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As urbanization expands city planners and policymakers need to consider how ecological resources can
be strategically developed and managed sustainably to meet the needs of urban populations. The
ecosystem services (ES) approach provides a useful framework for assessing the status quo, setting goals,
identifying benchmarks and prioritizing approaches to improving ecological functioning for urban
sustainability and resilience. However, new tools are required for comprehensively evaluating urban ES
for ecosystem management and to understand how local and regional trends and plans may affect ES
provisioning. We develop an ES assessment methodology that can be used to assess multiple ES of urban
green space and integrate them with social conditions in urban neighborhoods. Our approach considers
social–ecological conditions and their spatial patterns across the urban landscape. Our analysis focuses
on vacant land in New York City. Results suggest that a combined social–ecological approach to ES
assessment yields new tools for monitoring and stacking ES. We find that clusters of vacant lots in areas
with overlapping low ecological value (e.g. low concentration of green space) and high social need for ES
(e.g. high population density) are primarily concentrated in three areas of the city – East Harlem, South
Bronx and Central Brooklyn.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The world is increasingly urban, interconnected and changing
(Seto et al., 2011). Over the last few decades there has been
increasing recognition that human population expansion and
development, especially in cities, is reshaping the ecology of the
entire planet (Alberti et al., 2003; Folke et al., 2003; Rockström
et al., 2009a, 2009b). Urban regions create significant dispropor-
tionate direct and indirect environmental impacts at the local,
regional and global scale that affect local and global sustainability
(Grimm et al., 2008, 2000; Seto et al., 2012). Given global
urbanization trends compounded by the effects of climate change
and other global environmental pressures (IPCC, 2011; Rockström
et al., 2009a, 2009b), a critical dynamic that must be understood
for increasing urban sustainability and resilience is the social–
ecological relationships between humans and the urban ecosys-
tems in which the majority of people live (Folke, 2006; Pickett and
Grove, 2009).

Local and regional urban ecosystems provide important func-
tions that benefit urban residents including habitat for biodiversity,
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primary productivity, stormwater retention, air pollution removal
and heat mitigation (Bolund and Hunhammar, 1999). The ecosys-
tem services (ES) approach provides a useful framework for
assessing the status quo, setting goals, and identifying benchmarks
that facilitate long-term monitoring and prioritizing approaches to
enhance ecological functions in ways that serve urban commu-
nities (Daily et al., 2009; Niemelä et al., 2010; Sukhdev et al., 2010).
In particular, spatially-explicit tools are needed for decision-
makers to consider how social–ecological characteristics constrain
site suitability for restoring or improving the production of crucial
ES (Chan et al., 2006; De Groot et al., 2010a, 2010b; Seto et al.,
2012). Here, we develop an ES assessment methodology, which
considers social–ecological conditions and relationships between
multiple ES, as well as spatial patterns of these conditions and
relationships across the urban landscape. We present a social–
ecological analysis that focuses on New York City (NYC) vacant
lots, understudied areas of the city, which by virtue of being
underdeveloped, hold potential as spaces for transformation to
improve ES and meet social need for ES (Kremer et al., in press).
Goals of this study were to: (1) develop a conceptual framework
for mapping the spatial patterns of multiple ES of vacant land and
social need for ES in NYC; (2) offer an empirical example of how
this framework can be applied in the urban context using simple
indicators and available data; (3) exemplify a spatially explicit ES
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stacking methodology for evaluating the combined ES of a given
lot or patch; (4) investigate how landcover and other environ-
mental characteristics relate to the quantity and quality of differ-
ent ES provisioning across the urban landscape at the city scale;
and (5) identify patterns and clusters of vacant lots exhibiting
similar social–ecological characteristics (i.e. areas of high social
need and low ecological values).
2. Urban social–ecological systems

Urban areas are made up of complex combinations of heteroge-
neous social–ecological patches (Cadenasso et al., 2007). In coupled
social–ecological systems such as urban areas, mutual dependence
exists between social communities and ecological processes with
interactions and feedbacks affecting each other over time (Folke,
2006; Holling, 2001; Peterson, 2000). The Human Ecosystem
Framework (Machlis et al., 1997; Pickett et al., 2001) provides a
useful theoretical context to integrate natural and institutional
resources, social structure, ecological processes, and spatial pat-
terns across the urban landscape. The spatial heterogeneity of
urban systems has been well noted (Jacobs, 1961; Pickett et al.,
2007); however, interactions among various drivers of heteroge-
neity in urban systems are not well understood (Pickett et al.,
2008). Despite the analytical challenges to working in heteroge-
neous urban systems, relationships between social and vegetation
characteristics in urban areas have been identified. For instance,
lifestyle behavior, housing age, family size, marriage rates and
other demographic characteristics of neighborhood residents have
been linked to vegetation cover and biodiversity in urban areas
(Grove et al., 2006). Additionally, the ways in which social and
ecological systems are linked have been examined in a number of
communities that depend on natural resources for economic
productivity (Agrawal, 2001; Haase et al., 2012, Larondelle and
Hasse, 2012; Olsson et al., 2004).

Connections, relationships, and feedbacks among social and
ecological components of urban systems are critical to assess, and
can theoretically be teased apart to explain observed social–
ecological system dynamics (Pickett et al., 2004). A significant
feature of the Human Ecosystem Framework is that it points to
the interactions among social and ecological components of urban
systems and suggests the need to assess social–ecological interac-
tions in a spatially explicit way (Gottdiener and Hutchison, 2000).
Our inability to tightly control and independently manipulate
variables in real-world coupled social–ecological systems limits
understanding of relationships in these systems (Walker et al.,
2006). However, by combining the insights gained through theory
development with those derived from analysis of case studies, we
can improve our understanding of how social–ecological systems
function, and extract generalities about the fundamental processes
that structure the interactions of human societies embedded in
ecological systems (Walker et al., 2006). We utilize a case study in
NYC to investigate the spatially explicit relationship between social
need for ES and the ecological value of vacant lots as determined by
the current production of ES, in order to provide a real-world
application of the conceptual framework we develop for mapping
social–ecological conditions of urban spaces in the context of ES.
While our study does not hypothesize which specific dynamics link
social communities to ecological processes in NYC neighborhoods, it
does identify patterns in the configuration of ES and socio-
economic indicators of need for ES across the NYC urban landscape.

