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Abstract

Before evaluating the abundance and quality of nature in a city, one must define the concept of nature

according to resident experience and climatological conditions. For Los Angeles (L.A.) County, home

to a sociologically diverse and highly developed city in a Mediterranean climate that experienced

drought conditions for the last decade, this represents a formidable theoretical and empirical challenge.

In support of an Integrated Vulnerability Assessment, we developed an index of natural resources with

the aid of local partnerships. This effort required local expert participation and resulted in the creation

of a large database of available regional data. This index was created to investigate the spatial footprint

of natural resources in relation to predicted high risk natural hazard areas. This paper demonstrates

analytical applications of this index, which consists of six component indicators: greenness, biodiversity,

habitat fragmentation, significant ecological areas, tree canopy cover, and wetland cover. Data for each

component were compiled into a geodatabase, scaled, aggregated to Census block group areas, and

combined to create the natural resources index (the Index). The Index can then be compared with

natural hazard spatial data to determine relative vulnerability to these hazards, interactions with other

types of vulnerabilities, and where adaptive capacity may be lacking. Results highlight areas of oppor-

tunity for multifaceted risk mitigation and adaptation efforts.
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Introduction

The concept of nature

Nature is a context-dependent, socially constructed concept (Nash, 1963), and the battle
over defining nature has deep roots in Californian landscapes. During development of U.S.
wilderness protections and National Park designations, nature was historically defined as a
pristine landscape, devoid of human impacts, and distinctly separate from human existence
(Nash, 1963). Cities such as Los Angeles (L.A.) do not contain nature according to such a
conceptualization, but as residents will report, these cities are certainly not devoid of nature
as evidenced by parks, wildlife, and gardens. Competing definitions of nature instead inte-
grate humans into nature, as part of a single system. These definitions are especially evident
in conceptualizations of nature within tribal, immigrant, and other minority communities,
and are slowly gaining recognition as a more holistic way to consider nature and effective
means of implementing landscape management (Freitag, 2018). This follows worldwide
trends in which defining nature as pristine environments fills a certain niche in modern
Western economic thought, enabling colonization in areas where residents do not share a
definition of nature as pristine (primarily in the developing world) (Banerjee, 2003).
Recognizing these competing definitions and their inherent political and social justice impli-
cations is important for sustainable development goals (i.e., from local sustainability plans).

Practically, defining nature with humans (such as in an urban context) means existing
metrics and indicators for nature need to be adapted to encompass local cultures and
environments. There are many aspects of nature that could be used as indicators, such as
ecosystem service provisioning (Müller and Burkhard 2012), biodiversity (Kohsaka et al.,
2013), or amount or quality of habitat (Zadeh et al., 2012). These depend largely on the
purpose of the study and are driven by study design and needs. However, each of these
aspects of nature present methodological questions (e.g., provisioning for whom? Quality of
nature to meet what purpose?). Alternatively, one could take a wider view and attempt to
capture as many aspects of nature in one index as possible. The goals of our research dictate
a wider approach to capture as many natural resources and ecological processes as possible.
In addition, the definition of nature itself in this context is fundamentally anthropocentric
because the wider view approach captures aspects of nature important for human residents
as well as for nature itself.

Numerous terms are used to refer to nature in an urban context, many of which are
borrowed and adapted from approaches proposed by landscape ecologists (e.g., biodiversi-
ty, habitat, ecosystem services, natural resources). Biodiversity is often used as a high-level
indicator of underlying ecological dynamics, as higher biodiversity is linked with better
provisioning of ecosystem services (Cilliers, 2010) and directly to the sustainability of city
planning (Aronson, et al., 2014). Internationally, the Singapore Index of Biodiversity (i.e.,
the City Index of Biodiversity) has been utilized to compare the health of nature in different
cities around the world (Chan, et al., 2014). However, the Singapore Index is not well
adapted to temperate ecosystems and has data requirements that often rely on uncommonly
collected metrics, hindering its adoption in places like L.A. (Brown, 2019). Other landscape
ecology tools focus on habitat, using metrics of abundance, connectivity, and patchiness to
apply the theory of island biogeography in understanding the ecological dynamics in a city
(Breuste, et al., 2008). A relatively easy means of defining habitat versus non-suitable hab-
itat is to identify green patches (Breuste, et al., 2008), which can be especially effective and
exact when done through remote sensing (Lakes and Kim, 2012) or aerial photography.
Tree canopy is an especially important form of green habitat, and is more likely to be found
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in wealthier urban neighborhoods, suggesting that with intention and resources trees can be
preserved even in dense urban landscapes (Tratalos, et al., 2007).

