altered planet as a
function of their young age. These effects are heightened for children living in vulnerable socioeconomic conditions. Here, we
review the role of biodiversity loss on accelerating the consequences of climate change from the perspective of pediatric health.
With the loss of biodiversity’s protective role against the consequences of climate change, the adverse effects of the changing
planet are impacting pediatric health. For example, trees provide shelter against heat waves, unsealed soil and wetlands mitigate
flooding, and rewilded green space hosts high microbial richness and consequently supports immune and mental health. The
effects of the loss of biodiversity may impact the discovery and development of novel pharmaceuticals and thus the future of

children’s medicine as a whole. We also highlight areas for further study and detail efforts that have been made to restore
biodiversity, with the aim to improve the current and future health of local pediatric populations.
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IMPACT:

® Loss of biodiversity is occurring at a rapid pace affecting the health of the planet and disproportionately pediatric health.
® This paper describes the role of biodiversity loss in accelerating the impact of climate change on children’s health, and

highlights particularly vulnerable populations.

® This paper details steps that can be taken to maintain and restore biodiversity at the local and global levels to protect these

populations and pediatric health in general.

INTRODUCTION

Biodiversity refers to the variability among living organisms and
the ecosystems in which they live.' Healthy children rely on
biodiverse and well-functioning ecosystems for a large number of
reasons, including but not limited to producing oxygen, seques-
tering atmospheric carbon, building organic topsoil, preventing
floods, and pollinating crops. Unfortunately, biodiversity on Earth
is in a precipitous decline. There has been approximately a 69%
decrease in biodiversity as estimated by monitored wildlife
populations, around the globe since 1970.2 A recent report found
that more than a third of species and ecosystems in the United
States are at risk of disappearing, including 34% of plant species,
40% of animal species and 41% of ecosystems> Loss of
biodiversity is accelerating the consequences of climate change
and directly impacts pediatric health.

The loss of biodiversity is advancing climate change with
devastating impacts on human health, and a disproportionate
effect on children. Climate change affects child health through its
effects on microbial diversity, green space, average global
temperature, and air pollution with a larger effect on especially
vulnerable populations.* Fig. 1 summarizes the accelerated effects

of climate change due to the loss biodiversity that are adversely
affecting the health of children. This paper will explore how these
various nodes directly affect the future of children’s healthcare.
This review paper summarizes the available published literature
on the impact of a loss of biodiversity on pediatric health
outcomes. Literature included represents both qualitative and
qualitative studies, summarizing the varied and diverse ways in
which biodiversity influences pediatric health.

LOSS OF MICROBIAL DIVERSITY

There is strong evidence to suggest that biodiversity plays a direct
role in the development of the immune system and the
development of food allergies and respiratory infection. Biodiver-
sity loss, including loss of microbial diversity, has been associated
with a higher prevalence of allergic and inflammatory disorders. °
The “biodiversity hypothesis” states that contact with natural
environments enriches the human microbiome, promotes
immune balance, and protects from allergy and inflammatory
disorders.” The biodiversity hypothesis describes two sources of
biodiversity; exogenous (soil, water, plants, animals) and
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Fig. 1

endogenous (skin, gut, airways), which collectively influence
immune health.”

Recent intervention trials among healthy children in daycare
centers have supported the biodiversity hypothesis in demon-
strating that daily exposure to microbial biodiversity is associated
with immune regulation, such as a positive change in interleukin-
10 (IL-10; an anti-inflammatory cytokine involved in immunologic
tolerance) when children regularly touch biodiverse soil and
vegetation.® However, the geographic region of these trials is
narrow, and the effect of biodiversity intervention trials on actual
disease incidence is yet to be explored. The gap is partially filled
with correlative studies on the availability of biodiversity and
disease incidence.

