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Abstract

Context Ecological research, from organismal to

global scales and spanning terrestrial, hydrologic, and

atmospheric domains, can contribute more to reducing

health vulnerabilities. At the same, ecological research

directed to health vulnerabilities provides a problem-

based unifying framework for urban ecologists.

Objective Provide a framework for expanding eco-

logical research to address human health vulnerabil-

ities in cities.

Methods I pose an urban ecology of human health

framework that considers how the ecological contri-

butions to health risks and benefits are driven by

interacting influences of the environment, active

management, and historical legacies in the context of

ecological self-organization. The ecology of health

framework is explored for contrasting examples

including heat, vector borne diseases, pollution, and

accessible greenspace both individually and in a

multifunctional landscape perspective.

Results Urban ecological processes affect human

health vulnerability through contributions to multiple

hazard and well-being pathways. The resulting mul-

tifunctional landscape of health vulnerability features

prominent hotspots and regional injustices. A path

forward to increase knowledge of the ecological

contributions to health vulnerabilities includes

increased participation in in interdisciplinary teams

and applications of high resolution environmental

sensing and modeling.

Conclusions Research and management from a

systems and landscape perspective of ecological

processes is poised to help reduce urban health

vulnerability and provide a better understanding of

ecological dynamics in the Anthropocene.

Keywords Human health � Convergence � Urban �
Multifunctional � Global change � Environmental

justice

Human health vulnerability and urban ecology

The migration of people from a rural to urban lifestyle

is leading to extensive change in the drivers and

systems of human health vulnerability. Within cities,

the ecological contributions to urban health vulnera-

bility depend on the coupling among biological

communities, ecologically mediated material and

energy exchanges, diverse social networks, and highly

engineered technological features (Townsend et al.

2003; Jenerette et al. 2016; Frumkin et al. 2017;

Metcalf and Lessler 2017). In many cases the conse-

quences of urban ecological processes lead to

G. D. Jenerette (&)

Department of Botany and Plant Sciences, Center for

Conservation Biology, University of California Riverside,

Riverside, CA, USA

e-mail: Darrel.jenerette@ucr.edu

123

Landscape Ecol (2018) 33:1655–1668

https://doi.org/10.1007/s10980-018-0708-y(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0003-2387-7537
http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-018-0708-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-018-0708-y&amp;domain=pdf
https://doi.org/10.1007/s10980-018-0708-y


increased burdens of health vulnerability in disadvan-

taged communities. Reducing urban health vulnera-

bilities is an important societal challenge that also

serves as a problem-based unifying framework for

advancing a theory. Expanding the knowledge base of

how urban ecosystems function is needed (Groffman

et al. 2017) and a human health orientation allows an

integrative and systems approach for better under-

standing urban ecological dynamics. Simultaneously,

improvements to urban ecological models can con-

tribute to public health benefits through better fore-

casts of urban ecological dynamics and their responses

to management.While much work has been conducted

that addresses ecological components of human health

vulnerability (e.g. Juliano and Lounibos 2005;

Camargo and Alonso 2006; Jenerette et al. 2016), a

systems and landscape perspective across multiple

dimensions of health will increasingly allow ecolog-

ical research to contribute more than it has to reducing

health vulnerabilities in cities.

Urban health vulnerability will likely become more

unpredictable in time and across landscapes as urban

health hazards are increasingly novel: involving larger

range of variances, new organisms, and synthetic

chemicals than any natural analog ecosystem (Cur-

riero et al. 2001; Sutherst 2004; Bernhardt et al. 2017).

Intended and unintended ecological consequences of

individual and societal activities can have a large

influence on many components of health and lead to

variable and dynamic landscapes of health vulnera-

bility. The extensive hydrological plumbing of the

modern ‘‘sanitary city’’ (Melosi 1999) provides a

canonical example of large-scale urban technological

manipulations to modify ecological processes of

ecohydrologic flows, nutrient cycling, and microbial

communities specifically for reducing health vulner-

abilities. Failures of technological infrastructure in

modern cities can rapidly increase urban health risks

throughmany ecological processes (Reiner et al. 2012;

Childers et al. 2014). Urban flooding can lead to acute

and persisting ecological responses that contribute to a

cascading series of potential health risks: drowning

during the event, increased microbial diseases imme-

diately, increased mosquito habitat and potential

vector borne diseases for months, and inundated

surfaces contributing to mold-derived air pollution

for years (Hubalek and Halouzka 1999; Ahern et al.