2.1. Urban ecosystem services

The concept of ES involves the concurrent analysis of the
biophysical and ecological foundation of ecosystems and the ways
human beings use, benefit from, and value these ecosystems
(De Groot et al., 2010a, 2010b). Thus, addressing ES inherently
requires a social–ecological perspective (Folke, 2006) and multi-
disciplinary tools for analysis (Seto et al., 2012). Since the
Millennium Ecosystem Assessment (MA, 2005), ES have been
widely conceptualized as connecting natural resources, human
society and the economy (TEEB, 2011). For example, urban forests
and other green spaces in cities provide a wide variety of
important ES (Akbari, 2002; Grove et al., 2005; McPhearson
et al., 2010; McPhearson, 2011; Nowak et al., 2002; Troy et al.,
2007). In the MA framework, stocks of natural resources and a host
of regulating cycles and support mechanisms underlie the social
and economic capacity to support human development and well-
being (Müller et al. 2011) As the human population expands,
consumption of natural resources moves closer to planetary
boundaries of regeneration rates (Rockström et al., 2009a,
2009b) and the ability of the natural environment to support
human development and well-being is eroded. In a world operat-
ing near or beyond these boundaries, there is growing need for the
assessment, evaluation, and monitoring of the capacity of the
natural environment to provide services and support human well-
being (MA, 2005).

Ecosystem services can be quantified either as the biophysical
units of the service provided or the societal value of the service
(most often monetary value) (Müller et al. 2011); the choice of
assessment method is often informed by the research goals as well
as data availability and this study is focused on both social
indicators of social need for ES and biophysical indicators of ES
production. Equitable distribution of resources and social-cultural
need for ES are rarely evaluated. Few studies suggest a connection
between socio-economic status and the availability of urban green
spaces and the ecosystem services they provide (for a short review
see Pham et al., 2012). Developing methods that are able to
account for these multiple perspectives is one of the pervasive
challenges in making social–ecological approaches to urban sus-
tainability and resilience operational.

2.2. Stacking ecosystem services

Concurrent assessment of multiple ES, often referred to as
“stacking” has been a contentious approach in the development of
ecosystem valuation methods (Cooley and Olander, 2012). None-
theless, the importance of considering multiple ES for the purpose
of decision making in the context of green infrastructure planning
and resource conservation management has been increasingly
acknowledged (Buckland et al., 2005; Müller et al. 2011; Hepcan
and Ozkan 2011; Koniak et al., 2010; Tallis and Polasky, 2009;
Weber et al., 2006). Research has only recently begun to provide
tools and methods for ES stacking. Buckland et al. (2005) offered a
composite indicator analysis for monitoring change in biodiversity
and more recently Naidoo et al. (2008) stacked four ES based on
their biophysical units and spatial distribution, then correlated
average ES provisions with a measure of biodiversity. They suggest
that this methodology is effective in identifying areas of enhanced
opportunity or need for ES. It is also important to understand
tradeoffs and synergies between different ES. For example, it has
been demonstrated that optimizing for one service does not
necessarily result in improvement in the other (Haase et al.,
2012; Nelson et al., 2008).

In NYC, the effects of climate change including sea level rise,
changing heat and precipitation patterns, and storm frequency and
intensity are predicted to place increased pressure on local urban
ecosystems to provide critical urban ES (New York City Panel on
Climate Change, 2009). Only by simultaneously assessing multiple
services provided by urban ecosystems, how they change over
time, and the factors that strengthen or limit their performance,



Table 1
NYC vacant lots sample and population data.

Borough No. of lots (Total
population)

Sample (5%) of lots
stratified by borough

Sample stratified by
borough and lot area

Brooklyn 7902 395 397
Bronx 4167 208 210
Manhattan 1282 64 67
Queens 8552 428 430
Staten

Island
7879 394 398

Total 29,782 1489 1502
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will local and regional stakeholders involved in planning and
policymaking processes be able to effectively harness ES to achieve
short-term public policy objectives (e.g. stormwater management)
while enhancing the long-term resilience and adaptive capacity of
urban communities.

2.3. NYC vacant lots as a social–ecological system

Our study involves linking social and ecological heterogeneity
in a spatially explicit conceptual framework to investigate a broad
set of social–ecological indicators of ES in NYC. We examined
vacant lots, some of the most heterogeneous urban spaces (Tidball
and Krasny, 2010) in NYC, in order to examine patterns of social
and ecological components of NYC across space. Vacant lots are
underdeveloped and underused lands in cities (Pennsylvania
Horticulture Society, 1995; Tidball and Krasny, 2010) that may
present an opportunity to concurrently enhance ecological and
social conditions in associated neighborhoods. New York City has
29,782 land parcels identified as vacant in the city's MapPluto tax
lot database (NYC Department of City Planning, 2011), including
both publically and privately owned vacant land. Although vacant
lots are often discussed as an adverse influence on neighborhoods
(Kremer et al., in press), we suggest that vacant lots can be viewed
as important sources of ecosystem services depending on their
social uses and ecological functioning. Given that vacant lots in
NYC tend to be dominated by vegetated landcover, these sites can
be considered a valuable source of regulating ES, including carbon
sequestration and storage, air pollution removal, localized cooling
effects and stormwater management. Here, we combine an assess-
ment of ES production in NYC vacant lots with a spatial analysis of
indicators of social need for ES to highlight potential areas for
design or management interventions that can improve ES produc-
tion in areas where they are needed most.
3. Methods

3.1. A social–ecological approach to ES assessment

The social–ecological approach to assessing indicators for
urban ES presented in this study involved a multi-step methodol-
ogy, including collecting data from existing sources regarding
green infrastructure and socio-economic indicators in the city,
taking a stratified random sample of 1502 vacant lots across the
five boroughs of NYC, and analyzing landcover and land use in
these lots. We also calculated indicators of the ecological value of
sampled vacant lots using a multiple criteria approach and
analyzed socioeconomic indicators of social need for ES in the
neighborhoods surrounding them. We then stacked multiple social
and ecological indicators by scaling and weighting, integrated
them through the social–ecological matrix framework we devel-
oped, and finally mapped them.

Vacant lots in NYC were identified through a spatially refer-
enced city tax lot database (NYC Department of City Planning,
2011). A stratified 5% random sample of lots from each borough
was selected (using SASs 9.2) based on borough and lot area. Lots
were then grouped into size categories using the Jenks optimiza-
tion method (Longley et al., 2011). The Jenks method groups lots
into area by maximizing between-group differences while mini-
mizing within-group differences, allowing for the identification of
natural groupings. We then compared the median and mean lot
area for each group of the sample with median and mean lot area
for each group of the population. Finding that large lots were
under-represented, we added 26 large lots to the sample in order
to adequately represent lot area. Table 1 shows the number of
vacant lots in the population, the sample stratified by borough
only, the sample stratified by borough and lot area, and the
percentage of lots sampled in each borough.

3.2. Data collection

To estimate the potential social–ecological conditions of vacant
land we analyzed the landcover and land uses of a sample of 1502
vacant lots (5% of the total) in all five boroughs of NYC (Manhattan,
Bronx, Queens, Brooklyn, and Staten Island). Vacant lot landcover
and land use data were collected by visually inspecting the
sampled vacant lots in Google Earth. A GIS vector file was overlaid
on Google Earth's digital globe and the following information
extracted: building typology, percent cover of building, pavement,
bare soil, coarse vegetation, fine vegetation and water. In addition,
using the high resolution zoom-in and Street View functions in
Google Earth, actual use was determined for each sampled lot.

