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Abstract The diversity and abundance of information

available for vulnerability assessments can present a chal-

lenge to decision-makers. Here we propose a framework to

aggregate and present socioeconomic and environmental

data in a visual vulnerability assessment that will help

prioritize management options for communities vulnerable

to environmental change. Socioeconomic and environ-

mental data are aggregated into distinct categorical indices

across three dimensions and arranged in a cube, so that

individual communities can be plotted in a three-dimen-

sional space to assess the type and relative magnitude of

the communities’ vulnerabilities based on their position in

the cube. We present an example assessment using a subset

of the USEPA National Estuary Program (NEP) estuaries:

coastal communities vulnerable to the effects of environ-

mental change on ecosystem health and water quality.

Using three categorical indices created from a pool of

publicly available data (socioeconomic index, land use

index, estuary condition index), the estuaries were ranked

based on their normalized averaged scores and then plotted

along the three axes to form a vulnerability cube. The

position of each community within the three-dimensional

space communicates both the types of vulnerability ende-

mic to each estuary and allows for the clustering of estu-

aries with like-vulnerabilities to be classified into

typologies. The typologies highlight specific vulnerability

descriptions that may be helpful in creating specific man-

agement strategies. The data used to create the categorical

indices are flexible depending on the goals of the decision

makers, as different data should be chosen based on

availability or importance to the system. Therefore, the

analysis can be tailored to specific types of communities,

allowing a data rich process to inform decision-making.

Keywords Decision assessment � Vulnerability �
National Estuary Program � Socioeconomic � Land use �
Estuary condition � Typologies

Introduction

An emergent problem for decision-makers is the diversity

and abundance of information available for vulnerability

assessments. Research on knowledge management across

disciplines has found that the quality of decisions correlates

positively with the amount of information up to a certain

point, after which further information is no longer inte-

grated into the decision-making process (Eppler and Mengis

2004). Excess information can impede the identification of

relevant information because decision-makers ignore any

information that exceeds their information processing

capacity (Hwang and Lin 1999; Bawden 2001). Such

information processing limits are part of the challenges

associated with vulnerability assessments related to envi-

ronmental change (e.g., climate change, land use change),

as assessments of this type in essence must be multi-

dimensional (Cutter and Finch 2008). Such complexity may
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impede management decisions to protect socio-ecological

systems from a changing environment.

Vulnerability has been used and defined in a number of

ways depending on the complexity of the system and the

context of the problem. In this paper, we use the Inter-

governmental Panel on Climate Change’s (IPCC) definition

of vulnerability as ‘‘the degree to which a system is sus-

ceptible to, or unable to cope with, adverse effects of cli-

mate change, including climate variability and extremes.

Vulnerability is a function of the character, magnitude, and

rate of climate variation to which a system is exposed, its

sensitivity, and its adaptive capacity’’ (IPCC 2007).

Although this definition is focused on climate related

stressors, it can be applied to global environmental change

writ large and to any endeavor that contemplates the

potential for adaptation to diminish the costs of a future

environmental change (Yohe and Tol 2002). Vulnerability

depends critically on context, as social and ecological

vulnerability are determined by a complex range of factors,

and the reference to sensitivity and adaptive capacity in

this definition point to the need to consider these factors in

an integrated and inter-related fashion with vulnerability

(Gallopı́n 2006).

Although there are numerous approaches to studying

vulnerability in socio-ecological systems, an emerging

consensus within the global environmental change com-

munity is to bring information and concepts from various

disciplines together within assessments in order to address

the full complexity of vulnerability (Eakin and Luers

2006). The ability to hybridize conceptual frameworks of

knowledge from the diverse disciplines into one singular

assessment will create greater relevancy and utility of the

assessment for decision-makers (Eakin and Luers 2006). In

order to incorporate this broad range of information into

assessments, it is necessary to develop frameworks and

methodologies that facilitate the processing and integration

of diverse data into single assessments. Additionally, the

challenge to present information in an easily understood

manner (Simpson and Prusak 1995) where data are com-

pressed, aggregated, and easily visualized is significant

(Ackoff 1967; Meyer 1998).

In this paper, we advance a conceptual framework pro-

posed by Fraser (2007) and present a methodology for

vulnerability assessment that seeks to take on the above

challenges without compromising the depth of information

being provided. At the same time we recognize, as others

have, the practical and heuristic advantages of framing

complex socio-ecological issues in a way that is inherently

multi-dimensional (Cutter and Finch 2008; Eakin and

Luers 2006; Brooks and others 2005). Here, we present the

vulnerability cube, a visualization approach that integrates a

variety of socioeconomic and environmental variables into

a unified assessment and reflects the multi-dimensional,

interdisciplinary nature of vulnerability as well as the sen-

sitivity and adaptive capacity of a community to environ-

mental change.