With these landscape approaches, there are some secondary questions that arise in an
urban context. For biodiversity metrics, many of which are species counts, invasive and non-
native species add to total species richness, but do they provide the services that biodiversity
metrics intend to represent? Biodiversity of plants, for example, is largely driven in cities by
ornamental plants and gardens, which count as natural features but provide varying
amounts and types of ecosystem services depending on garden architecture (Acar et al.,
2007). And what of invasive species, which by their very definition exist and spread at the
expense of native species? Should these contribute to overall biodiversity metrics? Another
concern is that greenness and tree canopy cover, both metrics of habitat, perform more
consistently in wetter regions of the world without periods of plant dormancy such as winter
or dry seasons. In arid areas such as L.A. County, plants display a wide array of colors in
order to protect themselves from the sun, and open spaces may be brown for consecutive
years during drought conditions, so comparison of greenness as an absolute metric for
quality of “nature” may be insufficient (Brown, 2019).

Another way to contemplate nature is through the services it provides. The ecosystem
services framework, made familiar to many through the Millennium Ecosystem Assessment
(Alcamo, 2003), lists regulating, provisioning, cultural, and supporting services as a typol-
ogy of the benefits accrued from functioning, healthy ecosystems to ensure human well-
being. While this approach takes a wide view of functions nature may serve, it tends not to
consider multiple ecosystem types interacting across scales (Raudsepp-Hearne and Peterson,
2016). Scalar interactions are especially important in L.A., where city planning and natural
resource management are implemented by a nested system of jurisdictional boundaries
across multiple scales (e.g., neighborhood, city, county, state). Perhaps the most general
term for nature while specifically referring to the human benefits it produces is natural
resources, which is the term used here in order to encompass multiple conceptions of
nature under its umbrella.

The scale of nature

In the course of typical daily activities, interactions between humans and nature occur at
smaller scales, which requires significant downscaling of how researchers usually think
about ecosystem services. According to the L.A. Sustainability Plan (City of Los Angeles,
2019), this scale is half a mile to enable walkable access to nature. Motives for thinking
about nature in an urban system are distinctly different than contemplating nature at the
ecosystem scale, and therefore metrics that exist at larger scales need to be downscaled or
considered in a cross-scalar analytical framework (Dick et al., 2014). These small-scale
interactions are also highly important for overall system dynamics. For example, a small
habitat containing an endemic species may be the sole refuge for that species (Cooper, 2009),
or a small city park may provide the only direct access to nature (and its benefits) for
underserved populations that cannot travel to more distant parks. In order to capture the
importance of these interactions, the perspective on and definition of nature in a city needs
to be fundamentally anthropocentric and flexible enough to address both fine-scale neigh-
borhood differences and statewide environmental policy.

The question then becomes: What does nature provide to L.A. City and County resi-
dents? Residents receive many of the large-scale ecosystem services described in the
Millennium Ecosystem Assessment as well as smaller scale individual benefits. The large-
scale benefits of nature within the County provide habitat and connectivity between habitat
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patches to promote range access for animals, preservation of wilderness, improved air qual-
ity, and regulation of hydrologic flow (Grote, et al., 2016; Nowak et al., 2006; Yli-Pelkonen
et al., 2017). Small-scale benefits of nature include urban heat bubble dissipation, recreation,
aesthetic value, direct provisioning, and wide-ranging health benefits including better mental
health, improved cardiovascular health, lower mortality (Gascon et al., 2016), and healthier
birth weights (James et al., 2015). The L.A. City Sustainability Plan includes goals to
increase acreage of green space and tree canopy specifically to reduce urban heat island
effects and improve air quality (City of Los Angeles, 2019).

