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a b s t r a c t

Researchers are increasingly using data envelopment analysis (DEA) to examine the efficiency of envi-
ronmental policies and resource allocations. An assumption of the basic DEA model is that decision-
makers operate within homogeneous environments. But, this assumption is not valid when
environmental performance is influenced by variables beyond managerial control. Understanding the
influence of these variables is important to distinguish between characterizing environmental conditions
and identifying opportunities to improve environmental performance. While environmental assessments
often focus on characterizing conditions, the point of using DEA is to identify opportunities to improve
environmental performance and thereby prevent (or rectify) an inefficient allocation of resources. We
examine the role of exogenous variables such as climate, hydrology, and topography in producing
environmental impacts such as deposition, runoff, invasive species, and forest fragmentation within the
United States Mid-Atlantic region. We apply a four-stage procedure to adjust environmental impacts in
a DEA model that seeks to minimize environmental impacts while obtaining given levels of socioeco-
nomic outcomes. The approach creates a performance index that bundles multiple indicators while
adjusting for variables that are outside management control, offering numerous advantages for envi-
ronmental assessment.

Published by Elsevier Ltd.

1. Introduction

The environmental research community is increasingly inter-
ested in applying data envelopment analysis (DEA) to examine
environmental problems (Zhou et al., 2008). DEA offers several
advantages for examining environmental problems. DEA relies
upon a flexible, nonparametric specification of production re-
lationships, making no assumptions about the functional relation-
ships among inputs and outputs. This flexibility is advantageous for
environmental assessments when the relationships among model
variables are not well understood. Some DEA models are invariant
to the units used in the analysis, which is desirable when the
environmental impacts of interest are measured in different units,
or at different scales, that cannot be easily transformed into com-
parable quantities. The incomparability of units and scales has been

shown to be problematic for themulticriteria decision tools that are
often employed in environmental decisionmaking, because differ-
ent conversion methods yield different values, which could lead to
different management recommendations (Steele et al., 2009).
Another common approach to solving a multi-objective problem
that shares the problem of incomparability of units and scales is the
aggregation of multiple outputs into a single objective function or
index by assigning weights or relative scores to the outputs. While
intuitively appealing, without complete preference information
over multiple outputs, the analysts constructing the indices will
inevitably be obliged to rely heavily upon expert, administrative, or
political judgments, all of which will come freighted with errors or
biases that will affect the relative values of the multiple outputs
and, consequently, the value of the indices.

An important assumption of the DEA model is that decision-
makers operate within homogenous environments. However, this
assumption does not hold in environmental systems where the
production of environmental benefits or negative impacts is
influenced by variables beyondmanagerial control. For example, all
else being equal, an area with higher precipitation is likely to see
higher nitrogen wet deposition. Similarly, all else being equal,
greater topographic variation within an area may lead to higher
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levels of erosion or stream runoff. Again, all else being equal,
environmental managers in areas with higher precipitation or
greater topographic variation may find it more difficult to mitigate
impacts from deposition or runoff within their management unit,
solely because of the precipitation and topography that were
beyond their managerial control.

This example leads to a crucial point that in our experience is
typically overlooked in environmental assessments: a distinction
must be made between the overall condition of a management unit
and the relative opportunity to improve the environmental perfor-
mance of themanagement unit. Environmental assessments tend to
focus on the former, which could lead to an inefficient allocation of
resources directed toward environmental improvement. A more
accurate accounting of variables beyond managerial control and
how these variables affect performance will be critical to shift
managerial attention from condition to opportunities for
improvement.

This paper examines the role of several exogenous variables (e.g.,
climate, hydrology, and topography) in altering environmental im-
pacts such as deposition, runoff, the presence of invasive species,
and forest fragmentationwithin 134watersheds in theMid-Atlantic
regionof theUnited States.Without adequately controlling for these
exogenous variables, the efficiency estimates generated by the DEA
model will be potentially biased as inefficiencies are assumed to be
fully attributable to managerial decisions. When the effects of un-
controllable variables are not controlled, the managerial efficiency
of units operating in adverse environments will be underestimated
(Yang and Pollitt, 2009). Conversely, the managerial efficiency of
units operating in favorable environments will be overestimated.
These biased estimates can potentially lead to an inefficient alloca-
tion of resources if decisions are informed by the efficiency analysis
results. For example, if the resource allocation strategy is to direct
scarce resources toward improving environmental management
within unitswheremanagerial performance is low, it is important to
have an unbiased assessment and ranking of the managerial com-
ponent of environmental performance.