The Vulnerability Cube

The vulnerability cube is an assessment methodology for

organizing and analyzing multiple datasets and can be used

across a variety of subjects (e.g., ecosystems, communities)

and spatial scales. The steps toward structuring information

in order to produce a vulnerability cube are to

(1) document the range of available datasets from a

variety of scales and a diversity of disciplines,

(2) select metrics from the datasets based on utility and

appropriateness of each metric,

(3) collapse the metrics into categorical indices, and

(4) plot and present the data in a 3-dimensional cube in

order to visualize the relative vulnerability of subjects

against one another.

We have chosen to limit the analysis to three indices

because it has been shown that decision quality increases

when information is limited to fewer dimensions (Hwang

and Lin 1999), and the visual display of information is

often limited to three dimensions. Three dimensional cube

displays of information have been employed in a number of

fields as a communication tool in order to elucidate the

relationship between categories of influence. Fraser (2007)

uses a cube framework to identify vulnerability to climate

change in food systems focusing on changes in the agro-

ecosystem, livelihood, and institutional capacity. Fraser

uses the cube to compare regions and looks at trends over

time by studying the paths of different regions through the

cube space. In education communication studies, visual

cubes have been used to compare the richness, interactiv-

ity, and accessibility of various types of electronic media

(e.g., text, simulations, online discussions) for active

learning (Repenning and others 1998). In knowledge

management studies, they have been used to show how

barriers in knowledge dissemination occur differently at

the individual and organization scales for providers and

consumers (Luggar and Kraus 2001), and in innovation

studies, they have been used to show how different aspects

of organization structure can stifle innovation (Glor 2001).

Parkes and others (2010), in a study of watershed gover-

nance, also use a three-dimensional visual device to illus-

trate the multifaceted and multi-dimensional nature of

environmental management problems and solutions.

In the vulnerability cube each index represents not only

a unique dimension of the cube, but also a unique dimen-

sion of vulnerability. One corner of the cube necessarily

represents the combination of characteristics which exhibit
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higher vulnerability while the opposite corner necessarily

represents characteristics of lower vulnerability (Fig. 1a).

This type of visualization allows subjects (e.g., communi-

ties, ecosystems, watersheds, etc.) to be compared with the

conclusion that those located closer to the high vulnera-

bility node are more vulnerable to environmental change in

relation to communities that are located closer to the low

vulnerability node.

The vulnerability cube can be used in various ways to

better understand vulnerability and to help develop adap-

tation options. Subjects located within the same region of

the cube can be grouped into typologies (i.e., ‘‘sub-cubes’’;

Fig. 1b) to identify subjects that exhibit similar vulnera-

bility characteristics. An example of a community typology

may be large, urban communities exhibiting water quality

problems from increasing impervious surface coverage or

small, urban communities experiencing water quality

problems due to agricultural pollution. The two commu-

nities exhibit different vulnerability characteristics and will

likely adopt very different adaptation strategies. The use of

typologies will allow practitioners to understand the cate-

gory of vulnerability (e.g., environmental, economic) that

communities are challenged by as well as discern the

direction in which the community must move in order to

reduce the level of vulnerability currently exhibited

(Fig. 1c).

Developing a system that allows for the integration of

diverse data as well as aggregates and clearly presents

multi-dimensional data will improve the ability to identify

key vulnerabilities and to prioritize adaptation options that

reduce vulnerability to environmental change within

communities. The ability to identify typologies of com-

munities allows for the development of specific typology

based strategies and the transfer of adaptation strategies

between communities within a typology. Different adap-

tation strategies should be developed for each typology, as

communities should continually be striving to move

themselves in the direction of the low vulnerability node

via the three axes of the vulnerability cube (Fig. 1c).

Subsequent assessments of the communities using the cube

analysis can be undertaken to monitor and evaluate if the

communities are moving toward a lower vulnerability

position.

Research regarding adaptation decision-making indi-

cates that decisions to adopt and modify measures and

practices are rarely made relative to one risk alone, rather

in light of a mix of conditions and risks; and decisions to

adopt or modify management or practices are usually not

made in a ‘once-off’ manner, but in a dynamic, on-going

‘trial-and-error’ process (Smit and Skinner 2002). There-

fore, the ability to integrate multi-dimensional data that

represents a mix of conditions and risks simultaneously

gives practitioners a well-rounded set of information on

which to base decisions. Changes in population patterns

and land use development also affect vulnerability in space

and time and require a multidimensional construct to fully
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Fig. 1 The vulnerability cube is a system of compiling and

collapsing data into three axes in 3D format, with one node

representing an area of high vulnerability, and the opposite node

representing an area of low vulnerability (a). The goal is to plot

communities within the cube using the collapsed data in order to

understand their level of vulnerability judged by their position relative

to the low vulnerability node. The cube can be split into eight sub-

cubes as a way to cluster communities with similar vulnerabilities into

typologies (b). The goal is to move communities toward a lower

vulnerability position (c)
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understand these changes (Cutter and Finch 2008). In this

way, the cube can be an effective tool to monitor vulner-

ability through time and evaluate the efficacy of specific

practices to reduce vulnerability.