In one study performed on 14- to 18-year-old children living in
Finland, it was found that atopic individuals had much lower
environmental biodiversity around their homes, and this was
associated with lower diversity in the bacteria on their skin.
Specifically, IL-10 was decreased in this population of atopic
individuals as compared to healthy individuals.” Another study
analyzed four study cohorts of children between the ages of 6
months and 20 years in Finland and Estonia, and determined that
the amount of forest and agricultural land surrounding the
children’s homes was inversely correlated with atopic sensitiza-
tion.'” The study, however, did not take into account site
characteristics, such as park age or various vegetation layers, within
a land cover type, neither did it consider the children’s unique
interactions with green space. Interestingly, one study in Australia
found that when researchers disturbed the skin microbiome of
school children through sanitizing wipes, exposure to green spaces,
and more broadly, increased biodiversity, enabled a quicker, fuller
microbial recovery than when exposure was limited to the indoor
classroom. A more diverse skin microbiota was found in those
children who spent time (45 min) in a forest compared to those of
their indoor peers, and the impacts compounded over time." Taken
together, these studies suggests the significant benefit of close
contact with microbial biodiversity has on immune regulation.
Provided that both immunological and microbial changes persist,
exposure to microbial diversity plausibly leads to preventing the
development of allergies. We encourage long-term biodiversity
intervention trials that focus on disease incidence to remove the
uncertainty of correlative studies connecting biodiversity, atopic
sensitization, and allergies.

The gastrointestinal tract (Gl) or gut, harbors roughly 100 trillion
microbes from at least 160 different species making up an internal
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The various nodes of biodiversity that ultimately affect pediatric health outcomes throughout the globe.

microbiome that facilitates the mediation of the immune response
and development of immune tolerance. Gut microbiome dysbiosis,
a byproduct of decreased biodiversity, can also potentiate the
development of allergic, inflammatory, and autoimmune diseases.'?
Early microbiota colonization critically influences adaptive and
innate immunity; disruption of microbiota composition is linked
with allergy and immune dysfunction, impacting children and often
preceding adulthood.” A longitudinal development study revealed
that infants with a lower microbial richness and an imbalance in
specific microbiota (i.e., Enterobacteriaceae to Bacteroidaceae (E/B)
ratio and Ruminococcaceae abundance) at 3 months of age were
correlated with a twofold increase in the likelihood of food
sensitization.'* By 12 months of age, food sensitization was no
longer associated with gut richness, however, sensitized infants
were identified by a higher E/B ratio and low Ruminococcaceae
abundance. This emphasizes the criticality of early life exposure to
exogenous sources of microbiota and reveals the potential
association between gut richness and food allergy development.'

Studies utilizing fecal transplants and probiotic supplementa-
tion have shown promise in the prevention and treatment of
allergic disease through the restoration of intestinal permeability,
immunological barrier function, and microbiota biodiversity.
Limitations of so-far published studies include that parent-
reported instances of physician diagnosis of food allergy are
often skin-test negative. The uncertainty of food allergy diagnosis
at a young age requires longitudinal analysis to follow the
persistence of food sensitization and clinical food allergy. Even
when results indicate a causal association, environmental factors
can also influence dysbiosis of the microbiota and food
sensitization.'”> However, from the viewpoint of biodiversity loss
and climate change, fecal transplants and probiotics are not
curative. Therefore, urban environments should facilitate and
encourage daily close contacts with biodiversity.'®

Additionally, lung and airway dysbiosis is associated with
respiratory viral infection and disease pathogenesis such as
asthma, chronic obstructive pulmonary disease, and cancer and
is known to exacerbate case severity. Lung dysbiosis may
influence disease severity in patients infected with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), emphasizing
the importance of maintaining optimal microbial content and its
symbiotic relationship with the environment.'” Urban air micro-
biome is enriched by increasing nearby green space, but if this is
impossible, indoor gardening and green walls have been utilized
as temporary solutions.'®2°