We modified the High Ecological Resolution Classification for
Urban Landscape and Environmental Systems (HERCULES) devel-
oped by Cadenasso et al. (2007) to address the fine-scale, hetero-
geneous spatial characteristics of NYC landscapes in a way that
better characterized their representation in NYC lots. A detailed
description of the survey procedure is provided elsewhere
(Kremer et al., in press) and summarized here. For each landcover
class, we defined one of the following semi-quantitative percent
cover classes: (0) absent; (1) present–10.99%; (2) 11–35.99%;
(3) 36–55.99%; (4) 56–75.99%, (5)476%. In evaluating ES based
on landcover classes, we took a conservative approach by estimat-
ing area on a range between (a) the lowest value of each percent
cover class and (b) the midpoint within the class. These minimum
and midpoint landcover percentages were then multiplied by total
lot area to obtain area in each landcover class, except for lots
having only one landcover class. In these cases, 100% of the lot area
was assigned to a single landcover class. This approach likely
underestimates landcover areas, and therefore potentially under-
values ES in the vacant lots.

Building typology was determined based on the following
classes: (0) No building; (1) Single structures; (2) Multiple occu-
pancy structures under 4 stories; (3) High-rises between 4–10
stories; (4) Towers greater than 10 stories; (5) Industrial building;
(6) Accessory structures (pools, gazebos, decks, sheds, garages).
Additionally, an ‘actual use’ category was developed to describe
how the surveyed vacant lots are being used in practice. Actual use
was determined by visually assessing vacant lots in Google Earth
and Google Street View (for detailed discussion of survey methe-
dology and actual use of vacant lots see Kremer et al., in press).

3.3. Assessment of urban ecosystem services

We assessed 12 urban ecosystem services based on the benefits
they potentially provide to local and/or regional urban residents.
Based on a literature review, we assessed urban ES including
regulating services such as local temperature regulation, carbon
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storage, carbon sequestration, air pollution removal, and runoff
mitigation; provisioning services including food production in
community gardens; supporting services including habitat for
biodiversity; and, cultural services including recreation.

We used a combination of the data collected in our sample,
ancillary spatial datasets (such as soil type) and data recorded in
the literature to calculate the total amount of service provided, per
vacant lot, for each ecosystem service, based on the appropriate
biophysical unit. Where calculating the total amount of a specific
service was not possible (e.g. runoff mitigation) an index was used
to signify the quality or level of service provided. Place-specific
literature was used to the maximal extent possible. Namely, NYC
data was preferred over US urban data, which was preferred over
international urban data, and urban data was used exclusively over
non-urban data. We recognize that the ES urban residents may
derive from vacant lots in NYC may accrue at the neighborhood
scale (e.g. recreation, urban cooling, food production), while others
accrue at citywide scales (e.g. carbon sequestration and storage),
and still others may accrue at both scales (e.g. stormwater runoff
mitigation). To be as comprehensive as possible in assessing
multiple ES, we treated the production of all services, regardless
of the scale of where the benefit may be accrued, as services in our
analysis. Interpretation of the results of this approach may be
limited due to the different scales at which urban residents may
benefit from different ES. However, our analysis focuses on the
production of ES and not measured benefits, and all calculated ES
are produced at the local scale within vacant lots. Table 2 sum-
marizes ES, indicators, and data and literature sources used in the
analysis. Very little information about how people use vacant lots is
publicly-available. Therefore, measures of cultural services provided
by vacant lots are limited, although we recognize that depending
on their actual use, social, cultural and health benefits are most
likely occurring in and around many vacant lots. Below are
detailed descriptions of the methods used in our assessment of ES.
Table 2
Ecosystem services indicators, data and literature source.

Ecosystem service Indicator

Provisioning services
Food production Community garden (yes/no)

Regulating services
Carbon Seq. Coarse veg area� avg. sequestration rate (kg/m2)
Carbon storage Coarse veg area� avg. storage rate (kgC/m2)

Fine veg area� avg. storage rate (kgC/m2)
Soil area� carbon density/m2 (kgC/m2)

Air pollution
removal

SO2 Coarse veg area�pollution removal rate (g/yr)
NO2 Fine veg area�pollution removal rate (g/yr)
PM10

O3

CO
Local temp
regulation

Cooling by vegetation (degrees Celsius)

Runoff mitigation Runoff coefficient (% precipitation absorbed)

Support services
Provision of Habitat
for biodiversity

Ecological priority areas, %green, brown and blue
Situated within high priority area – community occurrences,
bird conservation, TNC priority ecoregions
Connectivity: proximity to green areas
Shape: compactness
Size: size of total green space

Cultural services
Recreation Public access: owned publicly (yes/no)

Actual use: used by the public for recreation
3.3.1. Carbon sequestration
The carbon sequestration metric was evaluated on an annual

basis for coarse vegetation in vacant lots, using a NYC-based
estimate for trees (Nowak et al., 2002). The estimated net
sequestration rate of 0.12 kgC/year/m2 for trees in NYC is based
on approximate tree conditions, sizes and estimated tree mortal-
ity. Nowak and Crane (2002) estimate that net sequestration of
trees in most United States cities is 75% of gross sequestration.
However, NYC has a relatively high proportion of dead trees and
relatively large tree diameters, yielding a lower net estimate of
only 54% of gross carbon sequestration on a per area basis. The
carbon sequestration rate per square meter was multiplied by the
area of coarse vegetation in the sampled vacant lots. Since we
could not identify comparable estimates for grass and herbaceous
vegetation in the urban literature, our evaluation of carbon
sequestration excluded these landcover types.
3.3.2. Carbon storage
Carbon storage was estimated for coarse vegetation, fine

vegetation and soil carbon in vacant lots. Carbon storage for coarse
vegetation was evaluated based on Nowak and Crane's (2002)
estimate that trees in NYC store 7.3 kgC/m2. This is lower than the
median carbon storage for trees in urban areas, which they
estimate to be 9.25 kgC/m2. The metric used to estimate carbon
storage of fine vegetation was derived from a Chicago-based study
that measured the carbon uptake of grass in two city blocks to be
0.18 kgC/m2 (Jo and McPherson, 1995). Given that the fine vegeta-
tion category includes shrubs and other types of vegetation, which
typically have higher carbon storage values than grass, this
calculation likely underestimates carbon storage of fine vegetation
in the assessed NYC vacant lots. Moreover, Kulshreshtha et al. (2000)
estimate that a Canada prairie ecosystem stores 0.19 kgC/m2, provid-
ing support that 0.18 kgC/m2 is a reasonable estimate for the carbon
Data Literature sources

Sample data –

Sample data Nowak and Crane (2002: 385) and Akbari (2002)
Sample data Nowak and Crane (2002), Jo and McPherson (1995),

and Pouyat et al. (2002)

Sample data Nowak and Crane (2002) and Yang et al. (2008)

Sample data Huang et al. (1987)

Sample data, NYC soil
survey

USDA (1986), NYC Soil Survey Staff (2005), Tratalos
et al. (2007), and Whitford et al. (2001)

Sample data, NYSDEC,
(2009) and TNC (n.d.)

