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ABSTRACT

Numerous difficulties await those creating regiesedle environmental assessments, from data
having inconsistent spatial or temporal scalesotrly understood environmental processes and
indicators. Including socioeconomic variables fartbomplicates the situation. In place of
empirical or process-based regional environmerssgéssment models, we propose a
nonparametric outcomes-based approach using didivacdistance function from the

efficiency and productivity analysis literaturehélregional environmental-economic production
function characterizes the relative efficiency ebgraphic units in combining multiple inputs to
produce multiple desirable and undesirable socio@tic and environmental outputs. This
production function makes no assumptions aboutLthetional relationships among variables,
but by quantifying the extent to which desirablépotis can be expanded and inputs and
undesirable outputs can be contracted, the pramhu@iinction can help decisionmakers identify
the most important broad-scale management andatisto opportunities across a heterogeneous
region. A case study involving 134 watersheds enNhd-Atlantic region of the United States
indicates that, depending on which outputs areipéd@s desirable in the models, a quarter to a
third of the watersheds are efficient in produaiegirable outputs and minimizing inputs and
undesirable outputs. Including socioeconomic indiatends to reduce watershed efficiency as
compared to models that only use environmentatatdrs. Efficiency levels also appear to be
correlated with Ecoregions.

Keywords: environmental assessment, productiontimmcefficiency, nonparametric modeling,
Mid-Atlantic



1. Introduction

Regional-scale environmental assessments requagrating data sets from a variety of
sources collected for diverse purposes and hawicmnsistent spatial or temporal scales.
Moreover, the environmental processes and thdaekdtips among variables in the assessment
tend to be poorly understood. Including socioecacorariables only exacerbates the situation.
Regional assessments often use multivariate $tatist describe the relationships between these
variables, but multivariate analyses frequentlyumddata dimensionality (James and
McCulloch, 1990; Tran et al., 2006) and can bedliff to interpret by both the analyst and the
intended audience (planners and managers).

Many regional environmental assessments focusdaucti®ns or losses of ecosystem
services without consideration for the economic smalal pressures that lead people to use or
consume environmental resources or services (Wiagigd., 2004). Models capable of
evaluating economic and environmental trade-offgeataking into account economic factors
that may compensate for environmental losses widedty become valuable decisionmaking
tools.

The model described in this paper may be a steprtswaddressing the challenges of
performing regional assessments. Using a diredtadistance function from the efficiency and
productivity analysis literature (Fare et al., 19Bfre and Grosskopf, 2004; Fare et al., 2007a),
the model creates a regional environmental-econpnoiduction function (REEPF) that
characterizes the relative efficiency of geograpimits in combining multiple environmental
inputs to produce multiple desirable and undestrablvironmental and economic outputs. The
REEPF relies on a flexible, nonparametric spedificeof production relationships, making no

assumptions about the functional relationships anoputs and outputs. This characteristic



dramatically simplifies the modeling requirements@egional assessment, while retaining the
ability to integrate data sources across mediasaatés. By quantifying the extent to which
desirable outputs can be expanded and inputs atesuable outputs can be contracted, the
REEPF can help decisionmakers identify the mosbmamt management and restoration
opportunities across a heterogeneous region. Hpusrpresents the conceptual underpinning of
the REEPF, the assumptions related to using theagpip in a regional assessment context, and a
case study using variables related to resourceittomsl and socioeconomic activities in 134
watersheds in the Mid-Atlantic region of the Unitethtes.
2. Methods