2005; Rao et al. 2007; Sinigalliano et al. 2007). Both in

response to chronic conditions and acute disturbances,

a better understanding of how ecological processes

contribute to health will improve society’s capacity to

reduce health vulnerabilities.

While the concept of human health is a contested

term, increasingly definitions of health include phys-

ical, mental, and social dimensions and are evaluated

in terms of an ‘‘ability to adapt and self-manage’’

(Huber et al. 2011). Within this broad definition,

ecological processes influence health vulnerability

through multiple pathways influencing both hazards

and well-being. Health vulnerability in response to

specific environmental conditions results from an

interaction between exposure to the hazard, sensitiv-

ities of individuals and populations, and capacities for

coping with or adapting to consequences (Romero-

Lankao et al. 2012; Harlan et al. 2013). The environ-

mental distribution of potential hazard exposure, or the

riskscape, is a primary component of health vulnera-

bilities, especially for residents with high sensitivities

and limited coping capacity to mitigate exposure to a

hazard (Romero-Lankao et al. 2012; Harlan et al.

2013; Jenerette et al. 2016). Sensitivities to hazards are

shaped by physiological, as predisposition to disease,

and social circumstance and varies greatly among

healthy adults, children, elderly, and infirm (Harlan

et al. 2014; Vanos 2015). Coping capacity differs

among residents based primarily on affordability of

appropriate technology but also as influenced by social

networks that can provide financial and care-giving

support (Harlan et al. 2013). In contrast to environ-

mental hazard risks, which pose health risks, func-

tional green space is correlated with human well-being

through a suite of positive physical, mental, and social

health indicators that may improve lived experiences

and reduce sensitivities to many hazards (Alcock et al.

2014; Frumkin et al. 2017). While environmental

risks, health sensitivities, and coping capacities are

distinct drivers of health vulnerability, frequently their

distributions are correlated such that they each

increase health vulnerability in neighborhoods with

high poverty and minority residents (Harlan et al.

2013; Jenerette et al. 2013; Dadvand et al. 2014).

Notably, access to green space is frequently restricted

in low-income andminority dominated neighborhoods

leading to substantial environmental justice implica-

tions (Dadvand et al. 2014; Tan and Samsudin 2017).

Reconciling the multidimensional contributions of

ecological processes to urban health vulnerability and

equity remains a compelling research challenge.
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The contributions of ecological processes to health

hazards and benefits span the traditional hierarchy of

ecological processes as well as traditional independent

emphases on terrestrial, hydrologic, and atmospheric

domains (Fig. 1). Ecosystem processes of material and

energy storage and transformation can lead to the

release or sequestration of hazards (Townsend et al.

2003; Jenerette et al. 2011; Oikawa et al. 2015).

Population and community processes influence other

hazards through organismal growth, dispersal, and

species interactions including competition, predation,

and host–pathogen relationships (O’Neil et al. 2012;

Metcalf and Lessler 2017). Landscape processes

influence many health-related outcomes through

transport and spatial organization that can introduce,

concentrate or disperse hazards and influence urban

riskscape connectivity. Landscape configuration can

have large influences on ecological processes and

corresponding influences to health as shown for both

heat distributions (Zhou et al. 2017) and pollutant

flowpaths (Townsend et al. 2003). Throughout a

landscape, riskscape connectivity may lead to patchy

distributions of risks with discrete pathway connecting

risk across a landscape. Transcending specific suites of

processes, many risks involve the fate and transport of

pollutants, which include exchanges between terres-

trial, aquatic, and atmospheric phases and environ-

ments (Townsend et al. 2003; Oikawa et al. 2015).

Life histories for many organismal-related hazards,

such as vector-borne diseases, span combinations of

aquatic, terrestrial, and atmospheric environments

(Metcalf and Lessler 2017). Orientating urban ecology

toward health outcomes will necessarily lead to a

better systems integration across the traditional eco-

logical disciplinary boundaries and differences among

habitats and will reflect a multifunctional landscape

ecological framework that integrates across diverse

processes (Mastrangelo et al. 2014; Meerow and

Newell 2017).