Turner (1989), Whitford et al. (2001)

NYC green layers NYS GIS Clearinghouse; NYC Open Map
Sample data –

Sample data, NYC
MapPluto

NYC Department of City Planning (2011)

NYC MapPLUTO NYC Department of City Planning (2011)
Sample data –
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storage of grass. The metric for soil carbon is based on Pouyat et al.
(2002) estimate of C density of urban soils of 8.2 kgC/m2. To
calculate soil area, we summed the total area of coarse vegetation,
fine vegetation and bare soil. However, since we were unable to
determine whether landcover under tree canopy is pervious or
impervious, we conservatively excluded coarse vegetation in lots
that had mostly impervious surfaces (paved landcover and build-
ings) from the soil carbon estimate.

3.3.3. Air pollution removal
Air pollutant removal by coarse and fine vegetation were

estimated using metrics from an urban forest survey of trees in
Brooklyn, New York, which took place in 1994 during nonprecipi-
tation periods (Nowak et al., 2002), and a survey of pollution
removal rates of vegetation on green roofs in Chicago over a one-
month period (Yang et al., 2008). Both the Brooklyn and Chicago-
based studies surveyed removal of SO2, NO2, PM10, and O3, while
the Brooklyn-based study surveyed CO in addition. No comparable
metrics for CO removal by fine vegetation were found in the
literature. Although Yang et al. provide an estimate for the removal
of O3 by fine vegetation, this metric was not used in our assess-
ment. Yang et al. estimate O3 removal by fine vegetation at a
higher rate than O3 removal by trees in Brooklyn (Nowak et al.,
2002). Since trees provide greater pollution removal for all other
pollutant types, it seems unlikely that fine vegetation removes
more O3 than trees. Since we did not include CO and O3 removal by
fine vegetation in the assessment, estimates for removal of these
pollutants by vacant lots is likely conservatively undervalued in
our study. See Appendix B.1 for metrics used to estimate air
pollution removal rates of coarse and fine vegetation in NYC
vacant lots.

3.3.4. Local temperature regulation
Trees reduce local air temperature by shading and by evapo-

transpiration, as they release water into the atmosphere. Cooling
effects of trees can be estimated based on the ratio of latent
enthalpy hours (LEH) to cooling degree days (CDD) in a city
(McPherson and Simpson, 1999). This ratio accounts for the
place-specific climate characteristics that are related to the
amount of vegetation required to affect temperature. NYC's LEH/
CDD ratio is 1.5, which is associated with a 0.05 1C decrease in
temperature per percentage increase in tree cover. Given NYC's
climate, we can estimate that for every additional percent of tree
canopy, local temperature is reduced by 0.05 1C. To estimate the
temperature reduction within each lot provided by tree canopy,
the percent of the total lot covered by tree canopy (coarse
vegetation) was multiplied by 0.05 1C.

3.3.5. Runoff mitigation
To calculate the potential to mitigate runoff by infiltrating

stormwater, we used an example of a large storm event (5 in. rain
event over 24 h) that would create a significant runoff event likely
to overwhelm the city's sewer system. A larger or smaller rain
event would respectively increase or decrease runoff mitigation.
Runoff mitigation was calculated as the percent of rain absorbed
in a vacant lot during a 24 h, 5 in. rain event. The USDA Soil
Conservation Service (SCS) runoff curve number (CN) is assigned
to each lot based on combinations of hydrological soil group and
landcover according to the methodology developed in USDA TR-55
(USDA, 1986) that is widely used to predict runoff from rainfall.
Hydrologic Soil Groups were derived from the NYC soil survey
(New York City Soil Survey Staff, 2005) through an overlay analysis
in ESRI ArcGIS 10. To utilize the sampled data for this purpose,
vacant lots were classified into three major usage categories (open
space, impervious area, and residential area) based on the “actual
use” observations and then reclassified according to the USDA
TR-55 (1986) landcover categories. USDA TR-55 Landcover cate-
gories for urban areas include residential, paved, bare soil and open
space cover. The open space category is further divided to poor
(grass covero50%), fair (50%ograss covero75%) and good condi-
tion (grass cover475%). Next, we assigned SCS CN to the different
combinations of landcover/hydrologic soil group as shown in
Table B.2 in Appendix B. Runoff and potential retention were
calculated based on the methodology outlined by USDA (1986:
Chapter 2) for potential maximum retention during a 5 in. rain
event. Similar to Whitford et al. (2001), we use an index of ‘runoff
retention coefficient’ that represents the proportion of precipitation
that will be retained during the rain event. Total precipitation
retention for each lot was calculated by multiplying the coefficient
by lot area and rain event.

3.3.6. Food production
Food production was evaluated based on the identification of a

lot as a community garden. Because the overwhelming majority of
community gardens in the city use their space to produce food
(Gittleman et al., 2010), where a vacant lot was identified as a
community garden, we assumed food is being produced.

3.3.7. Provision of habitat for biodiversity
Four indicators including habitat availability, connectivity,

sensitivity, and shape, were used to evaluate the quality of habitat
provisioning for biodiversity of each of the sampled lots. Habitat
availability is calculated as the percent of the total coarse and fine
vegetation within a given vacant lot. Connectivity was calculated
as the distance to other green areas in the city using the “Near”
tool in ESRI ArcGIS 10 with a search buffer of 500 m. Distance
between green areas is assumed to be important since species
dispersal is challenging for many species living in discontinuous
urban green spaces, placing a biodiversity premium on connected
urban green spaces. A green layer that includes all major known
green and open spaces in NYC was created by merging available
GIS green infrastructure layers including federal and state recrea-
tion and non-recreation open space, NYS Department of Conserva-
tion land, and NYC parks and other open space. GIS layers were
obtained from the NYS GIS Clearinghouse (http://gis.ny.gov/) and
the NYC OpenData (https://nycopendata.socrata.com/) websites.
Ecological Priority Area is defined as a binary indicator suggesting
whether a vacant lot is located within a designated “ecological
priority area” or not as defined by New York State Department of
Environmental Conservation (2009) and The Nature Conservancy
(n.d.). Shape is defined as a measure of the relative compactness of
each lot. Compactness was determined using ArcGIS tool Shape
Metrics Tool (Parent, 2011), which provides a way to measure a
polygon's likeness to a circle (Angel et al., 2010). We assumed that
biodiversity is higher in green spaces that contain both edge and
interior habitat, since different species inhabit edge versus interior
urban habitat (Dowd, 1992; McKinney, 2002). A circle was used as
the ideal shape because it minimizes habitat edge to interior ratios
(Smith and Smith, 2006), therefore providing an indicator of
biodiversity quality that is biased towards including both edge
and non-edge species. Compactness values calculated by the
Shape Metrics Tool are given on a 0–1 scale, where 1 is the most
circle-like.