For the regional environmental-economic assessmengssume there are three types of
variables: desirable outputs, undesirable outpuid,inputs. The outputs are split into desirable
and undesirable outputs to reflect the likelihdoat tmany productive activities create
byproducts, pollution, or other external effectagttimcur environmental or economic costs. For
example, electricity generation is frequently exaadl in the efficiency and productivity
literature in this manner, with inputs such as coapital, and labor combining to produce the
desirable output, electricity, while simultaneougtpducing a variety of undesirable outputs,
such as NQand SQ emissions (Fare et al., 2007a, b). In the gerase, both inputs and
undesirable outputs are costly, either directlgrimducers or to society as externalities.
Decisionmakers therefore seek to minimize the uggaruction of inputs and undesirable
outputs, respectively, while maximizing the prodoictof desirable outputs. The model
described in this article extends this premiseetpanal-scale land use planning. For example,
community planners permit land use conversion &etbpment activities (such as

transportation, residential, and industrial infrasture) that produce desirable economic benefits



such as housing, employment, commercial, and reonah opportunities. However,
development simultaneously produces undesirablsemprences, such as habitat loss, water
guality degradation, and air pollution. In the gl assessment context, we seek to identify the
decisionmaking units which are most efficient, tisahe watersheds using fewer inputs to
produce more desirable outputs relative to undeleirautputs.

It is important to discuss the different natureha decisions being modeled in the
regional assessment case as compared to the dedming made in the firm-level production
that is frequently modeled using the directionataihce function approach. The production
literature assumes that all relevant variablecaptured in the model, regardless of whether the
variables are under the full discretion of the diecimaking unit. Clearly, in a regional
assessment application, regional land use plaramet€nvironmental managers will not have
full control of the inputs, and many variables ni@ymissing or unobserved in the production
relationship. However, given that the objectivénitielp target investments in increasing the
joint production of economic and environmental B#seand assuming that the points of
management leverage are well-specified, then guéside the assumption that the model fully
describes the system is reasonable. The inteathislp decisionmakers prioritize investments,
rather than describe a highly complex, coupledremvnental-economic system.

2.1 Theoretical Foundation of Efficiency Analysis
In the model, th&\ inputs are writtest=(x,...., %, ) ; theM desirable outputs are
writteny =(y;,..., }, ) ; and theJ undesirable outputs are writtér= (b, ..., ). We assume a

production relationship between inputs and outdatthe efficiency and productivity literature,

this relationship is generally referred to as tredpctiontechnologyand, WhereP(x) equals



the output set, is written &3( x) :{( y, b): xcan producg y t)} . This statement says that each

input vectorx can produce a combination of desirable and undesicutputs(y, b) .

A series of axioms typically apply in efficiencyaysis, which is sometimes called axiomatic
production theory (Fare and Grosskopf, 2004). éngpplication of the model to regional
environmental and economic assessment, six axioens$ special attention, roughly following

Fareet al. (2007a).

1. Compactness: P(x) is compact for alk, which means that finite inputs produce finite
outputs.
2. Inactivity: Inactivity is always possible, qi0} O P(x)O x. The implication of this

axiom is that it is possible to produce none ofgpecified outputs for any given vector of
inputs. While this axiom makes sense for, say,vago@lant, it makes little sense when the unit
of analysis is a region where the existence ofrenvnental and socioeconomic outcomes, for
better or worse, is assured. In our regional assesiscase, then, the mathematical meaning of
this axiom is maintained, even if its interpretatio a typical production context is not strictly
held.

3. Free disposability of inputs: Inputs are freely disposable, which is mathembyica

stated a®(x')0 P( ¥if x= X . Free disposability of inputs means that a deisiaking unit

can increase the quantity of any given input whidding other inputs constant and not reducing
output.

4, Strong disposability of outputs. Strong disposability of outputs implies that usidable

outputs can be disposed into the environment withrmurring a cost in reduced desirable

production, or if(y,b)0 P( ) and(y',b)<(y, b then(y,b)0 P(¥. Another way of saying



this axiom in an environmental decisionmaking cehig that the private costs of pollution are
zero for a decisionmaking unit. As such, unregulatecisionmaking units are often modeled
under the axiom of strong disposability. In contréige axiom of weak disposability is based on
the existence of private cost associated with neduthe disposal of undesirable outputs in the

environment. Under weak disposability, a decisiokimgunit can reduce desirable and