Reflecting the diverse and frequently non-linear

ecological influences on health vulnerability land-

scapes, ecological contributions to health vulnerability

vary over short and long time scales. Differences

across temporal scales result from both dynamics of

underlying drivers and self-organization of ecological

processes. Chronic and geographically dispersed

Ecosystem Processes
Storage

Sequester – Release
Transform

Ameliorate – Magnify

Popula�on Community Processes
Growth
hidden – outbreak 
Dispersal

localized – invasion
Species Interac�ons

Host-pathogen – biocontrolLandscape Processes
Transport

Concentrate – Disperse
Structure

connected – disconnected

Terrestrial
green space

Aqua�c
pathogens

Ecohydrology
pollu�on, flooding

Biometeorology
air quality, heat

(a)

(b)

Fig. 1 Urban health is

connected many ecological

processes and spans

traditionally separated

ecological subdisciplines.

a Ecosystem, population,

and landscape processes

together influence health

through several

mechanisms. b Ecological

processes within terrestrial,

aquatic, and atmospheric

settings contribute to health

through both

biometerological and

ecohydrological interactions
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riskscapes can suddenly transform into acute and

highly localized risks, for example health risks

following urban flooding (Ahern et al. 2005). Some

risks are strongly influenced by historical legacies and

may persist for decades, such as soil contamination

(Clarke et al. 2015), while others become more

prominent during discrete events, such as heat waves

(Li and Bou-Zeid 2013). In some cases hazards

emerge from undetectable levels to epidemics through

rapid organismal population growth rates, such as with

some vector borne diseases (Johnson et al. 2015).

More broadly, cities are teleconnected systems and

urban health risks can arise from interactions between

a city and more distal ecosystems, for example

outlying agricultural emissions can lead to degrada-

tion of urban air quality (Oikawa et al. 2015). The

multiple scales of variation in health risks reflect the

hierarchical organization of ecological systems and

multiple scales over which ecological processes

operate.

Toward an ecology of health framework

Here I pose an ecological urban health framework that

connects drivers of ecological processes to changes in

both human health risks and benefits with associated

impacts to public health vulnerability in cities (Fig. 2).

This ecology of health framework is informed by

advances in both urban ecosystem science and urban

landscape sustainability, which provide both a systems

and spatio-temporal perspective for health vulnerabil-

ity (Pickett et al. 2001; Childers et al. 2014; Wu 2014;

Groffman et al. 2017). Urban ecosystem science

emphasizes explaining and predicting the assembly

and function of novel communities with novel drivers,

larger ranges of environmental variation, and chemical

inputs with no natural analogs (Tanner et al. 2014;

Groffman et al. 2017). A landscape sustainability

perspective emphasizes pathways to urban sustain-

ability that depend on relationships between spatial

structure and ecological processes occurring across a

hierarchy of scales, from individual households,

neighborhoods, cities, and extended teleconnected

ecosystems (Wu 2013; Opdam et al. 2018). Together

the complementary theoretical frameworks provided

by urban ecosystem science and landscape sustain-

ability perspectives can be harnessed to reduce health

vulnerabilities and improve well-being. Their

integration leads to a systems level appreciation for

the controls to ecological processes that contribute to

health vulnerability and also recognition that out-

comes from ecological processes reflect underlying

spatial heterogeneity and emergent ecological struc-

ture at multiple scales.

Drivers of ecological contributions to health vul-

nerability comprise the nonhuman environment,

active human management, and legacies of historical

social conditions (Pickett et al. 2001). Environmental

drivers, including climate, bedrock geology, and

native biodiversity, have a prominent role in many

ecological processes that affect health (Reiner et al.

2012; Clarke et al. 2015; Shiflett et al. 2017).

Management activities resulting from human-induced

modifications to environmental conditions, transport

networks, and demographic characteristics of key

species can also influence ecological processes (John-

son et al. 2015; Larsen 2015). Active management in

the urban system, including engineered transport,

irrigation, and chemical spraying, can be directly

implemented for health benefits or changes reducing

health vulnerability, may be a secondary consideration

for management, or even have unintended negative

health consequences. Historical legacies reflect how

the distribution of present-day risks are shaped by past

land uses or disturbances and can be prominent drivers

of urban ecological processes (Grimm et al. 2017;

Roman et al. 2018). Histories of environmental

injustices also illustrate legacy effects of a segregated

society in which built infrastructure differs greatly

between white and black communities (Grove et al.