We believe that this methodology presents an

improvement in vulnerability assessments to decision-

makers because it allows for specific types and relative

magnitudes of different vulnerabilities to be elucidated as

an outcome of the assessment. Many previous assessments

have created single summary scores that allowed them to

delineate groupings of communities into least to most

vulnerable categories, but were unable to distinguish spe-

cific areas of vulnerability (e.g., Cutter and others 2003;

Brooks and others 2005). For example, in one study,

communities placed in the same category of ‘‘most vul-

nerable’’ had similar scores, but their vulnerability was

caused by very different factors (Cutter and others 2003).

The vulnerability of one community was largely based on

the density of the built environment; another community

was affected mainly by age, poverty, and race; and a third

community was deemed most vulnerable because of its

large debt to revenue ratio and its high reliance of

employment in a single sector (Cutter and others 2003).

Conceptualizing three different dimensions of vulnera-

bility as a cube can differentiate communities in a way that

is intuitive, informative, and useful with respect to the

identification of management goals and strategies. While

we do not employ a rigorous application of statistical

methods to create or validate metrics of vulnerability, we

find that other assessments of vulnerability and risk utilize,

to some degree, ad hoc aggregation or binning approaches

similar to those used in this paper (Cutter and Finch 2008;

Good and others 2008; Milman and Short 2008; Patrick

and others 2009). While more thorough statistical treat-

ments may be called for in many situations, here we focus

on the utility of the cube as a conceptual framework,

relying on intuitive, commonly used vulnerability metrics,

and for now forego the trade-off of simplicity and inter-

pretability for statistical rigor.

An Example of the Vulnerability Cube Using

the National Estuary Program

As an example of this methodology, we have chosen to use

communities in the USEPA’s National Estuary Program

(NEP), a set of 28 estuaries spread nationally across the

coastal United States, to demonstrate how estuary com-

munities (as the subjects) differ in type and level of vul-

nerability to environmental change (USEPA 2007).

Estuaries are bodies of water that form the transition zone

between fresh water (e.g., rivers) and saltwater (e.g.,

ocean), providing a unique environment for wildlife, fish-

eries, and a range of ecosystem services important to

society (Beck and others 2001; Worm and others 2006).

Coastal settlements and the historic human intervention of

coastal areas has led to increasing stresses in these zones

(Halpern and others 2008), requiring greater integration of

socioeconomic and environmental management (Turner

and others 1996). The impact of environmental change may

further exacerbate current challenges of pollution and

overuse by increasing the rate of sea level rise as well as

altering rates of nutrient and sediment delivery into the

system (Scavia and others 2002). Eutrophication and

decreased water clarity will reduce estuary health and

water quality, impacting fisheries and coastally based

communities (Roessig and others 2004). Comparing vul-

nerability across estuaries can indentify leverage points for

reducing vulnerability to environmental change, which is

likely to manifest through increasing drivers of nutrient

pollution through land use change and increasing climate

impacts on coastal infrastructure. Identification of partic-

ularly vulnerable regions can serve as an entry point for

both understanding and addressing the processes that cause

and exacerbate vulnerability (Yohe and Tol 2002; Brooks

and Adger 2003; O’Brien and others 2004).

The goals of the National Estuary Program are to pro-

mote comprehensive planning efforts to protect nationally

significant estuaries in the US that are threatened by pol-

lution, development, or overuse (USEPA 2007). The NEP

estuaries are geographically distinct communities desig-

nated by the USEPA Office of Wetlands, Oceans, and

Watersheds, and the program has sought to maintain a

stake-holder driven, collaborative process to address estu-

ary protection and restoration plans. The NEPs, therefore,

provide an interesting system that is highly vulnerable to

changes in future climate and land use and may be well

served by adopting a multi-criteria vulnerability assess-

ment tool that encourages visual communication of tar-

geted vulnerability categories. Local managers already

bring considerable insight into the specific challenges of

managing for water quality within their estuaries; never-

theless, comparative assessments and consistent data can

better support decision-making. Analysis of the estuaries

will allow us to better understand how the vulnerability

cube may enhance interpretation of relative vulnerability,

and how it may inform adaptation and management strat-

egies in estuaries dealing with the effects of environmental

change on ecosystem health and water quality.

Materials and Methods

Data Collection and Index Composition

There are several challenges to data collection when

choosing from the plethora of available metrics that will be
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collapsed into a single multi-metric index. A number of

papers have examined the methodology of index creation

for the purposes of assessing vulnerability at various scales

(Kraay and others 1999; Yohe and Tol 2002; Brooks and

others 2005; Birkmann 2007; Vincent 2007; Norton and

others 2009). It has been noted that previous attempts to

assess vulnerability have encountered similar data and

conceptual problems in characterizing vulnerability, and

that it is highly complex and difficult to quantify because

many different factors can influence vulnerability (Yohe

and Tol 2002). Because of this difficulty, we have tried to

collect data that is representative of the metrics used in

many other vulnerability and risk assessment studies.