Why a natural resources index?

There are many potential reasons to inventory natural resources across space, from creating
comprehensive maps of natural spaces for community residents to more complex analyses
where indicators of nature must be compatible with other data sources. In this case, an index
of natural resources (the Index) was created as part of implementing our Integrated
Vulnerability Assessment Framework (the Framework) in L.A. County, California.
The goal of the Framework is to understand and more easily compare populations, econ-
omies, and the built and natural environment alongside climate-driven risks to inform more
holistic adaptation and mitigation strategies related to climate change and community plan-
ning (Fleming et al., 2020). The framework is implemented by first engaging local stake-
holders to identify aspects of nature, society, built infrastructure, and climate risk that are
priorities for the community. Then, indicators and indices are developed or adapted based
on these identified priorities, and the resulting geospatial database allows for spatial com-
parison among indicators of the community’s priorities in relation to climate risk.

Because this flexible approach is intended for implementation in any U.S. geography, it
relies upon secondary data inputs available across wide spatial scales while maintaining its
ability to integrate local data sets and place-based community priorities when preferable.
Implementing the Framework in L.A. County identified the need to create an index of
natural resources that would meet the needs of the Framework, but also answer the
needs identified by other researchers and local partners for a consistent metric of nature
in not only a city, but a dry, temperate, and highly developed context (Brown, 2019). The
anthropocentric view of nature, as well as the small-scale interactions with nature by L.A.
County residents, required a more comprehensive and spatially resolute index of natural
resources tailored to stakeholder priorities than what was currently available.

Methods

The process of choosing components for the Index blended landscape and urban ecology
approaches with a stakeholder-driven process to ensure utility of results to climate adapta-
tion efforts in the region. Project partner offices were identified prior to implementation of
the Framework during the project proposal period, and included federal coastal manage-
ment personnel and university extension professionals involved in coastal research, out-
reach, and education. Though partner engagement efforts can take many forms (e.g.,
Cuocco, 2014), partner offices were sent an informal, pre-workshop questionnaire that
reminded partners of the project scope and collected information to how to best leverage
existing research, identity data needs, assign the scale of the study area, and capture regional
aspects of vulnerability and climate risk. Responses were voluntary, and were used to devel-
op materials for in-person workshop meetings with partners and local stakeholders (iden-
tified by partner offices and included local municipality planners, sustainability offices, and
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natural resources managers). Drawing upon lessons in effective participant engagement
(Cuocco,2014; Scherhaufer, 2014; van Asselt Marjolein and Rijkens-Klomp, 2002), the
facilitated workshop sessions incorporated a series of consensus-building prioritization exer-
cises, including both participatory mapping for spatial priorities and conceptual mapping
for climate, risk, and vulnerability topics (the full workshop report is included as an appen-
dix in Fleming et al., 2020). The natural resource session included a discussion surrounding
the nomenclature of natural resources, and resulted in a ranked list of aspects of nature
important to L.A. County.

Workshop results led to a list of natural resources that all needed indicators and data
sources. The logistics of the study region scale (L.A. County with its nearly 10 million
residents and 4084 square miles) (County of Los Angeles, n.d.) and data availability restrict-
ed this list of possibilities. Previous work by a team of University of California, Los Angeles
students attempted to apply the Singapore Index to L.A., addressed data availability con-
cerns, and suggested alternative approaches for concepts without available data, providing
a regionally specific set of candidate indicators (Alvarez et al., 2016); this helped source
relevant information and provided a feasibility check on many of the proposed concepts.