undesirable outputs proportionally Iy or that(y,b) 0 P( X and0<é&<1 imply

(@y,6b)0 P( ¥, indicating that a reduction in undesirable ousputist be achieved at a cost of

a reduction in desirable outputs, because resounoss be reallocated from the production of
desirable outputs to the reduction in the productibundesirable outputs. Weak disposability is
sometimes considered an approximation of a decisdamng unit operating within a regulated
environment (Fare and Grosskopf, 2004; Fare e2@07a). In the regional assessment context,
we assume strong disposability because, while surtiee components of the system may in fact
be regulated, there are no specific regulatory raeisims that regulate overall production at the
watershed scale.

5. Null-jointness: The use of the directional distance function taleate the joint

production of desirable and undesirable outputjly draws upon the axiom of null-jointness.

Null-jointness states th4ty, b) 0 P( ¥) and thato =0 implies y =0, or that if no undesirable

outputs are produced, then no desirable outputgratkiced. While we maintain that
socioeconomic benefits €., desirable outputs) will always come at the cosirafesirable
outputs, it is possible that some but not all uirdbte outputs can be eliminated or, as we shall
see in the case study, not be produced by one B dezisionmaking units.

With these preliminaries in place, we are now ablpresent the directional distance

function that constitutes the regional environmeatanomic production function. First, let



g= ( I gx) represent the directional vector. The directiorgadtor indicates the direction

and relative preference we are trying to move tipaiis and respective outputs. Note that the
elements of the vector corresponding to undesirabiputs and inputs are negative; this

indicates we wish to reduce undesirable outputs@muats while increasing the quantity of

desirable outputs. For the case study that follaveslet g = ( 0y~ Gy gx) =(1,-1-19, which

also implies we are equally weighting all inputsl autputs.

The objective of the environmental-economic proutunctfunction is to find the
maximum expansion of desirable outputs indjdirection with the largest feasible proportional
contraction in inputs and undesirable outputs @t and -g, directions, respectively, or:

B(xy.big,-g.-g)=sug B (¥Bg.bB g0 B x5 g|

- (1)
where D(x,y big, g r g)z 0= (y.B0 P(X.

Here, Bis an expansion factor that measures the maximalldke proportional expansion of
desirable outputs and contraction of inputs andeamdble outputs for a given decisionmaking
unit. In other words, if a decisionmaking unit @ntpletely efficient in maximizing desirable
outputs and minimizing inputs and undesirable oistpihen the decisionmaking unit is
producing desirable outputs on the production [pilgyifrontier, and S is zero. Consequently,
L may be considered a measure of the decisionmakiitg inefficiency, andL— S a measure of
its efficiency.

The directional distance function can be visuaizeFigure 1, which for simplicity is
reduced to two dimensions by assuming the inpuioves held constant while the objective is to
maximize a single desirable output y and to minerazsingle undesirable output b. Under strong

disposability of outputs, the feasible productipace is described by the square OEBCD.



Meanwhile, under weak disposability, the feasililedpiction is described by the polygon
OABCD. Note that under weak disposability, aftgront, reducing leads to reductions
showing how reductions of undesirable outputs catrtbe cost of reduced desirable output.
Suppose now that a decisionmaking unit is produatn,y). Under both weak and strong
disposability of outputs, the decisionmaking usibverproducindgy and underproducing The
objective of the model described in (1) is to caatb in thegy direction and expanglin theg,
direction, as shown in the directional vector igle 1. Given a directional vector, the

inefficiency measuregs gives the distance from the observed performahteeadecisionmaking

unit to the production frontier at the boundarytité feasible production set in the direction of

the directional vector under the relevant outpapdsability axiom. For weak disposability, the
decisionmaking unit would have to move(tm— £9,y+tpl gy)to be 100% efficientie.,
£ =0), and for strong disposability, (dn—ﬂ* g, y+p53 gy).