However, many of these studies were international in scope,

and the metrics were frequently compiled at a national

level. This study consists of community groups of a much

smaller scale within a domestic setting, thereby requiring

different sources and slightly different types of data.

We used a general guideline for data selection, taking

into account a variety of factors regarding suitability,

confidence, relevance, and scale of data that will be nec-

essary to consider when creating the index.

1. What metrics exist for the systems or regions of

interest?

2. Are the metrics consistent with regards to time period,

collection protocols, spatial resolution, etc. across all

systems or regions?

3. Does each metric provide relevant information?

4. Are any metrics redundant?

Such questions should be considered in the process of

selecting individual metrics; however, the selection of

metrics is generally flexible and can accommodate a wide

variety of goals and community choices. Previous research

examining multi-metric indices has shown that flexible

approaches that allow user control in choice and number of

indices and assigned weighting allow for the methodology

to be applied broadly based on specific geographies and

purposes (Norton and others 2009). Additionally, trans-

parency in the process of creating multi-metric indices will

reduce the level of uncertainty for end-uses of the indices

and the analysis (Vincent 2007).

For this analysis estuary condition, land use, and

socioeconomic indices were chosen because each index

relates to an area of the urban ecosystem that can heavily

impact long-term estuary health. All data used from the

multi-metric indices were publically available and free of

charge, ensuring open access to the metrics used within the

analysis. Because of data limitations regarding equivalent

land use data across space and time, the analyses were

isolated to the 12 NEPs located in the Northeast Region

(NE) and three NEPs located in the Gulf Coast Region

(GC) for a total of 15 NEPs (Fig. 2).

Each of these indices was constructed as one axis of the

vulnerability cube. The first set of data builds an index of

current estuary condition as a reflection of the current level

of estuary health. This index was included because current

conditions of estuary health will determine the level of

impact an estuary can absorb before reaching a threshold

level of poor condition (USGCRP 2008). An estuary that

already has poor condition will be more vulnerable to

environmental change stressors than an estuary that is in

good condition as the systems can deteriorate further,

making it increasingly difficult to rehabilitate. Data for-

mulating the estuary condition index were gathered from

the National Estuary Program Coastal Condition Report

(USEPA 2007) based on data collected as a part of

USEPA’s National Coastal Assessment. The data were

collected once for each NEP from 1997 through 2003 and

are the most comprehensive and nationally consistent data

available related to estuarine condition. The data collected

were used to create aggregate multi-metric scores of water

quality, sediment quality, benthic health, and fish con-

taminants, and we created an index (estuary condition)

using the average of the four pre-normalized scores

(Table 1). The benthic health index is a region specific

measure of the diversity and population size of indicator

species and was developed as part of USEPA’s National

Coastal Assessment (NCA) (Engle and others 1994;

Weisberg and others 1997; Engle and Summers 1999; Van

Dolah and others 1999; Paul and others 2001; USEPA

2007). The fish tissue contaminant index was also a product

of the NCA and was created by comparing fish tissue levels

of 16 contaminants to USEPA risk-based thresholds

(USEPA 2000, 2007). Metrics used by USEPA (2007) to

create the water quality index were dissolved inorganic

nitrogen, dissolved inorganic phosphorous, chlorophyll a,

water clarity, and dissolved oxygen. Metrics for the sedi-

ment quality index were sediment toxicity, sediment con-

taminants, and total organic carbon.

The second set of data was used to build a land use

index of each NEP to assess the vulnerability of the estuary

based on present land use and land use changes observed

between 1996 and 2006. The metrics used in this index

have been identified as key indicators of vulnerability and

resilience (Brenkert and Malone 2005; Norton and others

2009) and are frequently associated with increased run-off

and pollution (Walling 2006; Halpern and others 2008).

Also, the degree of ecosystem disturbance in estuaries has

been shown to be inversely related to ecological resilience

(Thrush and others 2008). The land use index was calcu-

lated using the Coastal Change Analysis Program (C-CAP)

Regional Land Cover data from the National Oceanic and

Atmospheric Administration (NOAA 2009). The C-CAP

data represent a nationally standardized database of land

cover and land use change information for the coastal
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regions of the U.S. Land use data included: (1) land cover

percentages of human impacted land (calculated based on

developed land categories, cultivated, and pasture land),

and wetlands from 2005–2006 and (2) the sign and mag-

nitude of land cover change of the above mentioned cate-

gories from 1996 to 2006. Each land use metric was

calculated as a percentage of land cover within the NEP

and normalized based on the binning process (Table 1).