Additional consultation with partners finalized the list of indicators after making judg-
ments about how nature is counted at the county level. One of the largest challenges in a
stakeholder-driven index approach is resolving the double-counting of natural resources
that inherently cross multiple component categories and are valued by different stakeholders
more because of their multiple uses. For example, one wetland tree can provide the hydro-
logic services of a wetland, habitats that contribute to biodiversity, and shade to cool and
clean the air for human neighbors. Components also had to be relevant to the entire study
area. For example, beaches and whales are considered highly important, but are present in
only a tiny portion of the County; these concepts are better captured as part of habitat
quality and biodiversity, respectively. After a literature review, partner and stakeholder
input, and feasibility check, there are six final components to the Index: greenness, biodi-
versity, habitat fragmentation, significant ecological area (SEA) designation, tree canopy,
and wetland cover.

Greenness was calculated from the Landsat-derived Normalized Difference Vegetation
Index (NDVI), calculated by the U.S. Geological Survey (USGS). NDVI represents the
absorption of the wavelengths of light that activate chlorophyll scaled to a value range of
�1 to 1 (representing water at �1, barren land at 0, and dense vegetation at 1), and is a
landscape measure of photosynthetic activity that incorporates all flora that photosynthe-
size (e.g., lawns, gardens, urban greenery). Greenness was determined using wet season
NDVI to capture the maximum number of plants, and was calculated as having an
NDVI value of greater than 0.2, representing areas of nondesert vegetative growth
(USGS, 2019).

Biodiversity was represented as predicted species richness. All species were counted,
including invasive and non-native species, because all species provide ecosystem services,
contribute to the emergent properties of biodiversity, and because defining invasive or non-
native becomes especially challenging when considering species introduced as early as the
founding of L.A. (or earlier). Predicted species richness is a common measure of biodiversity
and a value expressed by project partners, and is a simple count of the number of species in
a given area.

Predicted species richness was modeled using MaxEnt software (Phillips et al., 2020) with
inputs of organism sightings recorded in the Global Biodiversity Information Facility
(GBIF), land cover types from the Coastal Change Analysis Program (NOAA OCM,
2020), digital elevation model (DEM) (L.A. County Geoportal), and slope data (derived
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from the DEM), resulting in 30m raster maps of predicted species richness. The MaxEnt

model is commonly applied to account for biases within the GBIF database derived from

differentiated volunteer data collection effort across geography and taxa, though thanks to

efforts by the L.A. Museum of Natural History, all major phyla are represented. The land

use types included each contributed to model performance according to a jackknife test;

precipitation did not consistently contribute to test gain and soil type was correlated with

land cover, so precipitation and soil type were omitted. Twenty-five percent of observations

were withheld for testing the model in each iteration. 980 total species had enough obser-

vations to be modeled (>5 observations in different 30m raster cells, as suggested by GBIF),

and were used as the total species count in normalizing the data. Total predicted species

richness was calculated by combining the raster results from each species model. The result-

ing summary raster was a prediction of the number of species found in each pixel.
Habitat fragmentation represents the aggregation level of land cover types that can serve

as habitats for mobile species, and is a policy priority for L.A. County (City of Los Angeles,

2019) and the federal lands within the County. These land cover types were reclassified from

the National Land Cover Database (NLCD) (Homer et al., 2020) into three broad catego-

ries representing general habitat types: forest, shrub/scrub, and wetlands in order to repre-

sent potential connectivity of habitat. Habitat fragmentation metrics are calculated from

two factors—abundance and aggregation. The habitat fragmentation component used a

metric that is free from autocorrelation with abundance (since other metrics of abundance

are included in the Index (i.e., greenness))—the clumpiness index (Wang et al., 2014).