SPRINGER NATURE

453



H. Seastedt et al.

454

DECREASE IN GREEN SPACE

Green spaces and visual contact of green space have been
associated with greater mental health. In a systematic review of
296 studies on nature contact and children, strong evidence was
found for a positive relationship between nature contact and
children’s cognitive, behavioral, and mental health.?’ Most of
these studies demonstrated the positive relationship between
nature contact and children’s attention and mood, suggesting that
nature contact could help care for children with attention-deficit/
hyperactivity disorder (ADHD) and mood disorders such as anxiety
and depression.?’ In an experimental study, classrooms that
looked out onto natural landscapes were shown to reduce stress
and improve attention in high school students.?? Other studies
have demonstrated reduced physiologic stress in adults when
exposed to greater plant species diversity, as well as greater
varieties in bird species.>>™%’

Several studies have suggested that areas of nature with high
biodiversity may be associated with greater restorative capabilities
when recovering from surgery or illness.?® Proximity to green
space has been linked to improved pediatric respiratory health
through reduction of wheezing and bronchitis.?® In adults, studies
have found that patients with hospital windows looking out on a
natural scene recovered faster from surgery than those facing a
brick wall. In other studies, indoor plants reduced hospitalization
times, pain, and frequency of use of pain medications.?® Current
research findings needs to be supplemented with more non-self-
report data, as many published studies consist of observational
and cross-sectional data that focus primarily on adults, rather than
children specifically.

Nature contact also encourages healthy behaviors in children,
including increased physical activity leading to weight manage-
ment and cardiorespiratory fitness. Fyfe-Johnson et al. found that
71 out of 88 observational studies demonstrated a positive
association between nature contact and physical activity for
children. A large study found that children living in neighbor-
hoods without a park were more likely to be obese, overweight,
physically inactive, and obtain inadequate sleep.?® In another
study, the efficacy of gardening interventions was investigated in
low-income elementary schools. Children in gardening programs
had increased physical activity as compared to those in control
schools.?’ In another intervention trial among 3-5-year-old
daycare children, transforming standard yards into biodiverse
green spaces afforded well-being, play, and environmental
relationships.3® Some studies in adults have demonstrated
increased self-reported physical activity in environments that
had more plant species.'

To summarize, increasing the amount of green space, vegeta-
tion diversity, and soil contacts not only encourages healthy
behavior, but is restorative and helps improve the mental health
of children. Although evidence of benefits is compelling, large
intervention trials, consisting of thousands of children participat-
ing in greening and rewilding interventions would facilitate in-
depth analysis of the benefits of green space on children.

AVERAGE GLOBAL TEMPERATURE: HEAT WAVES AND
FLOODING

It is estimated that climate change, accentuated by biodiversity
loss, has contributed to an average global temperature increase of
1.1 °C between 2011 and 2020 compared to 1850-1900s and
increased frequency of extreme weather events such as heat
waves.32 The stress of extreme heat exposure increases children’s
risk of adverse events. There is evidence that children suffer
negative impacts of extreme heat before they are born; extreme
heat has been associated with increased rates of preterm birth,
higher likelihood of low birthweight or stillborn births, especially
in women in a lower socioeconomic class. Heat stress is also cited
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as increasing the incidence of sudden infant death syndrome.
Infants are unable to effectively thermoregulate, and older
children spend more time outdoors than adults and thus are
more prone to the stress of heat waves.>* Heat waves are also
cited as increasing the risk of children experiencing heat stroke,
dehydration, and decreased learning.>>™*” Biodiversity per se does
not protect from heat waves, but climate-sensitive urban planning
that integrates vegetation, and particularly trees and forests, into
the built environment can mitigate the consequences of extreme
heat waves.>®

Other extreme weather events, such as severe flooding and
storms are estimated to have increasing impacts on child health as
the 21st century progresses; storms and flooding increase the risk
of drowning, displacement, psychological trauma, and subsequent
mental health sequelae. In the United States, flood risk is
estimated to increase by 26.4% by 2050.3° As with extreme heat,
the negative impacts will be felt first and most fiercely in low-
income communities.>® Restoration of ecosystems along shor-
elines and rivers through the creation of estuaries and wetlands
can attenuate impacts of severe flooding, storm waves, landslides,
and to some extent sea level rise, thus buffering against health
consequences for children.*®™*2