2018). In many cases legacies may not be readily

apparent and highly variable, such as with soil

contamination (Clarke et al. 2013). Individually and

interactively the environment, management, and his-

torical legacies of ecological processes, can have a

strong influence on how ecological processes con-

tribute to or detract from human health.

In response to conditions imposed by environmen-

tal, management, and historical drivers a complex

series of feedbacks among many ecological agents and

interaction networks influence health risks and well-

being. Individual ecological processes respond to

unique combinations of drivers and nonlinear

responses. Ecological self-organization across pro-

cesses may lead to systems robust to large changes

in a driver but near a threshold small changes may lead

to switches between alternate stable states (Folke et al.
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2004). For individual processes or from a multifunc-

tional perspective the resulting ecological contribu-

tions to health often exhibit strong spatial and

temporal heterogeneities occurring across multiple

scales in health vulnerabilities. Differences in ecolog-

ical risks may vary at scales of meters or be correlated

across neighborhoods and cities within a metropolitan

region. Similarly, risks may vary within hours in

response to acute events or persist in chronic condition

for decades. In the following section, I use four

examples to demonstrate the diversity of processes

and scales where ecological processes contribute to

health vulnerability and how the ecology of health

framework can be used for each example.

Multiple dimensions of ecological influence

on human health in cities

Many ecological processes are connected with health

and a landscape perspective can help predict and

manage health vulnerability. Using four examples I

show how unique combinations of drivers and eco-

logical responses shape ecological contributions to

health vulnerability in a case study of southern

California, USA. While each example highlights

distinct ecological-health subsystems, in many cases

the ecological contributions to urban health are

coupled through linked processes and lead to multi-

functional hotspots of potential health vulnerability

with environmental justice implications. These exam-

ples all illustrate how research at the public health—

urban ecology nexus can contribute both to develop-

ment of more robust and general ecological theory and

valued applications of urban ecological science.

Heat

The frequency of high urban temperature events is

increasing through reinforcing combinations of glo-

bal, greenhouse gas related, warming leading to more

heat waves that are magnified by regional, urban heat

island related, warming (Li and Bou-Zeid 2013).

Correspondingly, increased urban temperatures are

associated with increasingly negative health impacts

(Patz et al. 2005; Weinberger et al. 2017). Approxi-

mately 30% of the world’s population are already

exposed to climate conditions exceeding mortality

thresholds (Mora et al. 2017). Heat load to an

individual is a hazard that can directly contribute to

mortality and morbidity as well as contribute indi-

rectly to other health impacts including cardiovascular

Socioeconomic and Racial Segrega�on 

Environmental Health Inequity

Hazard
Riskscapes

Ac�ve
Management

Historical 
Legacies

Ecological Processes

Ecological Drivers

Environment Well Being
Indicators

Coping Capacity

Human Drivers

Sensi�vity

ExposureHealth Outcomes

Fig. 2 Framework and scale dependence of ecological contri-

butions to public health through multiple risk and benefit

pathways. Ecological processes influence health outcomes on

both hazards and sensitivity in. Ecological contributions to

health are influenced by both external drivers, the designed

landscape, and historical legacies. Frequently the ecological-

health system is shaped by socioeconomics and can result in

environmental justice health inequities. The scales of ecological

processes influence health span the continuum from personal

and localized experiences to teleconnected influences of

hinterland ecosystems
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and respiratory distress (Patz et al. 2005). Heat loading

is affected by radiant energy and air temperatures

during the daytime with greater contribution of air

temperatures at night. Correspondingly, heat related

health impacts are associated with both warmer air

temperatures (Harlan et al. 2014) and recently have

also been associated with warmer daytime surface

temperatures (Harlan et al. 2013; Vanos 2015;

Jenerette et al. 2016).