Clumpiness was calculated for each block group using FRAGSTATS version 4

(McGarigal, et al., 2012).
SEAs are designated by the L.A. County Department of Regional Planning and defined

as areas “with irreplaceable biological resources.” The program is designed “to conserve

genetic and physical diversity within L.A. County by designating biological resource areas

that are capable of sustaining themselves into the future” (LACDRP, 2019). These data

were used to represent critical resource areas that the state has determined to be highly

important for conservation.
Tree canopy cover was important to stakeholders and partners during the engagement

process, especially for its ability to mitigate urban heat island effects and provide opportu-

nities for shaded recreation and relaxation. Tree canopy is a Landsat derived product of the

NLCD that uses a Random Forest regression algorithm to estimate percent of each pixel

covered with tree canopy. The analytical version of this layer was created by the United

States Forest Service and used directly (MRLC, 2016).
Wetland cover was similarly important to stakeholders during the engagement process

given its limited extent in the region, its important role in stormwater regulation, and its

habitat value for native species and migratory birds. As we were interested in an overall

indicator of wetlands, this included all types of wetlands, including riverine freshwater

systems. Data came from the National Wetlands Inventory (US Fish and Wildlife Service

(USFWS, 2018)).
To enable easy comparison with social vulnerability data and speak to the scale of human

experience, each component was aggregated at the Census block group level (6423 total).

Each component was normalized on a scale of 0 to 1, with values closer to 1 indicating more

natural resources present. The Index was then created by combining the components, equal-

ly weighted in order to reflect stakeholder preferences. If applied in other geographies, a

retrospective validation and quantitative stakeholder prioritization could be used to weight

components if desired.
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Methods for comparisons

Examples of using the Index alongside measures of social vulnerability and wildfire risk
demonstrate how this index might be utilized. The social vulnerability index (SoVI) was
calculated using a methodology similar to Cutter et al.’s social vulnerability index (2003)
using American Community Survey five-year estimate data (2015). The SoVI approach
includes a principal components analysis on a suite of Census-based variables that are
known to contribute to vulnerability in the event of an environmental hazard to create an
additive Index.

Wildfire footprints were obtained from the Fire and Resource Assessment Program, and
were used directly. The wildfire risk profile utilized the Cal Fire dataset from the California
Department of Forestry and Fire Protection (California Department of Forestry and Fire
Protection, 2020). Fire threat is calculated by combining two attributes of fire: fire frequen-
cy, or the likelihood of a given area burning, and potential fire behavior or hazard. These
two factors are combined to create the Cal Fire data with threat classes ranging from 1 to 4,
or from moderate to extreme.

The relationship between natural resources and social vulnerability was tested at the scale
of the Census block group. Correlation analysis was completed in R version 3.4.2 , and used

the Kendall method after checking the normality, skewness, and modality.
In order to determine areas of overlap between natural resources and social vulnerability

(or lack thereof), clusters were first identified for each dataset using Cluster and Outlier
Analysis in ArcGIS , also known as Anselin Local Moran’s I (a spatially constrained uni-
variate method). The clusters of high and low natural resources and social vulnerability were
determined by a 95% confidence interval. The high social vulnerability cluster and low
natural resources cluster were then intersected due to policy relevance and environmental
justice concerns of low-green, highly socially vulnerable neighborhoods.

Results and discussion

Habitat fragmentation (Figure 1(a)) was calculated for undeveloped land cover types (wet-
land, scrub/shrub cover, and forest) as the clumpiness index, which indicates the degree of
aggregation of each habitat type. Average clumpiness index scores for all types of habitat are
depicted, with a higher score indicating higher aggregation or lower patchiness. Areas with
development are highly patchy (lighter shades of green), while large parklands and mountain
areas are clearly delineated as aggregated habitat. Note the clumpiness index is calculated for
a given geography, in this case Census block groups, which are inconsistent in size.

Wetland cover (Figure 1(b)) is depicted directly from the National Wetlands Inventory.
While one might imagine wetlands as vast estuaries near coastal river deltas, the topography of
L.A. County means the majority of wetlands are upland freshwater riparian areas that occur at
smaller scales. Two exceptions are the delta of the L.A. River, which has been primarily
developed into the port complex, and the Ballona Wetlands on the western coastline.
Stakeholders stressed that because wetlands were relatively rare in the region, they are afforded
special concern. Note that this is a binary variable (1¼ present) and does not account for the
type of wetland nor quantity of ecosystem services provided, as all wetlands were valued by
stakeholders and ecosystem service provision has not been measured across the county.