AVERAGE GLOBAL TEMPERATURE: INFECTIOUS DISEASES

A warming world has led to increases in the geographical spread
of numerous vector-borne diseases, such as dengue fever and Zika
virus, as mosquitoes and other vectors increase their habitat
range.** The WHO claimed that from 2021 to 2022 there was a
twofold increase in dengue cases reported in the Americas and a
similar trend for chikungunya.**** Compared to general popula-
tion, children are more susceptible to many infectious diseases,
due to their immature immune systems. While local efforts to
decrease mean annual temperature are limited, biological agents
against insect vectors have been developed, e.g. against Aedes
aegypti, the vector of Zika and dengue viruses.

As climate change progresses, the duration for which environ-
ments are favorable for vectors of infectious disease is increasing.
For example, the 2023 EPA Clinician Summary on Climate Change
and Children’s Health and Well-Being in the United States, reports
a 31% increase in new cases Lyme Borreliosis among children in
the Eastern U.S. at an average temperature increase of 2°C. At
higher temperature increases around 4°C, the concern is for a
272% increase of case incidence above baseline.* Lyme Borreliosis
is spread via an infected tick. Unlike tropical diseases, ticks do not
need a specific vector but use numerous terrestrial vertebrates as
hosts. Therefore, they might even become more common as a
result of ecosystem restoration, despite measures to decrease the
warming world. The best practice is to prevent tick bites through
individual management and monitoring, such as wearing proper
cloths and checking for tick bites.* However, the incidence of
tick-borne diseases is magnitudes lower than the incidence of
non-communicable immune-mediated diseases.*”*® So far, an
integrated approach that considers eco-bio-social determinants of
the virus-vector-man chain has been the most successful in
limiting the negative effects of vector-borne diseases on pediatric
health.*® This underlines the need for further investments in
holistic research initiatives and action plans.

AIR POLLUTION

Air pollution is closely linked to biodiversity loss because different
species withstand pollution differently, and because many
pollutants that spread in air, eventually will accumulate in soil.
Together with consequences of climate change, such as stressful
heat waves, air pollution risks are particularly felt among
vulnerable populations that are unable to live outside polluted
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areas. According to the WHO, at least 1.5 million children under
the age of 5 years die annually due to air and water pollution and
exposure to toxic substances.>® Air pollution has been linked to
the development of several non-communicable diseases in
childhood, such as asthma. Children’s frequent hand-to-mouth
behavior contributes to their increased risk of exposure to
pollutants. As children drink, eat, and breathe more than adults
relative to their body weight, they ingest a higher proportion of
pollutants and toxins found in food, air, and water.>' Also,
children’s increased longitudinal exposure to environmental
pollutants, due to their younger age and longer lifetime exposure,
results in greater health complications as compared to adults.
Further, their immune and hepatorenal systems are still develop-
ing, making them more susceptible to pollutants while being less
able to excrete toxins.>? Toxins such as lead, mercury, and others
are known to have negative, long-term impacts on developing
organ systems. For example, in utero exposure to wildfire smoke
has been associated with decreased birth weight and preterm
birth.>" Maternal exposure to polycyclic aromatic hydrocarbons
(PAH), which are attributed to the burning of biomass and fossil
fuels, vehicular emissions, and wildfires, have been associated with
in utero epigenetic effects on the fetus that later predisposes the
child to asthma. Similarly, exposure to PAHs negatively impacts
IFN-y, a gene strongly correlated with a protective mechanism
associated with allergy and asthma.>