The total area of green, brown and blue landcover in each lot
was aggregated and grouped into 10 bins. Because our sample
included a small number of very large lots with wide dispersion,
we grouped lots in the highest five percent of green, brown and
blue landcover area into one category. The choice of the top 5% for
the group of largest lots was based on a sensitivity test that
indicated this was the lowest percentage that produced a close

http://gis.ny.gov/
https://nycopendata.socrata.com/


Table 3
Lot green, brown and blue landcover area distribution.

Category Number of lots Percent of total

1 324 22
2 175 12
3 167 11
4 255 17
5 165 11
6 164 11
7 82 5
8 61 4
9 29 2

10 80 5
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approximation to a normal distribution. The remaining data were
classified into nine categories using Jenks optimization algorithm.
Table 3 shows the percent of the distribution of total green, blue
and brown land area for our vacant lot sample data.

3.4. Assessment of social indicators

We selected socioeconomic indicators that we assumed reflect
social need for ES (Pham et al., 2012) in the vicinity of vacant lots.
Since vacant lots themselves provide limited insight into the
socioeconomic characteristics of the neighborhood, social indica-
tors are assessed based on a neighborhood analysis. The definition
of a neighborhood for the purpose of ES analysis is little studied,
but insight can be drawn from the more expansive literature on
walking behaviors and proximity to green space. Suggested dis-
tances for a neighborhood analysis range from 300 to 1000 m
(Colabianchi et al., 2007; Hörnsten and Fredman, 2000). In this
study, we chose a buffer of 500 m as representative of the
immediate neighborhood.

Four indicators were chosen to exemplify social need and
calculated from publically available Census and City data in the
neighborhood of the sampled vacant lots – median household
income, median real estate values, population density, and density
of green and open space. Median household income and real
estate values are commonly used indicators in studies of the
relationship between socioeconomic status and various environ-
mental issues (e.g. locations of contaminated sites or correlation
with green spaces) (Grove et al., 2006; Mennis, 2002; Talen, 2010;
Troy et al., 2007). Moreover, recent environmental justice litera-
ture suggests that green space availability and the ES provided by
urban areas are positively correlated, implying that low income are
underserved by urban green spaces (Pham et al., 2012). Population
density is a measure of the quantity of the population that
potentially benefits from ES (Pham et al., 2012; Talen, 2010), and
green space density is used to indicate the current level of
availability and access of these services.

The Model Builder tool in ArcGIS 10 was used to perform an
iterative analysis in which a buffer was drawn around each lot and
the social need indicators were evaluated within the buffer. We
structured the indicators in our combined social–ecological assess-
ment to evaluate social need for ES. Thus, low household income,
low real estate value, and low green space density correspond to
high social need while low population density correspond to low
social need.

3.5. Social–ecological matrix

To combine the social need for urban ES with the ecological
value (as assessed by ES provisioning) of sampled vacant lots
across the city, all indicators were rescaled from their organic unit
into a standard scale of 1–10, where 10 is the highest occurring
value of an ES and 1 is the lowest, and all other values normalized
to a 1–10 scale. All ES indicators were then grouped and weighted
equally. Each ecosystem service group was weighted as one, and if
more than one indicator was used to evaluate an ecosystem
service, weight was distributed equally between the different
indicators. For example the ES air pollution removal was calculated
by equally weighting the level of pollution removal of each
pollutant. To calculate the provision of habitat for biodiversity all
four indicators (ecological priority areas, connectivity, shape and
size) where weighted equally. Defining the weights for each
assigned indicator is a crucial task in creating an integrated
assessment mechanism for ES. To-date there is little agreement
on methods and tools for determining weights, but there is a
growing recognition that such methods are essential (Felix et al.,
2011; Müller et al. 2011) and will benefit from progress in
valuation research. Some ways the issue of weighting ES has been
resolved in the past include expert and public stakeholder engage-
ment (Bryan et al., 2011; Calvet-Mir et al., 2012) or weighting
systems based on existing literature (Hepcan and Ozkan 2011). For
the purpose of demonstrating a social–ecological approach to ES
stacking in NYC, we weighted all indicators equally. After social
need and ecological values were weighted and summed, the
resulting number was assigned a High or Low, based on whether
it was above or below the data median, in order to provide a tool
for examining the social–ecological interactions within a particular
spatial location. The choice to designate high and low categories
data median was made for simplicity, but different thresholds
could be applied according to different standards, such as com-
munity objectives or natural breaks in the data. By splitting
ecological value and social need for ES into binary High or Low
designations, we were able to apply a social–ecological matrix
approach, developed coincidentally with overlapping research in
Stockholm (Ranara et al., 2011), for identifying the social–ecologi-
cal condition of space in the context of ES. For simplicity we
limited ourselves to binary classes High and Low, though analyzing
a larger number of classes is possible. Social need and ecological
values were then classified into four combined groups (High–High,
Low–Low, High–Low, Low–High) in a social–ecological matrix as
shown in Fig. 5.
4. Results and discussion

4.1. Vacant lots typology

Results of our assessment revealed that the dominant landcover
type in sampled vacant lots was fine vegetation (54%), followed by
coarse vegetation (29%), then paved surface (6%) and building cover
(3%), with water accounting for only 1% of total area of the sampled
vacant lots. The lots in the top five percent of area (i.e. large lots) in
green, blue and brown landcover accounted for 77% of total land
area in the sample, as well as more than fifty percent of each
landcover category. Vacant lot land area was distributed hetero-
geneously across the five boroughs, with 63% of the vacant lot land
in our sample concentrated in Staten Island, 23% in Queens and less
than 10% in each of the other three boroughs, Manhattan, Brooklyn,
and Bronx. Landcover types were also distributed heterogeneously
across the five boroughs. For example, most building cover was
concentrated in Brooklyn vacant lots, while most bare soil was
concentrated in Manhattan vacant lots. Notably, there was high
variance in the area of fine and coarse vegetation of sampled vacant
lots, but only in Staten Island and Queens. Fig. 1 shows comparative
land area in each landcover type across boroughs. Fig 2. presents
examples of surveyed vacant lots.