We can identifyg for the decisionmaking unk using the following linear program

familiar from the data envelopment analysis literat(Fare and Grosskopf, 2004; Fare et al.,

2007a):

B(x,y.b g~ g.- g) = maxg*

K
St D ZVm2 Yemt B0, m=1,...,M
k=1
K
Y.zhzh -4, j=1,...,J )
k=1
K
zzk)qms )&‘n_lgk g)ﬁ n:11"'! N
k=1
z,20 k=1,..K

where the variable, is a weighting variable. This program construbts production frontier by

searching for a decisionmaking unit or weighted bration of units producing equal or more



desirable outputs, equal or fewer undesirable dsfpuhile using equal or fewer inputs than the
unit under analysisk’. If B equals zero, the unit resides on the productiasipdity frontier.

This model is run once for each observation indéiaset to identify the inefficiency levels for
all decisionmaking units.

While the ability to model production without impieg a specific function form on the
production relationships is a major advantage fdirectional distance approach, it is
important to note that the expansion faggas sensitive to the measurement units and magnitud
of the variables. One approach to manage thistsatysiwhich we adopt in the case study
below, is to transform variables to the ratio & bserved value and the maximum in the

dataset for each variable in the dataset, or:

y;—i b;:b&’and)zkzxi Ok (3)

Voo s i
Under this transformatiorf is equivalent to the maximum increase (decreasdgsirable
outputs (inputs and undesirable outputs) as a ptxge of the maximum observation for each
variable in the dataset (Picazo-Tadeo et al., 2005)

The technology in this model exhibits constantmetito scale. In an article that uses data
envelopment analysis to allocate conservation ectgrwithin a watershed, Ferraro (2004)
explains that it is misleading to compare firmshadnd parcels—watersheds in the current
study—because each parcel is unique and cannepbeated, whereas replication of a firm is
an idea central to constant returns to scale. 3ddt a variable-returns-to-scale approach in our
case would subset the data into sets of watershiglsimilar returns to scale, potentially
leading to watersheds considered efficient withigirtpeer groups that are dominated across all
attributes by watersheds within other scaled peaugs (Ferraro, 2004). In this article, we

maintain the assumption that watersheds exhibitemr returns to scale to avoid this problem.
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2.2 Case Study

The case study draws upon a dataset developdwly.E. Environmental Protection
Agency’'s Regional Vulnerability Assessment (ReVA)gram as part of its Mid-Atlantic
Assessment. Numerous articles have been publigmtibupon this work, including a series of
articles exploring multivariate and fuzzy logic apgches to regional environmental assessment
(Smith et al., 2004; Tran et al., 2006; Tran et2007; Tran et al., 2008). The economic and
environmental variables used in the ReVA assesswerg drawn from a wide variety of
sources and inevitably do not represent the sa@spr temporal scales. ReVA estimated
each variable for 134 watersheds at the HUCS8 shateconstitute the Mid-Atlantic region. The
Mid-Atlantic region spans 10 states across fivedlévEcoregions (Secretariat of the
Commission for Environmental Cooperation, 1997):Aflantic Highlands; (2) Southeastern
USA Plains; (3) Mixed Wood Plains; (4) Mississiggiuvial and Southeast USA Coastal Plains;
and (5) Ozark, Ouachita-Appalachian Forests (Figyre

The ReVA estimates were chosen for this study sthey represent well the disparate
types of information available for regional assessts. Additionally, the advantages of the
flexible, nonparametric directional distance fuantare highlighted by its ability to
meaningfully model information from disparate sascFor this case study, we use four inputs,
four desirable outputs, and six undesirable outfhasare shown in the first column of Table 1.
See Smitlet al. (2004) for a detailed discussion of the variablgs. selected the 14 variables
from a larger set to illustrate the use of the REERhile no single authority exercises complete
control of the four inputs in this model, theserfaiere chosen because they could be influenced
by land use planning/policy and by conservatioontdf and because, in terms of environmental

guality, lower values typically are considered géadall four. The desirable outputs chosen
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reflect a mix of socioeconomic and environmentalaldes, increases in which can be argued to
be good. The undesirable outputs reflect envirortedgmoblems (pollution and exotic species)
that planners and environmental managers typitallio minimize. While this model
specification lacks the clarity of the input-outpelationship of a typical model in production
economics, the complexity of evaluating joint eomimental-economic production in regional
landscapes will always make model specificatiomatidy process.