Greenness (Figure 1(c)), as defined by an NDVI higher than 0.2, shows L.A. County has
more green space than one might expect (higher greenness value¼more vegetation). Heavily
paved areas downtown and around the port appear devoid of green, as does the agricultural
but arid northeast corner of the county. In parts of the city, however, especially along the

Freitag et al. 7



Freitag et al. 311

periphery, the landscape is a mosaic of green patches largely representing yards, parks,
gardens, and other cultivated greenery.

Canopy cover (Figure 1(d)) is utilized directly from source data, and higher values indi-
cate more tree cover. Trees are most prevalent in the upland mountain regions, especially in
protected national forests. There are also pockets of tree-containing neighborhoods
throughout the county and circles of irrigated almond farms in the northeast.

Figure 1. Index components of the Natural Resource Index.
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Biodiversity (Figure 1(e)), as depicted through modelled species richness, shows more
species present in the warmer, wetter environments near the coast and river valleys, and a
moderate number of species present in the urban core, where ornamental gardens and
cultivated biodiversity supplement natural diversity. Northern areas have low expected spe-
cies richness, likely resulting from arid environmental conditions, but also because the total
scientific effort in counting species is lower in this region per the effort attributes of the
underlying GBIF data. (While there are a few highly engaged citizen scientists in this region,
private land access is minimal and species counts are likely suppressed.)

The SEAs (Figure 1(f)) required no additional analysis. Boundaries of the preserved areas
in the Santa Monica Mountains are evident, along with rivers and their neighboring riparian
zones throughout the county. Note that coastal marine areas are also included in these data,
and while not explicitly included in the Index because most data sources did not extend
seaward, they illustrate the vast marine resources offshore L.A. County that contribute to
the economy and well-being of the region. Note that this is a binary variable determined by
a political process for the state as a whole.

When combined, the six components form the Index (Figure 2). The Santa Monica
Mountains highlight a clear refuge of natural resources for the county, as do pockets of
the mountains encapsulated by Angeles National Forest and southeastern areas bordering
Anaheim. Despite perceptions to the contrary, there are also pockets of natural resources
found in the urban core, though this pattern varies by neighborhood. The observed range of
index scores was 0.15–3.61, meaning the maximum score is just over half of the possible
total (6). This indicates that even the densest natural resource regions have room to grow
and/or incorporate additional kinds of nature.

The Index intentionally incorporates a variety of meaningful nature experiences for the
diverse lives of L.A. County residents, as demonstrated by the patches of green even in the
most urban core. The ability of most of the data sources to scale down to satellite resolution
means that, even aggregated at the Census block group level, this Index can explore small-
scale interactions with nature.

This Index is: (1) stakeholder-driven, (2) a snapshot in time, and (3) entirely reliant on
underlying secondary data. Wildfires, drought, and mudslides frequently change the land-
scape and the available natural resources. In these cases especially, natural areas may not
register as green or tree-covered even though they were and will again be covered by plants.
The Index also responds to stated interests of partners in L.A. County at the scoping
workshop and continuing engagement efforts, and while applicable to other urban areas,
care to incorporate local stakeholder input should be taken.

Natural resources index and access to nature

The Index is designed to be compared against other metrics to investigate spatial dynamics
of nature. Contrasted with social vulnerability, a common environmental justice issue
emerges: a lack of green space in disadvantaged communities. In L.A. County, overlaying
the Natural Resources Index with a Social Vulnerability Index confirms this environmental
justice trend is true for county residents (Figure 3). Natural resources in this context are
considered assets to the community, so higher index values are preferable.