A third set of metrics was used to build a socioeconomic

index to assess the vulnerability and adaptive capacity of

the human systems within each NEP. This index is largely

representative of the capacity of the communities within

Fig. 2 A map of the 15 NEP

estuaries included in the

analysis, distinguished by their

locations in the Northeast and

the Gulf Coast. A legend with

the abbreviated code for each

estuary has been included. This

code is used within the

manuscript and typology cube

figure (Fig. 4)

Table 1 Data incorporated into

the multi-metric categorical

indices estuary condition, land

use index, and socioeconomic

index, noting the source of data

and time period of collection

Data used Source Time period

Estuary condition

Water Quality index NEP Coastal Condition Report 1997–2003

Sediment Quality index

Benthic index

Fish Tissue Contaminant index

Land Use index

% Human impacted (developed, cultivated, pasture) CCAP Data (NOAA) 2006

% Wetland 2006

% Human impacted: change 96–06 1996–2006

% Wetland: change 96–06 1996–2006

Socioeconomic index

% Adults [25 w/ less than high school education Rand CPHHD SES index 2000

% Male unemployment

% Households w/ income below poverty line

% Households receiving public assistance

% Households w/ children headed by female

Median households income
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the NEP boundaries to adapt to present and future envi-

ronmental change in order to protect estuary health and

water quality. Socioeconomic index data was calculated

using Rand Corporation’s Center for Population Health and

Health Disparities (CPHHD) Data Core index on disad-

vantage variables. Data were based on the 2000 US Census

aggregated at the census tract level and calculated for the

NEP boundaries that were provided by the NEP Program at

the USEPA. Data from the variables included information

on education, unemployment, family structure, poverty,

and household income (CPHHD 2007) (Table 1). Such

variables have been shown to increase or decrease the

vulnerability of social systems and are well supported by

the literature (Cutter and others 2003; Education: Heinz

Center for Science, Economics, and the Environment,

2000; Unemployment: Mileti 1999; Family Structure:

Morrow 1999; Punete 1999; Heinz Center for Science,

Economics, and the Environment 2000; Poverty and

Income: Hewitt 1997; Puente 1999; Cutter and others

2000).

Index Creation

Multi-metric indices were created using spatially explicit

data and summarizing characteristics by NEP boundaries

using ArcGIS 9.3.1 (ESRI 1999–2009). NEP boundaries

were delineated by the Office of Wetlands, Oceans, and

Watersheds at the USEPA and imported as shapefiles into

GIS. Because of potential heterogeneity in data type and

collection methodology, a cautionary manner for incorpo-

rating data in a composite metric was used to place subjects

in groups, rather than using exact measures (Kraay and

others 1999). Therefore, for each of the key metrics, the

range of data was divided into quintiles, and each estuary

was assigned to a quintile. Each estuary was assigned a

score of 1–5 for each metric, with a score of 5 representing

greater vulnerability and 1 representing less vulnerability.

Such an approach enables an average score to be calculated

across all metrics to produce a composite index (Brooks

and others 2005).

Estuary condition data were scored and averaged using

this format within the National Estuary Program Coastal

Condition Report, so no further manipulation was required.

Socioeconomic data within the Rand SES data set had been

previously combined into an index for each census tract;

therefore the overall index for each NEP was calculated by

averaging the SES score of all census tracts coincident with

the NEP. Once an NEP index was obtained for each estu-

ary, the range of data was divided into quintiles to match

the scoring system previously presented. Individual metrics

for the land use index were calculated using GIS. Data for

each metric were then divided into quintiles and averaged

for the final composite land use index score.

Data Analysis

Two analysis approaches were used in this assessment. One

assessment approach was to average the categorical indices

into a final composite score, producing a relative ranking

where estuaries with higher composite scores would be

considered more vulnerable than those with lower scores.

This initial examination of relative ranking was informa-

tive in understanding the general order of estuaries based

on the selected data and categorical analysis. The relative

ranking framework should be seen as a system for com-

paring estuaries relative to one another, highlighting estu-

aries that have attributes and potential adaptation plans

which may be adopted by lower ranked estuaries to reduce

vulnerability.

A second analytical approach was taken in order to

increase the ability of the analysis to target specific vul-

nerabilities. A generic compiled score (relative ranking)

does not relay enough information to understand the spe-

cific vulnerabilities of each estuary and the types of

adaptation that should be developed. Therefore, a second-

ary step in the analysis may be necessary to ‘‘unpack’’ the

compiled score and parse out differences in community

types. In this analysis, we divided the vulnerability cube

into eight sub-cubes (Fig. 1b), where each of the sub-cubes

represent clusters of estuaries with similar vulnerability

traits, which we call typologies. These typologies have

been determined a priori for this analysis using the sub-

cube system, but other types of clustering and typology

development can be accomplished depending on the

number of communities within the analysis (please see

discussion). Communities in the same typology exhibit

similar vulnerability characteristics based on the combined

categorical indices within the three-dimensional space of

the larger vulnerability cube. Estuaries grouped in the same

typology may also potentially have similar adaptation

options and be able to develop transferable adaptation

options to other like-estuaries.