To show a range of results that are sensitivegonal management objectives, we
present the results of four different models. loheaf the four models, the inputs and
undesirable outputs remain the same, but the ddsioaitputs are varied. The desirable outputs
for each model follow:

Model 1: per capita income, population density, percentamet and percent interior forest.
Model 2: per capita income, percent wetland, and percéatian forest.
Model 3: population density, percent wetland, and peraaetior forest.
Model 4: percent wetland and percent interior forest.
3. Results

Table 2 presents descriptive statistics on thenastd inefficiency ratings across the four
models. Results of Models 1 and 3, which both idelpopulation density, were similar.
Meanwhile, the results of Models 2 and 4 were simals well. In Model 1, which contains all
four desirable outputs, a little more than oneethut the observations were considered efficient,

with an average efficiency of 99.1 percefit € 0.009) and a minimum efficiency of 93.6

percent fnax= 0.064). Recall thgfis equivalent to the maximum increase (decrease) i
desirable outputs (inputs and undesirable out@#s) percentage of the maximum observation

for each variable in the dataset. Consequentlyatenshed that is 99.1 percent efficieft €
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0.009) should be able to increase desirable ougndgecrease inputs and undesirable outputs
by 0.9 percent. It should also be noted that wihiéeefficiency values in Table 2 may appear to
be quite high, when translated into physical measwsmall changes in efficiency can result in
significant changes in environmental quality.

Removing population density as a desirable outpatehsed the efficiency of the
watersheds in the dataset: only 26 percent wensdftw be efficient, the average efficiency was
96.2 percent, and the least efficient watershetlerdataset had an efficiency of 71.2 percent.
Removing per capita income and retaining populadiensity for Model 3 returned results
similar to Model 1 in that about a third of the ebstions were found to be efficient, with an
average of 99 percent efficiency and a minimuncedficy rating of 93.3 percent. The final
model, with just percent wetlands and percent iotdorest as desirable outputs, returned the
lowest rates of efficiency, with 25 percent of tieservations being efficient, average efficiency
of 95.6 percent, and a minimum efficiency of 65¢2gent.

The spatial variation of the results can be sadfigure 3, which depicts results in five
groups, with darker shading for watersheds withdoefficiency ratings. Figure 4 presents the
average inefficiency results across Level Il Ecaveg for all four models. In comparing the
averages across Level Il Ecoregions, it is impartamote that the analysis of variance must
account for the fact that the groups are of uneguzal and, in the case of this analysis, of
unequal variance, according to Levene’s test fondgeneity of variance. Because of the
unequal group size and unequal variance, interggstatistical differences were determined
using Tamhane’s post-hoc test at a 95 percentaemdée level. For both Models 1 and 3,
Tamhane’s post-hoc test showed that inefficienegliewere lower in the Atlantic Highlands

than in Mixed Wood Plains and the Ozark, Ouachipgp#achian Forests. For Models 1 and 3,
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efficiency levels in Mississippi Alluvial and Sowehstern USA Coastal Plains were higher than
in Mixed Wood Plains. For Models 1 and 3, all congxans between Level || Ecoregion group
averages were not statistically different. Simytathere were no significantly different

efficiency levels across all Level Il EcoregiondMiodels 2 and 4. This implies that the presence
of population density as a desirable output in M®@deand 3 may dampen the variation in
watershed efficiency across ecoregions.