A four-stage approach based on Hof et al. (2004) is applied to
remove the influence of the exogenous variables and the bias they
introduce (Table 1). While Hof et al. (2004) presented results
adjusted for exogenous variables, the authors did not compare the
adjusted results with the unadjusted results. In this paper, we
provide a detailed comparison of adjusted and unadjusted results
to better draw out the importance of considering the role of
exogenous variables in performing environmental assessments.

Using the four-stage approach, a case study is presented using
data collected by the U.S. Environmental Protection Agency’s
Regional Vulnerability Assessment (ReVA) program as part of its
Mid-Atlantic Assessment (Smith et al., 2004). While more recent
datasets may be available, we chose to use this particular dataset
for this study as it is contains information on multiple

environmental media, as well as socioeconomic information, esti-
mated across a large, heterogeneous region. As is typical in regional
environmental assessments, the socioeconomic and environmental
data used in the ReVA assessment were drawn from a wide variety
of sources and are from a variety of time periods. The ReVA program
estimated each variable for 134 Mid-Atlantic region watersheds at
the 8-digit Hydrological Unit Code (HUC) scale. HUCs are units
within a standardized hierarchical system of hydrologic units
identified by the U.S. Geological Survey, where the unit boundaries
are delineated so surface waters within the boundaries drain to
a single outlet (Seaber et al., 1987). Watersheds delineated at the 8-
digit HUC scale represent sub-basins and average about 3100 km2

within our study region. The Mid-Atlantic region spans ten states
across five Level II Ecoregions (Secretariat of the Commission for
Environmental Cooperation, 1997) (Fig. 1):

(1) Atlantic Highlands;
(2) Southeastern USA Plains (abbreviated to Southeastern Plains);
(3) Mixed Wood Plains;
(4) Mississippi Alluvial and Southeast USA Coastal Plains (Coastal

Plains); and,
(5) Ozark, Ouachita-Appalachian Forests (Appalachian Forests).

The results of our analysis indicate that the proposed approach
affords insights intowhich exogenous variables influence condition
assessments and the magnitude of their influence. The proposed
approach also enables environmental managers to more effectively
compare the environmental performance of spatial units to identify
opportunities for maximizing the efficiency of investments for
environmental improvement.

The case studypresentedhere contributes to a growing literature
on environmental performance. While there exists a substantial
efficiency analysis literature accounting for the effect of variables
exogenous to decisionmakers (sometimes referred to as “operating
environment”) on the economic performance of economic entities
such as banks, airports, hospitals, and nursing homes, for example,
there is a more limited literature describing how to evaluate the
effects of exogenous environmental variables. This literature has
been largely focused on the agricultural sector where farm and
regional agricultural productivity is affected by farm environmental
attributes (Asmild and Hougaard, 2006; Barnes, 2006; Binam et al.,
2003; Gómez-Limón et al., 2012; Otsuki et al., 2002; Picazo-Tadeo
et al., 2011; Wossink and Denaux, 2006). Hof et al. (2004) is the
most comprehensive example of evaluating and controlling for
exogenous environmental variables in the efficiency literature and,
with the exception of our current study, is the only broad-scale
application we are aware of that models multiple environmental
media, as well as landscape and demographic factors.

2. Material and methods

2.1. Data

The input, output, andexogenous variables used in this case study
are summarized in Table 2. The interaction of income, population,
and environmental quality has been the subject of significant
research over time. Additionally, balancing rapid population growth,
quality of life, and environmental quality are important objectives
for environmental managers and planners at local and regional
scales. As such,we incorporate socioeconomicmeasuresdper capita
income and population densitydas outputs. From a planning
perspective, being able to maximize population density and per
capita income with a minimum of environmental impact is
a desirable objective. Fortunately, the dataset used for the case
study included these two variables for the watersheds analyzed.

Table 1
The four stages of the proposed process.

Stage Action

1 Regression models are used to estimate the influence of the exogenous
variables on environmental impacts.

2 The influence of the exogenous variables is removed by adjusting
environment impacts according to the results of the regression models,
based on an approach used in Hof et al. (2004).

3 DEA is used with socioeconomic variables as outputs and the adjusted
environmental impacts as inputs.

4 The total radial and non-radial input slacks estimated in Stage 3 are
regressed against the exogenous variables using Tobit regression
models to verify the removal of the bias introduced by the
exogenous variables.
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