Within a city, temperature distributions associated

with vegetated cooling can result in substantial

variation to urban thermal riskscapes. Within cities

the cooling effects of vegetation can exceed more than

5� C air temperature differences at night and more

than 25� C surface temperature differences during the

day (Jenerette et al. 2016; Shiflett et al. 2017). The

ecological processes contributing to temperature

variation influence heating primarily through energy

balance dynamics associated with vegetation shading

and evapotranspiration (Zhou et al. 2017). The con-

sequences of environmental variation, along with

coping and sensitivity differences, contribute to a

broad range of heat related illnesses in Phoenix, AZ

from less than 10% of residents in some, primarily

affluent and white, neighborhoods to affecting more

than 50% of residents in other, high poverty and

minority resident, neighborhoods (Harlan et al. 2014;

Jenerette et al. 2016). Because of the direct influence

of vegetation on environmental heat and correspond-

ing relationships with heat related health outcomes,

urban heat mitigation strategies increasingly include

expanding vegetation as one mechanism for reducing

vulnerability for many cities (Larsen 2015).

The environmental controls on the capacity of

vegetation to reduce heat vulnerability are most

evident in response to regional meteorological condi-

tions, such as heat-waves. Vegetation cooling effects

can become stronger in both hotter periods and

locations, which may act as a negative climate

feedback (Jenerette et al. 2011; Shiflett et al. 2017).

Active management, especially irrigation but also

other landscaping activities, is generally not directed

to heat reductions but nonetheless directly affects

shading and transpiration contributions to cooling.

Legacies of vegetated landscaping and irrigation

practices can have a large influence on the magnitude

and distribution of vegetation cooling through plant-

ing and growth. In the context of these drivers,

ecological self-organization is evident in

ecophysiological cooling responses to meteorological

conditions and the potential negative cooling

feedback.

Vector borne diseases

Vector borne diseases have been a component of urban

health for millennia with current increases of vectors

and diseases occurring in many temperate regions

(Rochlin et al. 2016). Dynamics of vector borne

diseases result from interactive population and com-

munity ecological processes responding to multiple

drivers (Juliano and Lounibos 2005; Johnson et al.

2015; Metcalf and Lessler 2017). A combination of

globalization induced dispersal and regional changes

to land use and climate are leading to range expansions

of many disease vectors and pathogens from tropical

origins into more temperate regions (Sutherst 2004).

The spread of West Nile Virus into the United States

beginning in 1999 serves as a recent example and

informs responses to vector range expansion for

currently invasive mosquito species including Aedes

aegyptae and Aedes albopictus, which are hosts to

Dengue, Chikungunya, and Zika (Metcalf and Lessler

2017). Limiting current and emerging urban vector

borne diseases requires managing a suite of ecological

interactions in the context of primarily constructed

ecosystems and dynamic social interactions. Popula-

tion control approaches from insecticide spraying to

Wolbachia infection require extensive ecological

knowledge and models for effective application

(Johnson et al. 2015). Improving the predictive

understanding of vector borne disease responses to

interacting global change drivers has become a

pressing research challenge (Metcalf and Lessler

2017).

In the ecology of health framework, the environ-

mental drivers for vector borne diseases are important

for determining health vulnerabilities with climate

posing a restriction for many species distributions.

Tools that evaluate climate filtering, such as habitat

suitability models, are becoming widely used for

identifying locations and time when vectors may be

present (Fischer et al. 2011). Active management,

through reductions in open water for breeding habitat

to insecticide spraying, is used explicitly to reduce the

potential exposure to disease. The historical legacy of

past invasion and naturalization of a vector is a central

determinant of vector-borne disease risk—preventing
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establishment of a vector and the pathogen provides a

first line of control to vulnerability. In response to

ecological drivers, self-organization ecological pro-

cesses through networks of interactions among mul-

tiple species and habitats leading to thresholds and

state change responses to environmental drivers

(Juliano and Lounibos 2005; Johnson et al. 2015;

Metcalf and Lessler 2017). Through responses to

interactive drivers and ecological responses, health

risks from vector borne diseases can rapidly change

while also persisting indefinitely once established.

Air, soil, water pollution

Pollution, broadly resulting from anthropogenic

inputs, can directly impact human health or promote

pathogens in water and soil that then contribute to

disease or toxins (Townsend et al. 2003; Camargo and

Alonso 2006; Johnson et al. 2010). Increasingly new

industrial and pharmaceutical classes of pollutants,

including nanoparticles and pharmaceutical com-

pounds, may contribute to health consequences that

are increasing globally at rates comparable with

increases in nitrogen fertilizers (Bernhardt et al.