The most effective approach to prevent the negative conse-
quences of air pollution on pediatric health is to reduce the
emission of pollutants. Another possibility is to remediate already
polluted water, air and soil. Soil remediation can be done in situ,
which saves at least some of the local biodiversity,*>> or polluted
soil can be excavated and remediated or capsulated elsewhere. In
situ remediation is time-consuming, while excavation requires
considerable economic resources. Forests can filtrate air pollutants
efficiently, but the filtration occurs mostly in sparsely populated
areas.”® Thus far research has found it to be inefficient in the context
of pediatric health. Similarly, while trees have traditionally been
assumed to increase air quality, a recent reassessment of the effects
of vegetation on urban air quality concluded that urban vegetation
is inefficient in pollution removal, that trees can even weaken the
dispersal of pollutants from street level, and that the main focus in
enhancing air quality must be pollution prevention, not filtration.>’
From the pediatric health perspective, since children’s daily contacts
with biodiverse vegetation enrich commensal microbiota and
enhance immune regulation,®® rewilding living environment
plausibly generates other benefits also in polluted urban environ-
ment. For example, locally developed urban forests have been
associated with increased gut health® therefore despite the lack of
evidence supporting air pollution filtration, increasing amount of
vegetation and trees in urban environments still have beneficial
pediatric health outcomes.

LOSS OF BIODIVERSITY ON PEDIATRIC MEDICINE

Biodiversity is critical in the discovery and development of novel
pharmaceuticals. Many medicines in use today rely on plants
thriving in well-functioning ecosystems.”® The WHO estimates that
11% of essential medicines are derived from plants, whereas other
studies have found that the proportion of antibacterial, antiviral,
and antiparasitic medications in the United States derived from
plants is closer to 75%.°>®" Further, much of the world continues
to depend on traditional medicines derived from plants.® As
these ecosystems are destroyed, so are the plants enabling the
manufacture of medications. Estimates suggest that due to
biodiversity loss, the discovery of at least one important drug is
missed every two years.®> Scarcities in well-established medicines
as well as a decline in the discovery of therapeutic options will
plausible have a negative impact on children, who may have less
access to critical medicines in the future than we do today.
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ECOSYSTEM RESTORATION AS A MITIGATION STRATEGY
Ecosystem restoration and particularly rewilding i.e. establishing
biologically diverse ecosystems to otherwise non-biodiverse
neighborhoods, is a highly promising strategy to mitigate many
of the effects of biodiversity loss and provide ecosystem services
for children. For example, vegetation can be utilized to provide
shelter from extreme temperatures while mitigating flooding.
Hence, restoring biodiversity will be critical in the 21st century.
The UN has declared 2021-2030 to be the Decade on Ecosystem
Restoration and has called for countries to “halt and reverse the
degradation of ecosystems worldwide and raise awareness of the
importance of successful ecosystem restoration”.** According to
the UN, reviving ecosystems around the globe could potentially
contribute to around one-third of the climate change mitigation
needed by 2030, reduce the risk of future pandemics, and increase
food security for at least 1.3 billion people.®®

Ecosystem restoration and rewilding cover many different
actions. On agricultural land, sustainable agricultural practices
that will aid in restoring healthy ecosystems include agroforestry,
organic farming, and climate-smart and conservation farming
practices. These practices will help in decreasing soil erosion,
increase carbon storage in soils, and replenish crop microbial
diversity.%> Restoration along coastlines can decrease the impacts
of agricultural run-off on water quality and marine ecosystems. As
an example, according to the Mangrove Restoration Potential Map
developed by the University of Cambridge, restoring mangroves
globally could add over 60 trillion young fish to coastal waters
annually,°® which aids in nourishing vulnerable pediatric popula-
tions. In urban areas, where most children on Earth reside,
ecosystem restoration and rewilding should be done synergisti-
cally to maximize health benefits and overall biodiversity
restoration.