Results

The averaged composite scores for each estuary in the

relative ranking table (Fig. 3) show the order of relative

vulnerability amongst the various estuaries, with higher

ranked estuaries experiencing overall less vulnerability to

environmental change. Additionally, the estuary rankings

have been mapped such that the spatial distribution of

estuaries and their vulnerability levels can be seen. Of the

15 NEPs within the analysis, the highest ranked estuary is

Peconic Estuary (PEC) in the Northeast with an averaged

score of 1.64. PEC exhibited very good estuary condition

(1.67) and socioeconomic index (1.0) with medium land

Environmental Management (2011) 48:631–643 637

123



use index (2.3). Piscataqua Region Estuaries (PRE) and

Casco Bay (CAS) also faired very well in the combined

averaged score. Coastal Bend Bays and Estuaries (CBB) in

the Gulf Coast received the lowest ranking with an aver-

aged score of 4.01 due to its low ranking in estuary con-

dition (4.25) and socioeconomic index (5.0) Although CBB

ranked lowest when all three categories were averaged, it

did not rank lowest in each of the individual categorical

indices, but was ranked lowest as a result of the combi-

nation of indices. New York-New Jersey Harbor (NYNJ)

and Long Island Sound (LIS) ranked lower in estuary

condition. NYNJ, Delaware Estuary (DEL), and Delaware

Inland Bays (DIB) ranked lower in the land use index; and

Barataria-Terrebonne (BRT) and LIS ranked equally low

within the socioeconomic index. These estuaries comprised

the bottom half of estuaries to appear on the relative

rankings table (Fig. 3).

Because of the great range of scores, the typology

method was applied to the vulnerability cube in order to

cluster estuaries in a meaningful way based on their loca-

tions within the cube. The distribution of the NEPs within

the vulnerability cube can be seen in Fig. 4, where the eight

sub-cubes, representing eight different typologies, are dis-

tinguished by their position in the vulnerability cube.

Estuary designations by sub-cube typology are further

delineated by different colored symbols. Northeast estuar-

ies and Gulf Coast estuaries are designated respectively by

a circle and a triangle. Not all sub-cubes were occupied by

more than one estuary, and some were unoccupied. The

fifteen estuaries were distributed (from most to least pop-

ulated) with five NEPs in sub-cube 1; four NEPs in sub-

cube 7, which also contains all three of the Gulf Coast

estuaries; two NEPs in sub-cube 3 and 8; and one NEP in

sub-cube 4 and 5. There were no NEPs located in sub-cube

2 and 6.

Discussion

The results show that the above presented methodology can

be an effective, systematic model in which to select and

categorize consistent data, aggregate data into compact

indices, and visually analyze relative vulnerability across

three categories for a number of coastal, estuarine com-

munities. The challenge of assessing vulnerability under

environmental change may benefit tremendously from this

methodology by easing the complexity and burden of

diverse data (Eppler and Mengis 2004). The vulnerability

cube methodology also allows the practitioner to access the

information at two levels of complexity in the output (the

one-dimensional relative ranking score and the three

dimensional vulnerability cube), as the two different types

of output may be useful for different aspects of decision-

making.

Fig. 3 Relative rankings table

and map of the 15 NEPs

included within the analysis.

NEPs have been listed in rank

order based on an average of the

three categorical indices. The

color spectrum from green to

red indicates estuary systems

with the least to most

vulnerability
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The relative ranking portion of this analysis (Fig. 3, far

right column) reports the overall vulnerability ranking for

each community. This condensed score may be helpful for

decision-makers at a federal level, for example, to assess the

relative gains of estuaries under restoration/management

initiatives or focus funding to the estuaries and/or sectors

that are ranked lowest. At the estuary management scale,

the relative ranking of estuaries may allow one management

group to look toward another higher ranked estuary as a

model of a management system with helpful policy options

(Fig. 3). Estuaries in the region that are of better rank could

act as potential partners for developing and implementing

management options that increase estuary health. For

example, one estuary management system may have

already created a pollution credits system within the

watershed to reduce the amount of agricultural nutrients

coming into the estuary. This knowledge of creating a

useful policy for reducing nutrients from surrounding

landscapes could reduce the vulnerability score of estuaries

suffering from poor land use management.

Care should be taken, however, to avoid the interpre-

tation of ‘‘least vulnerable’’ as ‘‘not vulnerable’’. It is

important to reiterate that the estuaries in this example

study are only ranked relative to one another, giving the

audience an idea of which estuary may be more at risk than

others. This does not mean that the estuary receiving the

highest score is not vulnerable to environmental change

and does not need to receive funding support from a federal

agency or has all the policy in place already to prevent

estuary health from decreasing. On the contrary: we

assume that all estuaries are vulnerable to environmental

change, particularly in the face of a changing climate, and

use the vulnerability cube approach here as a prioritization

tool to help assess and develop policies that can reduce

potential vulnerability to future changes and move estuar-

ies incrementally into a better situation.