2017). Ecological processes can influence many

pollutant-based health risks through processes span-

ning ecosystem material transformation, population

dynamics of potential disease causing organisms, and

landscape redistribution of pollutants. The magnitude

of ecological health effects and specific processes

associated with health outcomes varies dramatically

among pollutants and in most cases how these

processes influence health outcomes have large uncer-

tainties. For example, ground level ozone (O3)

concentrations, associated with extensive health risks,

are influenced by ecological processes that produce O3

precursors including nitric oxides (NOx), generated in

part through biogeochemical nitrogen transformations

in soils, and volatile organic compounds emitted from

urban vegetation at rates that are not well constrained

(Calfapietra et al. 2013; Oikawa et al. 2015). Partic-

ulate matter (PM2.5) may be released from fires or

deposited on vegetation. Combined, air pollution from

both O3 and PM2.5 were associated with 4.5 million

deaths globally (Cohen et al. 2017). Within soils and

water, extensive biological processing and uptake can

influence the form, bioavailability, and distribution of

many pollutants. Population dynamics and ecohydro-

logical connectivity in response to pollutants can have

important consequences for the spread of soil or water

borne illnesses with examples including infections

Vibrio cholera and toxins from cyanobacteria (Cur-

riero et al. 2001; Cottingham et al. 2003; O’Neil et al.

2012). As one indicator of polluted drinking water, an

estimate 1.8 billion people use drinking water suffer-

ing from fecal contamination (Bain et al. 2014).

Environmental drivers have a large influence on

many pollutants with regional meteorology, geomor-

phology, and lithology controlling many chemical

reactions and transport. Active management can

remove, reroute, or immobilize many pollutants.

Historical legacies are extensive and reflect long-life

span of infrastructure and many chemical that influ-

ences contaminants and their movement. Self-organi-

zation associated with pollutants is present, the

regulation of pollutants associated with oxygen avail-

ability and its influence on oxidation–reduction reac-

tions is a prominent example. Improved understanding

of the residence times, transport pathways, and

transformations for many pollutants is needed to

reduce their health risks by minimizing exposure to

pollutants.

Green space and well-being benefits

In contrast to hazards, broad spectra of physical,

mental, and social health and well-being benefits are

associated with green space exposure (Gascon et al.

2016; Shanahan et al. 2016). Green space broadly

refers to components of urban landscapes that include

vegetation and spans systems managed as a more

natural preserve and urban features with mixes of plant

and engineered surfaces such as bioswales, city parks,

and community gardens (Frumkin et al. 2017). The

health benefits of green space exposure have been

correlated with improvements to many physiological

indicators of health vulnerabilities, mental health, and

overall well-being (Alcock et al. 2014; Shanahan et al.

2016). While the mechanisms for health benefits

derived from green space are not well characterized,

several health benefit pathways may include opportu-

nities for exercise and access to fresh food, social

engagement, and altered human microbiomes (Dal-

limer et al. 2012; Shanahan et al. 2016; Frumkin et al.

2017). Green space is highly diverse in species

composition, structure, rates of functioning, and

phenology (Fig. 3) and the impacts to health vulner-

ability are also likely diverse among different types of
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green space. Understanding how exposure to green

spaces and their ongoing ecological processes con-

tribute to public health outcomes remains an important

research challenge.

As green spaces are functioning ecosystems, they

are affected by interactions between environmental

drivers and self-organizing ecological processes as

any ecological system. As part of an urban ecosystem,

active management and historical legacies also influ-

ence both environmental drivers and ecological pro-

cesses directly. Active management is frequently

directed to enhancing sustainability of desired plant

and wildlife communities. Management includes

many activities such as resource amendments, limiting

disturbances, or conservation and restoration actions.

Historical legacies affecting greenspaces include

planting decisions, neighborhood matrix, and place-

ment of infrastructure; these historical legacies can

affect both the environment and ecological sensitivity

to the environment. In aggregate the resulting

availability and functioning of green space is corre-

lated with socio-economic and racial distributions

reflecting pervasive environmental inequity as shown

in many regions throughout the world (Jenerette et al.

2013; Dadvand et al. 2014; Shanahan et al. 2014).