The loss of biodiversity is increasingly becoming a child rights
crisis, threatening the health and safety of children around the
globe. Certain groups of children, including disabled, refugees and
other immigrant communities, those experiencing housing
instability, and those separated from their family members are
at increased risk of the adverse health effects of climate change
and biodiversity loss. Ecosystem restoration projects that seek to
engage children directly are therefore an area of future research.
As further research and action are being done, children should be
directly involved in the development and creation of policies and
interventions. For example, an advisory service in Berlin, Germany
is working collaboratively with children, to rewild school and
kindergarten yards. The mission of the organization is to let pupils
and children design, plan and implement their ideas to learn how
to develop and preserve natural resources in sustainable
manners.®” The work by advisory service in Berlin serves as a
model in children’s engagement in decision-making; the engage-
ment is central to the United Nations Sustainable Development
Goals 13 - Climate Action, 15 - Life of Land, and 17 - Partnerships
for the Globe. Given the worsening mental health crisis in youth in
the United States over the past ten years, developing ways for
children to become active participants in solutions to larger
environmental problems will likely have health co-benefits when
considering protective factors against mental health issues,
including self-efficacy, a sense of agency and community, and
time spent in nature.

LIMITATIONS AND FUTURE DIRECTIONS

Although this review has emphasized the key roles biodiversity
plays in children’s health, several research limitations must be
addressed. Currently, most of the existing research heavily relies
on cross-sectional and observational data which may not yield
conclusive evidence of causality. For example, most research often
focused only on specific geographic regions; revealing gaps in our
understanding of how global loss of biodiversity affects child
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health, especially those in underserved populations. Current
research gaps include the benefits versus risks of diet containing
soil microbiota,®® the causal effect of rich, non-harmful environ-
mental microbiota on disease incidence,”® and the mutual
benefits of ecosystem restoration and rewilding of grey urban
space on humans, ecosystems, and carbon sequestration.

Furthermore, there is a large data gap regarding longitudinal
studies tracking the long-term health effect of biodiversity
interventions, which are crucial in assessing the sustained impact
on disease incidence and overall well-being. Most studies on
microbial diversity and green space exposure don't consider the
complex interactions between socioeconomic factors, health
inequities, and urbanization, which also influence child health
outcomes. This need for holistic, diverse, large-scale longitudinal
studies is vital; understanding the interconnections between
people, specifically children, and animals, plants, microbes, and
our shared environment, is important for the future direction of
the well-being of children and our planet. Taking a collaborative,
multi-sectoral, and global perspective to understand the multi-
faceted relationship between these complex and important topics
is imperative to understanding the effects of biodiversity on
health.

CONCLUSION

We are in a period of human history during which we are seeing
unprecedented loss of biodiversity which is taking a toll on
planetary and human health. This review paper evaluated how a
loss of biodiversity in the warming world is affecting microbial
diversity, green space, heat waves, flooding, vector-borne diseases,
and air pollution which ultimately affects the health of children.
Specifically, we found that an increase in biodiversity is protective
against immune and mental health. In parallel, even though
biodiversity does not prevent climate change, adding biodiverse
urban ecosystems has the potential to mitigate local problems
caused by climate change. In short, biodiversity protects against the
adverse effects of climate change and its absence is impacting child
health, especially vulnerable pediatric populations.

Today, systematic holistic studies on how ecosystem restoration
and rewilding are enhancing everyday life of children are scarce. It
will be particularly important to prioritize research on children, as
their growth and development make them intrinsically different
from adults. Based on the research provided, future interventions
to address loss of biodiversity benefits from a multidisciplinary
focus, considering not only how to reduce the impact of climate
change on children’s health, but how to leverage biodiversity to
improve the health outcome of children globally. We need
individual, local and multi-country interventions and responses to
address and mitigate this serious threat to human, specifically,
child life. This necessitates the engagement of the local
community, government, school systems, and academic institu-
tions, not only those involved in human health, but also those
focusing on social aspects, ecosystems, and urban planning.
However, despite the lack of large scale systemic studies, there is
sufficient evidence to support the need for increased biodiversity
among urban environments to support the health and wellbeing
of children globally.
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