Fig. 1. Distribution of landcover in vacant lots in the five boroughs of NYC (N¼1502). Area is represented as percentage of the total area within each borough and labels show
the total area in square meters.

Fig. 2. Google Earth Images of surveyed vacant lots. The lots exemplify the four classes of the social-ecological matrix.
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4.2. Ecosystem services of vacant lots

Based on the assumptions and methods outlined above, we
estimated total carbon and air pollution removal for the sample
population of vacant lots, as well as means and medians on a per
lot basis. We also estimated cooling effects and stormwater
management at the lot level (Appendix A: Table A.1).

Our results indicate that surveyed vacant lots stored between
3.01E+07 and 3.78E+07 kgC. Scaled up to the entire city we
estimated that vacant lots stored a total of between 5.97E+08
and 7.48E+08 kgC. Similarly, sampled vacant lots sequestered
between 9.95E+04 and 1.37E+05 kgC/yr, and the total population
of lots was estimated to sequester between 1.97E+06 and 2.72E
+06 kgC/yr. For air pollution we found that tree cover in vacant
lots absorbed a total of between 3.21E+08 and 4.01E+08 kg of air
pollution (including CO, O3, PM10, SO2, and NO2). We also found
that vacant lots in NYC were cooled between 1.3 and 1.61 1C by
coarse vegetation on a per lot basis. We hypothesize that for local
climate regulation (and potentially other ES), cooling by both
shading and evapotranspiration from trees in vacant lots has a
spatial decay function from the tree to the nearby surrounding
area. However, research is unclear on the shape or rate of the
decay function and how it may influence local need for cooling.
Our estimate is conservative in that it does not account for
additional cooling effects of trees on surrounding lots and there-
fore captures only a highly localized cooling effect.

Since prioritizing green infrastructure (the dominant landcover
type in sampled vacant lots) for stormwater absorption is a major
priority in NYC (New York City, 2010), we calculated stormwater runoff
infiltration rates and found that 37% of the rain in a 24 h, 5 in. rain
event could be retained by the sampled vacant lots as they currently
exist. This translates to total stormwater retention for sampled vacant
lots of 38 m3 of rain in such a rain event (Appendix A: Table A.1) and
demonstrates the ecological value of vacant lots at both the local and



Fig. 3. Spatially explicit mapping of indicators of ecological value in a sample of vacant lots in NYC.

T. McPhearson et al. / Ecosystem Services 5 (2013) e11–e26e18
regional scale, as every m3 of rain water absorbed is a m3 prevented
from contributing to stormwater runoff.

In our surveyed lots, 59–74% of the surface was covered with
trees, vegetation or bare soil, providing a diverse habitat matrix for
biodiversity. Additionally, many of the sampled lots (197) are
located within areas defined as sensitive ecosystems by The
Nature Conservancy. We were also interested in the location of
ecologically valuable vacant lots in the overall matrix of ecosystem
patches in the city. Median distance to other green spaces,
indicating support of connectivity between patches, was 454 m.
We also evaluated food provisioning of vacant lots since some lots
were active community gardens, as well as public access and
ownership type as indicators of the potential for vacant lots to
provide cultural services (Appendix A: Table A.3).
Indicators of social need for ES in the neighborhoods around
sampled vacant lots suggest that lots are mostly located in areas of
high population density (median of 12,033 people\sq km) with
below average city median household income. High population
density is assumed to have greater need for ES as a simple function
of increased density (Talen, 2010). Median household income has
been shown to indicate need for ES (Pham et al., 2012). Average
annual median household income in the neighborhood around the
surveyed vacant lots is $42,581, while the city's average is $50,285 US
Census (n.d.). Green density, indicating the relative availability of
green space in these neighborhoods, was also relatively low with a
median value of 5%, suggesting high social need for green space and
associated ES. Detailed results and summary of statistical descriptors
of ecological and social indicators are presented in Appendix A.



Fig. 4. Spatially explicit mapping of indicators of social need for ecological services within a radius of 500 m around sampled vacant lots.
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4.3. Mapping social–ecological systems

Since ecological value and social need are calculated and
attributed to a specific lot, we were able to map the quality of ES
and level of social need for ES spatially across the city. This
spatially explicit method afforded the opportunity to compare
and identify important areas for conservation and priority areas
for urban planning and social–ecological transformation based on
the site-specific conditions of low ecological value and/or high
social need. The spatially explicit results of the ecological assess-
ment for a subset of ES indicators analyzed including runoff
mitigation, carbon storage, habitat provisioning, and air pollution
removal are shown in Fig. 3. Results are mapped as scaled
indicators of ES on a scale between 1 and 10. The ES maps
exemplify an important observation regarding ES in the context
of planning and urban governance, namely, that there are tradeoffs
and synergies among various ES. Decomposing the stacked indices
(see Fig. 7) can facilitate decision-making about which services to
maximize in a particular planning scenario or among competing
neighborhood goals for a particular space. In Fig. 3 we show that
areas most significant for habitat or carbon storage are not
necessarily those best suited to maximizing runoff mitigation.
This particular result is mainly due to the fact that soil type is a
major factor in the ability to absorb rain, while carbon storage is
driven by vegetated landcover, and habitat is driven by both
landcover and proximity to other habitats. In a similar manner,
when mapping indicators of social need (Fig. 4), it is clear that
different measures of social need have varying spatial distribution.



Fig. 5. Social–ecological matrix combining social need and ecological value of
vacant lots in NYC.
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While access to green spaces (or the lack of it) is evident across
the five boroughs, high social need indicated by the population
density and median income indicators are more concentrated in
specific boroughs and in local neighborhoods within the boroughs
(Fig. 3).

4.4. Social–ecological matrix of social need and ecological value

While mapping ecological and social indicators separately is
heuristically interesting and provides some utility, a more challen-
ging task involves evaluating multiple indicators of value within
the ‘ecological’ category, multiple indicators of need within the
‘social’ categories, and the way social–ecological indicators interact
across space.