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Estuary Condition
Land Use
Socioeconomics

Northeast
Gulf Coast

Fig. 4 Vulnerability cube and map of the 15 NEPs broken down into

the eight sub-cube typologies. Sub-cubes are distinguished by

different colored circles (Northeast estuaries) and triangles (Gulf

Coast estuaries). The number of NEPs located within each sub-cube

and the characteristics generally described by the sub-cube is detailed

next to the legend
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The typology analysis identifies clusters of like-estuaries

rather than the individual rank of each estuary. The goal of

this approach is to group estuaries by similar vulnerability

types identified by the typology in order to de-emphasize

that certain estuaries are in a better condition than others

(Fig. 4). The application of the typology analysis may also

be useful for prioritization in decision-making, but its

utility is different from that of the relative ranking

assessment. The typology analysis can bring more infor-

mation to the table by telling the decision-maker what the

vulnerability profile is of the estuary. The profile allows

decision-makers to identify the factors that are affecting the

estuary and to isolate the category of greatest vulnerability.

For example, a federal program, such as the National

Estuary Program, has the ability to provide funding to the

estuaries in the program to improve estuary health. How-

ever, often the funding is given without specific guidance

for how it should be used because there is no synthesized

information to describe in which ways the estuary is vul-

nerable. Many times, an estuary management team may

also be unaware of the best way to use the funding to

improve estuary quality. In this case, the National Estuary

Program could take the results of the analysis to guide their

funding allocation to specifically target each estuary’s

greatest vulnerability category. For the three estuaries

clustered in sub-cube 3, with poor estuary condition, but

good land use and socioeconomic indices, funding

resources could be prioritized to focus on estuary clean-up

measures, increased water monitoring, removal of sedi-

ment toxins in order to improve estuary scores along the

estuary condition axis. In this way, the typologies would

allow for funding to be distributed more specifically with

the hopes that improvements could be achieved in the

estuary in the most economically efficient way possible.

For a large-scale national program, the assessment can be

used as a tool to monitor and track the progress of any

estuary through time to better assess if the adaptation

options implemented achieved a movement toward a lower

vulnerability region of the cube (as in Fig. 1c). This may

serve as a validation of the process to see if the use of the

typology to determine targeted funding of specific policies

actually achieved results of reduced vulnerability based on

the original metrics selected. Although we have developed

typologies for the estuaries, and the National Program may

be able to use the typology information to better target their

funding, many of the NEPs have not yet begun the imple-

mentation process of adaptation strategies, such that mon-

itoring and tracking of progress is still not possible.

Therefore, no validation information for the process is

presented in this study. However, the goal is to perform

future assessments of the estuaries at periodic stages in

order to assess the utility of typologies in guiding funding

policy at a national level and to see how estuaries are

progressing along the three dimensions. Further validation

of the indices, relationships between vulnerability and

adaptive capacity, and the sensitivity of the assessment to

different sets of weighting will be explored in the future

using expert judgment data collected through a focus group

exercise previously performed by Brooks and others (2005).

At the estuary management scale, the typology system

may be able to assist decision-makers in policy manage-

ment by directing managers toward other exemplar typol-

ogy groups and the management and policy options that

have been successfully implemented. Such management

and policy options have the potential to be transferred to

other estuaries. For example, estuaries in sub-cube 6 have a

high vulnerability ranking along the socioeconomic and

land use index. Therefore, the estuaries in sub-cube 6 may

look to estuaries in sub-cube 2 (along the socioeconomic

axis) for management options that reduce vulnerability

within the socioeconomic context (i.e., policy tools that

increase funding to education or increase different types of

public assistance). They may also look toward estuaries in

sub-cube 1 and 5 (along the land use index) for suggestions

on ways to improve land use (i.e., wetland restoration

projects, tax benefits for building semi-pervious parking

lots). The ability to transfer successful and useful man-

agement options across estuaries will lead to more efficient

development of policies and actions that protect and con-

serve estuary health. Whether the transfer of management

options is from one estuary to another estuary within a

typology or across typologies, the transfer and testing of

management strategies across this network of estuaries will

allow for more efficient development and implementation

of management options that reduce vulnerability. The

process of validation for this hypothesis is still being

assessed, as the transferring and testing of management

options is a long process, but we expect it will be useful as

an evaluation tool to assess the effect of various manage-

ment options implemented. Subsequent assessments of the

estuaries will have to be performed in order to understand

the full utility of typologies in local management and

policy transfer within the network.

An additional potential advantage of this model of

analysis is that other estuaries not included within the

current analysis can aggregate their own data for each

index and determine which typology they fall under. This

would allow estuaries to evaluate their own estuary,

socioeconomic, and land use condition in order to deter-

mine management priorities and to find management

solutions from other estuaries. This system of evaluation

gives managers the ability to conduct their own compara-

tive analyses to other known sample communities and

allows a greater range of stakeholders to interact to find

adaptation strategies that are successful for specific types

of vulnerabilities to environmental change.
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Closer examination of the individual sub-cubes allows

one to see the differences of estuaries within a typology as

well. Sub-cube 8 represents poor estuary, land use, and

socioeconomic condition. Of the two estuaries located in

this sub-cube, NYNJ has a lower score in estuary condition

than DEL, suggesting that management policies for NYNJ

may require a greater focus on improving estuary condi-

tion. DEL has a lower score in land use index, suggesting

that management policies may require more focus on land

use management and land use change.