Inspecting the results depicted in Figure 4, tiegenotable segmentation in the Ozark,
Ouachita-Appalachian Forests Ecoregion. Using &sast-to-northeast line to roughly
bifurcate the region, relatively high efficiencyéts are found south and east of that line and
relatively low efficiency levels are found northdawest of that line. These results correlate well
with the more detailed Level 11l Ecoregions, wittetCentral Appalachian Ecoregion to the
Southeast and Western Allegheny Plateau EcoregitretNorthwest, and may result from
greater population and industrialization in theagraorth and west of the southwest-to-northeast
line.

Table 3 shows the average maximum desirable optpduction across all 134
watersheds for each of the models and, similadjyes for the average minimum inputs and the
average minimum undesirable outputs when ineffyaa hypothetically removed from each
observation. A watershed’s maximum production ddpem which desirable outputs are
included in the model, which indicates the tradis-ofvolved in adopting different regional
management objectives. For example, Model 2 yieldgher average maximum per capita
income than Model 1, which includes population dgns

To evaluate the watersheds’ relative change in caid&r as desirable outputs were

varied, the watersheds were divided into quarbiesed on their efficiency rating for each
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model. In the case of ties at the quartile bretisd,watersheds were placed in the higher
efficiency quartile. Overall, 81 of the 134 watezdh (60 percent) are in the same quartile across
all models, demonstrating the relative stabilitytieg rank ordering of the watersheds. The same
36 watersheds (27 percent) are in Quartile 1 foh@aodel, and all 36 watersheds were rated as
100 percent efficient for all four models, meanihgt these 36 watersheds were performing on
the production possibility frontier for all modégeanwhile, 12 watersheds (9 percent) stay in
Quatrtile 2, 14 (10 percent) stay in Quartile 3, 48d14 percent) stay in Quartile 4 across all
four models. Of the remaining watersheds, relagiev exhibit volatile performance across
models.
4. Conclusions

This article presents an approach to evaluatenk@onmental-economic performance of
regions in producing desirable outputs in the presef undesirable outputs and costly inputs
using a directional distance function. This apphocdeveloping a regional environmental
production function offers several advantages &wetbping regional assessments. The flexible,
nonparametric approach is capable of incorporatingde variety of information and imposes
no functional form upon the relationships amonguheables in the assessment, offering a
strong advantage when dealing with very complexesys. The production function provides
information that can help environmental decisionaralprioritize environmental investments
and also establish reasonable expectations ab®aintlount of improvement that may be
expected.

In contrast to the usual application of data eoprlent analysis to evaluate firm-level
efficiency, the regional environmental-economicdurction function approach necessarily

assumes that decisionmaking is not vested withsargular management authority. The
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assessment is also unlikely, if not unable, tolipocate all relevant variables, which steers the
production function presented here away from taditional econometric view of production
functions, which assumes all relevant factors ackided in the model. In this, the use of the
directional distance function in this study is danto its use in cross-country comparisons of
productivity, such as Lozano (2008) and Kumar (3006which the production problem is
presented at the same level of decisionmakingadigin. It is also possible in the regional
assessment context that there are no clear distsdbetween inputs and outputs, which
necessitate that the assessment analyst takesgreah properly specifying the model.

We created several models reflecting different rgangent objectives by varying the
desirable outputs used to calculate efficiency. @aults indicated that, depending on which
desirable outputs are specified in the models,aatguto a third of watersheds are efficient in
producing maximal desirable outputs with minimatiesirable outputs and input use. Our
results show that across all watersheds, averdigeeaty ratings range from 99.1 percent to
95.6 percent, depending on which desirable outangtselected for the analysis. When
socioeconomic indicatore (g.,per capita income and population density) are usedlel
efficiency ratings are higher than when just envinental measuresg.g.,percent of the
landscape in wetlands or interior forest) are ulgéficiency levels are also correlated with eco-
regions, with Atlantic Highlands and Southeast Gad2lains tending to be more efficient than

Mixed Woods, Southeastern Plains, and Appalachtaads.
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Table 1. Variables used in the analysis