Identifying what components of greenspace most

contribute to health benefits and how to ensure

disadvantaged communities have equitable access to

sustainable greenspace without subsequently leading

to gentrification remain key research challenges.

Mutifunctional landscape of health

The ecological underpinnings of health vulnerability

reflect multiple health dimensions and span ecophys-

iological controls to organismal functioning, biogeo-

chemical processing, landscape connectivity, and

maintenance of biodiversity. Within any location,

vegetation and soils may directly influence heat,

diseases, and pollutant riskscapes by providing

Fig. 3 Contrasting

greenspaces in southern

California, USA:

unmanaged grassland (a),
irrigated park (b), vacant lot
(c), and community garden

(d). The contribution to

health among these

contrasting systems may

differ in response to

vegetation and ecosystem

characteristics
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vegetated cooling (Zhou et al. 2017), habitat for vector

species (Hamilton et al. 2014), and opportunities for

transforming or concentrating pollutants (Clarke et al.

2015), while at the same time providing benefits to

well-being through greenspace exposure. Across a

region, the overlapping and often independent land-

scape structure of individual hazards lead to a

multifunctional landscape of health vulnerability. A

multifunctional perspective links the landscape distri-

butions of multiple axes of ecosystem functioning

(Mastrangelo et al. 2014) that similarly provides an

opportunity for synthetic evaluation of health vulner-

ability. Southern California, USA with more than 18

million residents and high social and biological

diversity, serves as a useful case study for visualizing

multifunctional health landscapes (Fig. 4). High tem-

peratures, invasive disease vectors, air quality and

accessible greenspace are all health challenges in the

region. Each of these health components exhibit

distinct landscape distributions that feature coastal to

inland gradients and localized influences of individual

factors. By considering multifunctional landscapes of

urban health, trade-offs in hazards and benefits can be

considered simultaneously. Together their joint distri-

butions lead to hotspots of multiple factors contribut-

ing to health vulnerability and other locations with

reduced health threats related to ecological processes.

Prognosis: urban landscape ecological research

for improved human health

Where is progress in moving towards an ecological

science of urban health vulnerabilities? Through an

increasing emphasis on convergence research—re-

search deeply interdisciplinary and driven by specific

problems (National Research Council 2014)—new

teams are increasingly providing opportunities for

ecologists to contribute to reducing human health

vulnerability. These teams are generating new deci-

sion support tools that can rapidly identify changes in

risk, communicate risk states, and evaluate likely

benefits of alternative interventions (Rieb et al. 2017).

Examples within the United States of success from

integrated urban health risk analysis include water

borne disease (Reiner et al. 2012) and urban heat

(Harlan et al. 2014). Ongoing convergence research

that brings together interdisciplinary teams for reduc-

ing health risks are including ecologists throughout a

broad scale-continuum spanning the individual (Kuras

et al. 2017), household (Jenerette et al. 2016),

neighborhood (Harlan et al. 2013), and extending to

regional teleconnections (Oikawa et al. 2015). The

increasing knowledge base and predictive skill

derived from these collaborative endeavors can be

used to providing decision support for urban planning

to create persistent infrastructures that promote more

healthful environments (Larsen 2015). Increasing

engagement between ecologists and planners is facil-

itating urban design processes that incorporate and

build on ecological knowledge (Felson et al. 2013;

Ross et al. 2015). Expanding these efforts to further

include engineers and health scientists is an important

step. Such collaborations will in some cases require

new funding mechanisms that facilitate integration

between basic ecological and health sciences.

Another avenue of progress in identifying ecolog-

ical contributions to health has occurred through

improved high-resolution data and modeling

resources. Recent examples across multiple hazards

have identified large riskscape variation at fine scales

of less than 10 m, in some cases more than a doubling

of risk as with climate (Jenerette et al. 2016; Patton

et al. 2017) and in other cases more than an order of

magnitude variation in risk as with soil contamination

in some urban greenspaces (Clarke et al. 2015).

Including health outcome data with assessments of

risks are still rare but are essential for assessing

impacts of environmental risk (Jenerette et al. 2016).

High resolution data and models are allowing evalu-

ations of health vulnerabilities approaching scales of

individual experiences that have historically only been

available at coarser neighborhood or whole city scales.