We recognize the complexities and difficulties in aggregating
multiple ES; nonetheless, we also recognize the importance of
advancing ES stacking methods for the purposes of planning and
decision making and suggest a novel, combined social–ecological,
multiple criteria ES assessment method. In the resulting social–
ecological matrix (Fig. 5) we present the spatially explicit results of
the methodological steps involved in weighting and grouping the
social and ecological indicators described above. Four classes of
results are created by dividing the aggregated social and ecological
indicators into high and low categories that indicate the level of
social need in conjunction with a combined measure of ecological
value (see Fig. 2 for examples of lots with different class config-
urations). For example, H–H represents high social need for ES in
conjunction with high ecological value, corresponding to the
stacked quality level of ES provisioning. Examining these locations
further may offer insight into the interaction of areas of high social
need with their urban ecology and may provide useful insight into
the governance mechanisms relevant to the management of
vacant lots. On the other hand, L–H lots represent low social need
and high level of ES. Many of L–H lots are located in Staten Island,
characterized by predominantly middle class population with
relatively low population density and more green space than any
other borough. We found H–L lots (high social need in conjunction
with low level of ES) to be the most interesting category in terms
of demonstrating opportunities for social–ecological transforma-
tion. Lots with low existing ecological value in neighborhoods
characterized by high social need could present an important
opportunity for developing vacant land in underserved areas. For
example, H–L lots could be prioritized for green infrastructure
development such as community gardens or urban pocket-parks
which could enhance ecological value while meeting some social
needs for community spaces that improve neighborhood condi-
tions. Further study of local social need in H–L lot areas, perhaps
by survey of local residents, could help determine appropriate
transformations. If developed appropriately, these lots could
provide opportunities to improve sustainability and resilience of
the NYC social–ecological system.
4.5. Identifying clusters

In order to examine patterns at the neighborhood level, we
identified spatial hotspots of vacant lots that shared both proxi-
mity to one another and specific social–ecological configurations,
such as high social need and low ecological value. Cluster analysis
is useful for examining transformation potential at a broader scale,
such as the neighborhood level. Using the Getis-Ord Gin HotSpot
analysis tool in ESRI ArcGIS 10, we identified areas that have
statistically significant (po0.01) clustering of high social need and
low ecological values (H–L), and then intersected them to identify
areas of High–Low clustering. Fig. 6 shows that major H–L clusters
were found in the Bronx and Central and South Brooklyn. The
results of the Getis-Ord Gin statistic are reported through a Z score,
which represents the statistical significance of clustering for a
specified distance that is based on Randomization Null Hypothesis
computation (Longley et al., 2011).

Overlaying the clustering results with a zoning map of NYC
reveals that the majority (88%) of lots in the H–L clusters are
located in residential areas, 60% of which are located within high
density residential areas (NYC zones R6–R10) and 28% in lower
density residential areas (zones R1–R5). Only 22 lots (10%) within
the H–L cluster are located in manufacturing zones. The finding
that most H–L clusters are located in residential areas is important
because social–ecological transformation is more desirable in
residential areas than industrial zones, which are less accessible
to people. This is not surprising given that industrial zones are
expected to have low population density, whereas residential
zones are expected to have higher population density. However,
the high social need found near the H–L lots that are located in
manufacturing zones may be due to the inherently low income
and property values in manufacturing areas. This exemplifies one
of the challenges in this analysis – the results are sensitive to the
ranking and weighting scheme. If population density were
weighted more heavily in our analysis, lots in manufacturing areas
would most likely disappear from the clusters, which points to the
need for further research on weighting in ES stacking methods.
Nonetheless, the clustering results demonstrate the utility of our
ES stacking and assessment methods for highlighting vacant lots
most in need of social–ecological transformations in the land-
scape. We envision these transformations, such as turning parking
lots into pocket parks, as ones that can simultaneously improve
ecological value in low ecological value locations and meet social
need in areas with the highest need.



Fig. 6. High–Low social–ecological clusters. (A) Cluster analysis of ecological value; (B) cluster analysis of social need; and (C) combined social–ecological overlay of cluster
analysis. H–L clusters represent areas where social has significant high Z scores and ecological values have significantly low Z scores. These areas can be identified as priority
areas for transformation to simultaneously improve the provisioning of ES and meet social need for ES in areas with high need.
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4.6. Limitations of the research

Limitations of this study include data availability, and concep-
tual and methodological issues. The accuracy of ecological indica-
tors is only as good as the accuracy of the landcover data and many
ancillary data sets and GIS layers available to researchers. These
datasets may not be in a central hub or at an appropriate spatial
resolution for a given city or neighborhood assessment. For
example, one of the early barriers for the development of this
study was lack of publically available high resolution landcover
data for NYC, which prompted the use of the randomized survey
using Google Earth. Given that our landcover estimations were
inexact, based on ranges, the overall ES estimates for specific lots
are also inexact. For this reason, the cluster analysis, finding a
statistically significant number of proximate lots with similar
characteristics, may be more meaningful than the ecological value
of any particular lot. Due to the spatial heterogeneity of the urban
landscape, high spatial resolution is a matter of necessity for
estimating ES based on biophysical data. The continued develop-
ment of such datasets and their growing availability will make
spatially explicit, social–ecological urban systems research more
widely feasible.

Our calculated ecological value of vacant land is spatially
focused on the production of ecosystem services, rather than
attempting to assess benefits to particular urban residents. Poten-
tial scale mismatches between the production of ES and where the
benefits accrue is an important area in need of further research.
Further, we examined social need for ES, but it may also be
instructive to examine need in an even wider social–ecological
context. For example, examining point source pollution emissions



Fig. 7. Example of multivariate representation of social and ecological indicators for selected vacant lots (one from each quadrant).
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and more detailed surface flow analysis of current stormwater
flow patterns could be important for characterizing the benefit of
stormwater absorption at scales appropriate for informing man-
agement and planning.

An important conceptual issue is the aggregation of social and
ecological indicators in a multiple criteria indicator analysis. While
we demonstrated the importance and usefulness of aggregated
social–ecological mapping, the methodology inherently requires
the obfuscation of the details of the specific indicators, inhibiting
the ability to account for tradeoffs and synergies. To overcome this
limitation, the interplay between the aggregated data and parti-
culars of specific locations can be developed by decomposing the
stacked indices to examine tradeoffs and synergies among multi-
ple ES for a particular lots.. The spider diagram in Fig. 7 (utilizing a
subset of ecological and social indicators) exemplifies the multi-
variate nature of the indicator stacking and provides one possible
way to decompose the indices and compare characteristics of
different lots. Additionally, a comparison between adjacent lots or
lots located in places of interest can provide a more detailed
assessment. Here, we present lots that fall within the four classes
in the social–ecological matrix. It is clear in Fig. 7 that a particular
class membership can be driven by different score compositions.
For example, lots 1 and 3 both represent high social need.
However, in lot 1 this is driven by population density, while in
lot 3 it is driven by the lack of green space.

A significant methodological difficulty involves the stacking of
ecological and social indicators by the assignment of weights.
While the assignment of weights is likely to remain a normative
process, more research is needed to establish best practices for
determining appropriate weighting mechanisms in various situa-
tions. Another methodological issue is the sensitivity of the High–
Low quadrant analysis to the definition of the midpoint, because it
offers a coarse classification of the data. Further research is
required to evaluate this sensitivity and its impact on research
results given that this coarse breakdown is one of a few ways to
represent spatially and visually the conjunction of social and
ecological phenomena. It is important to further develop social–
ecological indicator stacking for developing dynamic scenario
modeling of change under different urbanization, global change,
and development scenarios, which are essential for the develop-
ment of the study and practice of urban resilience.
5. Conclusion

Among the many types of urban infrastructure in the city,
vacant lots provide a heterogeneous matrix of social–ecological
patches that provide multiple ES. Spatially explicit analyses of
social–ecological systems enables the quantification of ecological
and social variables in ways that can be useful for visualization, for
stacking ES, and for identifying priority areas for social–ecological
transformation. Our goal has been to understand the socio-ecology
of complex urban patches in order to illuminate overlooked places
in the city where policy, planning, or community development
could simultaneously meet combined biodiversity habitat, ES
provisioning and social justice goals.