In L.A. County, the presence of nature is negatively correlated with social vulnerability
(Kendall tau¼�.244, p< .001), where low nature areas are more likely to have high social
vulnerability. Variability of the social vulnerability index is also greater in the low nature
areas than in the high nature areas, indicating a range of social experiences in those low
nature areas. This finding supports related studies looking at median income level in L.A.
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(Wilson and Belonis, 2004) as it relates to greenness, including the high variability. High
social vulnerability and high variability can both be partially explained by documented
inequalities in park and recreation expenditures in L.A. County, where middle-income
neighborhoods are preferentially given grants, land, and other resources necessary for cre-
ating and maintaining parks (Joassart-Marcelli, 2010).

The cause of the correlation likely runs in both directions. Nature is associated with
increased property values at both the individual property and neighborhood scale (Bark
et al., 2011); therefore, poorer people likely choose houses elsewhere. Conversely, high social
vulnerability may mean fewer resources and time to spend on landscaping and nurturing
green plants, especially in arid environments. Some block groups (401), however, do not
follow the trend and have both high Index values and high social vulnerability scores, many
in the Puente and South San Jose Hills that stretch between East Los Angeles and West
Covina. These are largely due to green public spaces in schools or small city parks, empha-
sizing the importance of public investment in green space.

Figure 2. Composite Natural Resources Index Scores, depicted by Census block group.
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Natural resources index and risks

The Index was primarily created to investigate where natural resources occur in relation to

predicted high-risk natural hazard areas. The spatial intersection shows potential loss or

degradation if a natural hazard occurs. One important comparison is wildfire risk, given

vulnerability of natural resources to fire, potential of natural resources to contribute to fires,

and the significant impact of wildfires in L.A. County; therefore, this is an exemplary

intersection to explore interactions between natural resources and wildfire.
Many Census block groups with a high Index score also have high wildfire risk (depicted

in blue) (Figure 4). Areas with highest wildfire risk coincide with areas of greatest vegetation

(greenness and tree canopy components), resulting in areas of highest natural resources (not

surprisingly because wildfire risk includes fuel availability). Large areas of high natural

resources/high risk cutting across the county from the northwest corner to the middle of

the eastern edge represent forested mountain areas, including protected National Forests.
The natural resources counted in the Index are generally perceived as positive attributes,

yet can serve as wildfire fuel. The Index identifies areas primarily at the urban boundary that

are susceptible to fire (Figure 4) and have burnt in recent wildfires. These are areas where

individual components of the Index do not tell the whole story (such as tree canopy). The

Gabrielino people that once inhabited the L.A. region actively managed the landscape with

prescribed burns in order to maintain coastal grasslands and shrublands suitable for their

communities and agricultural activities (Keeley, 2002). Urban development brought non-

native grasslands which now dominate many natural areas, and these plant communities

Figure 3. Areas of low greenness and high social vulnerability.
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(along with poorly managed forests) have a high tendency to perpetuate wildfire (Keeley,
2002). Recent droughts that stress or kill vegetation also create fuel for more frequent and
hotter wildfires, creating a feedback loop of increasing risk (He et al., 2014).

Conclusions

The Index provides a quantitative measure for an ecosystem service-based interpretation of
nature that works at smaller scales. Areas with high scores should be considered vulnerable
when natural hazards occur and are especially useful in the context of the larger framework
goals; however, the Index is also a bit circular. Natural resources can fall victim to natural
hazards (lost to a wildfire), but can literally also add fuel to the same wildfire. Habitat
fragmentation can make an area more vulnerable to disturbance, while contiguous habitat is
a valuable asset that should be protected from hazards. The Index can be used both ways: to
determine areas that are vulnerable, and to determine risk. The original intent of the Index,
and impact so far through planning groups around L.A., is to highlight areas that should be
prioritized in local adaptation planning efforts, especially those that incorporate ecosystem
service provision amongst their goals.

The Index connects global natural resource indicator development efforts (Chan et al.,
2014) with conversations about the definition of nature in an arid, urban environment
relevant to the local context (Dick et al., 2014). It strives to balance concepts of urban
landscape ecology (Breuste et al., 2008) with anthropocentric ecosystem service benefits
(Grote, et al., 2016; Nowak et al., 2006; Yli-Pelkonen, et al., 2017). This balance suited
the index development purpose well in its application to human populations and the
community-focused framework, and likely will serve other purposes similarly. Because the
Index has small-scale resolution, it can speak to the small-scale nature of human interaction
and easily be aggregated to the Census block or block group level when comparing with
social metrics.