No estuaries were found in sub-cube 2 or sub-cube 6.

Sub-cube 2 represents estuaries with good estuary condi-

tion and socioeconomic indices, but poor land use. Sub-

cube 6 sits right on top of sub-cube 2 with good estuary

condition and poor socioeconomic indices and land use.

This suggests that these combinations are not very com-

mon, and that poor land use indices do not often lead to

good estuary condition regardless of the socioeconomic

index of the community. However, a greater sample size

may be needed to fully understand the implications of this

finding.

The a priori typologies, determined as sub-cubes, were

useful in this analysis because there were not sufficient data

points (communities) to perform other types of cluster

analysis. With a greater number of data points, there may be

the possibility of determining typology based on the natural

clustering patterns that develop amongst the communities in

the cube using various spatial analysis techniques such as

nearest neighbor/cluster analysis. These other types of

clustering techniques may help to determine more precisely

where natural typology boundaries are and where in the

cube communities tend to cluster (Ananthanarayana and

others 2001; Guha and others 2001). The current example

also uses data that is placed in quintiles, such that the rel-

ative vulnerability is measured, but not the absolute. If

vulnerability thresholds could be established for each met-

ric, the power of the analysis would be greatly improved.

The difficulty in establishing thresholds for many metrics

remains a challenge however, and relying exclusively on

metrics with known thresholds may be limiting.

Like other proposed vulnerability assessment frame-

works (Malone 2009), we recognize that the vulnerability

cube approach proposed in this paper has both strengths

and limitations. Critiques of vulnerability indicators have

pointed to a lack of transparency in the development

and purpose of developing indicators (Hinkel 2011). The

strengths of this approach attempt to take into account

the critiques and address them within the methodology of

the cube framework. These include: the ability to over-

come the unit of analysis problem (Eppler and Mengis

2004); the integration of metrics from both socio-economic

and environmental perspectives (Eakin and Luers 2006),

the use of pre-existing data for transparency and efficiency

(an often cited criticism for vulnerability indicators; Hinkel

2011), the visual representation of relative vulnerability to

enhance public understanding and engagement in decision-

making (Simpson and Prusak 1995), and to provide a two-

step analysis process which allows for typologies to be

developed (Bailey 1994). The strengths of the framework

are that it embraces complexity into the assessment while

allowing for an easy and transparent communication of the

results.

Many of the limitations and caveats, as mentioned in

critiques of indicators (Hinkel 2011) are methodological

and difficult to resolve. Although data selection for this

type of analysis is flexible, the onus of choosing appro-

priate data in content, availability, and scale is dependent

on the practitioner. Data that is available is often not col-

lected at the appropriate scale or is limited in geographic

coverage, and many communities may collect similar, but

incomparable data. Questions of jurisdictional complexity,

scale issues of decision-making to implementation, and

influence on vulnerability will often be part of the decision

for data selection. These are not small questions that can be

easily addressed. On the other hand, the creation of the

categorical indices is malleable, thereby allowing the

practitioner to adjust the indices based on availability and

significance of the data on vulnerability. The categorical

index can also be weighted, as certain types of data are

deemed to be more significant than others.

Although not implemented in this case-study, metrics

may be weighted by those with the appropriate expertise,

local knowledge, etc. For example, if cultivated land is

weighted as twice as important as the other land uses

within the estuary example, than the resulting changes to

the land use index may affect the relative rankings and

typologies of the estuaries. One common method for pro-

viding weighting to data is the process of expert elicitation.

This requires a focus group of experts to consider the key

data points they find most important for defining and pre-

dicting vulnerability, and based on their own expertise in

vulnerability assessment to then rank the different indices

according to their importance. Thus, the rankings can be

used to provide a set of subjectively derived weights to the

multi-metric index (Brooks and others 2005).

This assessment framework provides a useful context in

which to begin examining the complexity of vulnerability

in national or regional assessments of ecosystems and the

communities within them. The vulnerability cube provides

a system in which data can be combined and collapsed into

multi-metric indices, allows for the examination of differ-

ent categories of vulnerability, and allows for vulnerability

categories to be expressed in a visual, highly understand-

able format within the vulnerability cube. The importance

of producing a visual format is to communicate levels as

well as types of vulnerability that communities may face.
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The identification of like-communities, or typologies, is an

important starting point for a dialogue that identifies

transferable management strategies that maximally lever-

ages resources. The ability to track success through time by

mapping the community within the cube to specific periods

of time after management implementation may also pro-

vide a useful methodology to test adaptation strategies and

the understanding of vulnerability within the systems.

Although this example analysis has focused on constituents

of the National Estuary Program, we believe this model of

analysis can be applied broadly to a variety of socio-eco-

logical systems with vulnerabilities to large-scale envi-

ronmental change.
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