Mapping stacked ES involved linking social and ecological
heterogeneity in a spatially explicit conceptual framework. We
used a social–ecological matrix approach to ES assessment where
high/low social need for urban ES and high/low ecological value as
assessed by urban ES provisioning generated for each vacant
patch. Our results indicate that urban land is indeed highly
heterogeneous, in particular with respect to social need for, and
spatial variation in, ES. Many vacant land parcels are already
providing significant ES to local residents and at the city scale
including stormwater mitigation, air pollution removal, carbon
sequestration and storage, food production, space for recreation,
and habitat for biodiversity. A social–ecological matrix map
demonstrates how our methodological approach can illuminate
opportunities for social–ecological transformation of areas in the



Table A.3
Indicators for cultural and provisioning services.

Statistic Green space density City-
owned

Food
production

Total # of lots (N¼1502) 80 340 26
Percent of total (N¼1502) 5% 23% 2%

Table A.4
Four indicators of social need for ES (within a 500 m buffer of lot).

Statistic Median
household
income ($)

Average
population
density

Median
property value
($)

Green density (%)

Mean 42,581 12,984 52,254 11
Median 40,900 12,033 34,583 5
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urban landscape that are not providing significant ES. Sampled
vacant lots in NYC were often located in conjunction with social
demographic and economic characteristics that indicate a social
need for ES, suggesting a novel opportunity for transforming
vacant land in ways that enhance ES provisioning, especially in
hotspot locations with high social need and low ecological value.

A concerted effort by the city, grass-roots organizations and
individuals to convert underutilized vacant land into green infra-
structure with combined social–ecological amenities could pro-
vide increased resilience to predicted near-term effects of climate
change (New York City Panel on Climate Change, 2009) including
offsetting predicted increases in stormwater and urban heat.
Transforming vacant land has the potential to increase the overall
sustainability of the city as well through provisioning increased
green space for urban gardening, recreation, habitat for biodiver-
sity, carbon and air pollution absorption and other regulating,
provisioning, and cultural ES.

Improved knowledge of the linkages between biodiversity, green
space, and the potential for improving urban ES can be generated by
thoughtfully planned future land use and management scenarios
using some of the approaches we have discussed above. Spatially
explicit mapping at high resolution allows visualization of stacked ES,
which can provide increased awareness at local and regional levels of
the benefits of biodiversity and ES for urban areas, especially the
broad suite of services provided by green infrastructure. This knowl-
edge can help to reinforce the understanding of the co-dependency
of urban social–ecological dynamics and their impacts on the
Table A.1
Indicators for regulating ES.

Ecosystem service Total

Sample (N¼1502) Popu

Carbon removal
Carbon sequestration (kg/yr/m2) 9.95E+04–1.37E+05 7.27E
Carbon storage (kg/m2) 3.01E+07–3.78E+07 2.02E

Air pollution removal
SO2 (g/yr/m2) 2.32E+06–2.86E+06 1.45E
NO2 (g/yr/m2) 6.48E+06–7.76E+06 3.89E
PM10 (g/yr/m2) 4.37E+06–5.45E+06 2.78E
O3 (g/yr/m2) 2.54E+06–3.50E+06 1.85E
CO (g/yr/m2) 4.81E+05–6.62E+05 3.50+

Air temperature regulation
Cooling effects (degrees Celsius) – –

Stormwater management
Proportion of rainfall retained – –

Volume rainwater retained (m3) – –

Table A.2
Indicators for biodiversity habitat.

Statistic N (Population) Green, blue and brown land
area (m2)

Proportion green, blue and
brown landcover

Mean Per lot
(N¼1502)

1943–2,405 59–74%

Median Per lot
(N¼1502)

156–202 70–96%

Total Sample (1502) 2,918,469–3,611,792 –

Population
(29,782)

57,814,269–71,549,709 –
surrounding landscape, its biodiversity and the interactions between
urban, peri-urban and rural areas.
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Table B.1
Summary of literature values used to estimate air pollution removal services of
trees, shrubs and herbaceous landcover.

Pollutant Trees Vegetation

SO2 1.32 g/m2yr Nowak and Crane
(2002)

Short grass: 0.65 g/m2yr (Yang
et al., 2008)

NO2 2.54 g/m2yr Nowak and Crane
(2002)

Short grass: 2.33 g/m2yr (Yang
et al., 2008)

PM10 2.73 g/m2yr Nowak and Crane
(2002)

Short grass: 1.12 g/m2yr (Yang
et al., 2008)

O3 3.06 g/m2yr Nowak and Crane
(2002)

CO 0.58 g/m2yr Nowak and Crane
(2002)

Table B.2
Summary of SCS curve numbers by landcover.

No. Landcover\Hydrologic soil group A B C D

1 Residential 77 85 90 92
2 Open space poor (450% cover) 68 79 86 89
3 Open space fair (50–75% cover) 49 69 79 84
4 Open space good (o75% cover) 39 61 74 80
5 Paved 98 98 98 98
6 Bare soil 72 82 87 89

T. McPhearson et al. / Ecosystem Services 5 (2013) e11–e26e24
comments and suggestions that helped shape and improve the
development of this research.
Appendix A. Detailed social–ecological assessment results

The following Tables A.1–A.4 summarize findings of the social
and ecological assessment of services and indicators. Where mean-
ingful, values and indicators were scaled up from the sample
population to total population. Table A.1 provides total estimated
carbon and air pollution ecosystem service values at the sample and
population level, as well as measures of central tendency for all
ecosystem services. Habitat indicators are summarized in Table A.2,
including area and proportion of area in green, blue, and brown
landcover; compactness; connectivity and sensitivity. Cultural and
provisioning services and indicators, which include total number
and percent of total lots which are publicly-accessible, city-owned
or being used for food production, are shown in Table A.3. (Values
in Table A.3 are relevant to the sample only.) Social indicators of
need, summarized in Table A.4, were estimated within a 500-meter
buffer of each sampled vacant lot. These include household income,
population density, property value and green density.
Appendix B

Summary of literature values used to estimate: (1) air pollution
removal services of trees, shrubs and herbaceous landcover;
(2) Runoff mitigation index

See Tables B1 and B2.
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