The advantage of examining nature at the Census block group (or smaller) scale is its
focus on human experience and how nature is able to deliver ecosystem services to the
average resident. This can be applied to a policy context when focused on constituent
experience and benefits. For L.A. City, the L.A. Sustainability Plan (City of Los Angeles,
2019), as well as several neighboring district sustainability and climate action plans (Long
Beach Office of Sustainability, 2010; South Bay Cities Council of Governments, 2017),
contain goals to increase accessible nature to every resident.

The scale issue is just one example of the importance of defining nature specifically
adapted to an urban context. “Nature” to L.A. residents—and their relationship with it -
is and should look different than “nature” to someone who lives in a small community
bordering a national park (Brown, 2019). Fundamentally, residents rely upon nature in their
cities for ecosystem services more than for other values. They have access to the people-free
wilderness of national parks and the existence value of high biodiversity in the broader
region, but what matters in a policy context is the nearby nature that can deliver cleaner
air and motivation to take a walk, among other anthropocentric benefits. Future studies
that explore people’s locational and habitual access to nature and associated travel would
add to this analysis.

The Index depends entirely upon available secondary data, and was created specifically
for L.A. County; therefore, it carries some caveats when replicating it elsewhere or in the
future. First, while the aggregated index is depicted for Census block groups, it can be
aggregated differently. The limiting factor is the resolution of the component data (most
of which are 30� 30m raster derived) as well as any data used for comparison. In this case,
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the priority comparison was Census-derived data for calculating social vulnerability, so

Census block groups were a logical choice. However, block groups are fairly large in

more sparsely populated areas of the county, and there are internal dynamics that may

be of interest. Further analyses in these rural areas requires spatial downscaling of Census

data, where appropriate. In addition, future improvements in remote sensing technology will

likely further increase resolution data. Temporal resolution decisions also require consider-

ation (e.g., accounting for recent droughts, seasonal variability). The varied scale of poten-

tial data inputs makes the determination of the most relevant and representative level of

aggregation challenging.
As data resolution increases, there is concern regarding privacy in indicator development.

Alignment with Census data left this study with strong legal guidelines of what constitutes

private data (via Census data suppression rules). The NDVI data used for greenness, how-

ever, are available at the one meter scale from the California geoportal. These data can

identify specific types of landscaping in individual yards (e.g., watered lawns, irrigated crop

patterns), which is how we were able to determine that most of the green space in highly

socially vulnerable areas is located in schools, parks, and other public spaces.
Finally, the biodiversity component relies on the GBIF database and its underlying net-

work of citizen science programs that contribute verified data. Some of the participating

programs, such as eBird, track additional attributes and metadata in their collections that

allow for more complicated modelling of biodiversity. We chose MaxEnt because of the

model’s ability to handle presence-only data, the type of data currently available through

GBIF. However, if more citizen science programs incorporate eBird’s methods and collect

presence/absence or effort data, more accurate models would be possible. Advances in

citizen science practice may therefore improve Index performance in the future.
As a final note and credit to the many people involved in the creation of this index, we

relied on local partners to communicate items of stakeholder importance, regional policy

relevance, and local research needs. L.A. County is data-rich with a highly active scientific

community and clearly defined goals about residents’ access to nature. Our partners were

able to gather and share this information to ensure the final Index was informative to their

needs and resulted in a compelling story. If replicated in other cities or regions, local partner

involvement will similarly be crucial, but could be approached differently, such as through

direct stakeholder engagement, and may yield different Index components based on stake-

holder needs. Ultimately, place-based indices should be heavily reliant upon partner and

stakeholder input and are therefore only as actionable and relevant as their development

process allows. The process described here can be replicated in other places, but the final set

of components will likely be different in order to reflect their priorities in moving toward a

more resilient future.
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