Average Std. Dev. Min. M ax.
Inputs
Percent edge forest (2 ha scale) 30.6 9.9 7.9 52.5
Percent impervious surface 3.7 3.6 0.9 25.1
e (e oo™ 10 sz 00 4
Road density (m/ha) 19.7 8.3 9.2 59.0
Desirable outputs
Per capita income (1996%) 22592 4504 15110 41528
Population density (people/ha) 243 421 16.6 2590
Percent wetland 5.9 10.6 0.0 58.1
Percent interior forest (2 ha scale) 60.1 16.0 0.1 91.5
Undesirable outputs
Exotic aquatic species (no.) 11.9 6.4 2.0 34.0
Exotic terrestrial species (no.) 11.3 1.8 8.0 16.0
Total nitrogen in streams (kg/ha/yr) 3.4 0.5 2.3 5.1
Nitrogen deposition (kg/ha/yr) 8.8 1.6 6.4 12.3
Ozone design values (ppm-hours) 85.9 3.8 79.1 98.0
Particulate matter 2.5 (Lghn 14.8 1.0 12.4 17.2

Note: See Smitlet al.(2004) for discussion of variables.
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Table 2. Efficiency levels for 134 Mid-Atlantic Washeds
Model1 Mode2 Model3  Mode 4

Number efficient (3 = 0) 49 37 46 36
Percentage efficient 34% 26% 32% 25%
Average efficiency (18) 99.1% 96.2% 99.0% 95.6%
Std. dev. of avg. efficiency 1.3% 5.2% 1.4% 6.4%
Maximum efficiency (14) 100% 100% 100% 100%
Minimum efficiency (18) 93.6% 71.2% 93.3% 65.2%
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Table 3. Maximum production of desirable outputd emnimum use of inputs and production

of undesirable outputs (means)

Actual Mode1 Model2 Model3 Mode 4

Inputs

Percent edge forest (2 ha scale) 30.6 30.1 28.7 30.1 28.3

Percent impervious surface 3.7 3.5 2.8 3.5 2.6

Riparian agriculture (percent of

stream-length with adjacent 15.0 14.5 13.2 14.5 13.0

agricultural land cover)

Road density (m/ha) 19.7 19.2 17.5 19.1 17.1
Desirable outputs

Per capita income (19963%) 22,592 22,976 24,150 — —

Population density (people/ha) 243 267 — 268 —

Percent wetland 5.9 6.4 8.1 6.5 8.4

Percent interior forest (2 ha scale) 60.1 60.9 63.5 61.0 64.1
Undesirable outputs

Exotic aquatic species (no.) 119 116 10.6 11.6 10.4

Exotic terrestrial species (no.) 11.3 11.2 10.7 11.2 10.6

Total nitrogen in streams (kg/ha/yr) 3.4 3.3 3.2 3.3 3.2

Nitrogen deposition (kg/ha/yr) 8.8 8.7 8.4 8.7 8.3

Ozone design values (ppm-hours) 85.9 85.0 82.2 85.0 81.6

Particulate matter 2.5 (Lgfn 14.8 14.7 14.2 14.6 14.1
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Figure 1. Production technology and directionatatise function (adapted from Fateal.
2007)
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Figure 2. Level I Ecoregions in the Mid-Atlantic
Region showing HUC8 watersheds
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Figure 3. Efficiency ratings from four models
for 134 Mid-Atlantic watersheds

Efficiency Results’
[ 1 100%

99% - 100%
[ 98%-99%
| | 97% - 98%
B 96% - 97%
B < 9s%

* Map colors accessible by vision-impaired; based on
http://www.ColorBrewer.org, by Cynthia A. Brewer,
Pennsylvania State University.



Figure 4. Average efficiency ratings from four models
for five Level II ecoregions
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Model 1 Model 2 Model 3 Model 4

CI 5.3 Atlantic Highlands
E 8.1 Mixed Wood Plains
I:l 8.3 SE USA Plains

I:l 8.4 Ozark, Ouachtita-Appalachia Forests
- 8.5 Miss. Alluvial and SE USA Coastal Plains
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