New opportunities with high-resolution remote sens-

ing and high density embedded sensor networks

provide examples of approaches for evaluating risks

at high spatial and temporal resolution (Jenerette et al.

2016; Shiflett et al. 2017). New satellite- and airborne-

based sensors are providing improved capabilities to

assess within-city distributions of climate (Li et al.

2015) and air quality (Zoogman et al. 2017). Individ-

ual-scale environmental assessments through wear-

able sensors may be useful for evaluating health

outcomes with notable progress occurring for heat and

air quality risks (Steinle et al. 2013; Kuras et al. 2017).

Similarly, urban models are becoming increasingly

refined and are providing an individual-scale resolu-

tion of some risk distributions (Middel et al. 2014;
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Patton et al. 2017). Assessments of risk-response

differences among individuals, especially sensitive

groups, such as children and elderly, will further

improve individualized health vulnerability assess-

ments (Harlan et al. 2014; Vanos 2015). A continued

emphasis on quantifying ecological-health interac-

tions at fine spatial and temporal scales will likely

facilitate a transition from correlations with unclear

causes to mechanisms with useful predictive skill for

improving human health.

Central to expanding an ecology of health perspec-

tive are systems- and mechanistic-oriented evalua-

tions of how ecological processes contribute to health

vulnerabilities and the effectiveness of management to

improve health outcomes (Liddicoat et al. 2016;

Grimm et al. 2017). Improved assessments of sys-

tems-level dynamics are central for understanding

how connectivity and feedbacks lead to large differ-

ences in ecological dynamics (Folke et al. 2004) and

their contributions to health vulnerability. Examples

Fig. 4 Multifunctional landscape of ecological contributions to

health in the urbanized region of Los Angeles, CA County in

southern California. Individual contributors of surface temper-

ature (a), mosquito detections for both recently invaded A.

aegypti and A. albopictus (b), atmospheric ozone (c), and local

availability of urban parks (d). Each of the individual variables

of ecological contribution to health were combined as a suite of

indicators varying from 0 to 1 to show a combined landscape

distribution of ecological risk contributors (e). Original data and
range for use as ecological health indictor is shown for each

panel. Surface temperature data were obtained for 2015.

Mosquito distributions are from full historical records. These

data represent best estimates of detection although areas without

detected mosquitos include surveys that have not detected and

areas that have not conducted surveys. Ozone distributions were

generated from interpolated of a limited network and do not

show fine scale variation in ozone distributions. Park accessi-

bility was obtained from accessible open space from the county

of Los Angeles
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of integrative assessments and responses to vector-

borne diseases and heat reflect the benefits of systems

perspectives. As part of a systems perspective, a better

characterization of how ecological contributions to

health vulnerability are spatially distributed and how

the configuration of ecosystems can improve forecast-

ing health vulnerabilities and developing interventions

that contribute to health (Rieb et al. 2017). Examples

where configuration plays a prominent role in the

dynamics of the ecological health system include

climate distributions (Zhou et al. 2017) and pollutant

flowpaths (Townsend et al. 2003). The multifunctional

perspective (Mastrangelo et al. 2014; Meerow and

Newell 2017) will be useful to link system dynamics

that involve multiple pathways of health impacts and

their loosely correlated landscape structures. Inter-

secting the multifunctional landscapes of ecological

contributions to health with a better characterization of

the distribution of people’s coping capacity, exposure,

and sensitivity may help address health vulnerabilities

as much or more than many ecological processes

alone. The geographic correlations of ecological and

societal drivers to health vulnerability often results in

social inequity of public health vulnerability that itself

may be an important contributor to increased health

vulnerability (Jenerette et al. 2011; Harlan et al. 2013;

Tan and Samsudin 2017).

The framework developed here looks toward a

coherent approach to evaluate and forecast ecological

contributions to health vulnerability that relies on

pattern-process relationships, multiple-scale interac-

tions, and integrative place-based analyses. A human

health orientation of urban ecology for cities will

generate a better basic understanding of how ecolog-

ical processes in a city contribute to well-being and

foster improved management of urban ecosystems to

reduce multiple health vulnerabilities. Using health as

a problem-based, or convergence, research agenda for

ecology will provide opportunities to integrate across

ecological subfields while also connecting ecological

science more deeply with health, engineering, and

social sciences.
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