Use of EMDS in Conservation
and Management Planning
for Watersheds

Sean N. Gordon

Abstract Some of the earliest applications of the Ecosystem Management
Decision Support (EMDS) system were in the field of watershed assessment and
planning. This chapter reviews nine cases in which EMDS has been applied to
watershed management and three additional cases of the application of similar
multi-criteria evaluation approaches that were at least partially inspired by EMDS.
These cases are compared using the following major themes: participation,
objectives, definition of watershed condition, temporal and spatial aspects, indi-
cators and evaluation criteria, and model structuring. The cases show the model
complexity and variability that is possible when trying to operationalize an
ambiguous concept, such as watershed condition. EMDS has been quite successful
in helping organizations structure the concept of watershed condition, but all
efforts faced significant challenges with obtaining the desired data and setting
evaluation criteria. Some possible areas for future software development are
suggested, but many difficulties in building good models are more conceptual in
nature, and thus, would likely be best addressed though improved information
sharing among practitioners.

Keywords Conservation - Planning - Watershed analysis - Habitat - Fish

populations - Population viability

1 Introduction

The importance of water for human uses and ecological processes has led to a
variety of methods for assessment and planning based on watersheds (aka catch-
ments). Historically, the singular focus of calculating water yields for human uses
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made such assessments tractable to statistical methods; however, increasing
interest in water’s role in supporting natural ecosystems has made assessment
more complex. For example, evaluating habitat conditions for fish populations has
proven challenging. A wide variety of factors (e.g., availability of large wood,
pools, riparian and upslope vegetation) at several scales of observation are thought
to influence habitat, but the data needed to correlate these indicators with fish
populations are generally unavailable over large landscapes. Furthermore, the
species of concern in the Northwest, where most of the applications of EMDS
discussed in this chapter have taken place, are primarily anadromous, introducing
ocean habitat conditions and migration barriers as confounding variables. As a
result, few studies have attempted such correlations at landscape scales (but see
Kaufmann and Hughes 2006; Pess et al. 2002).

Land managers and regulatory agencies need ways to evaluate current aquatic
habitat conditions and the likely future effects of proposed commodity extraction
and restoration activities on water quality and fish populations. In the USA, such
evaluations are required by federal laws, particularly the Clean Water (CWA
1977) and Endangered Species Acts (ESA 1973). A variety of methods have been
developed to address this need. The US Environmental Protection Agency (EPA)
and associated state agencies (e.g., Oregon Department of Environmental Quality)
have developed and applied water quality regulatory standards under the CWA
(Hayslip et al. 2004; Hubler et al. 2009). Similarly, the national regulatory agency
for fisheries has developed standards for evaluating habitat attributes (NOAA
Fisheries 1996).

This chapter reviews nine cases in which the EMDS software has been applied
to watershed management, and an additional three cases that have used concep-
tually similar approaches. The objectives are to compare these cases along a few
key dimensions, as well as to summarize lessons learned about the use of such
models and suggest areas for possible software development.

2 Motivation for Using EMDS in this Context

Use of EMDS for watershed assessment was precipitated by two weaknesses in
previous approaches. First, for regulatory clarity, assessors used absolute thresh-
olds to evaluate each stream or watershed metric (e.g., a watershed temperature of
17 °C would pass, but 18° would fail), even though biological effects are gradu-
ated along gradients. Second, they did not go beyond the independent evaluation of
each parameter, so it was unclear how several parameters might be integrated to
determine overall condition or status. EMDS provided a solution framework to
both of these problems with its use of gradient-based evaluation criteria and
integration of multiple measures, using a variety of logic functions. Additionally,
EMDS can easily combine quantitative information and more qualitative expert
knowledge, when explicit measures or relationships are not available.
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3 EMDS Applications in this Problem Domain
3.1 Northwest Forest Plan

Some of the earliest EMDS applications were developed for watershed assessment
and planning on federal forest lands in the Pacific Northwest of the United States.
In particular, the initial development period of EMDS coincided with development
of the Northwest Forest Plan (NWFP), one of the earliest and largest (~ 10 million
hectares) applications of ecosystem management principles in the US. It consists
of a coordinated set of guidelines for federal lands in the continental northwestern
United States (USDA and USDI 1994). The area covered by the NWFP was
principally determined by the range of the northern spotted owl (Strix occidentalis
caurina), which was listed as a threatened species in 1990 under the national
Endangered Species Act (USFWS 1990). The planning process also developed an
aquatic conservation strategy to protect aquatic ecosystems in anticipation of
possible listings of a number of fish species.

Early on, EMDS was proposed to meet the need for watershed assessment and
planning for the NWFP (Reynolds et al. 1996). However, the involvement of
numerous federal agencies in the NWFP, each with a different concept of water-
shed monitoring, led to a drawn-out process of finalizing the aquatic monitoring
strategy (Reeves et al. 2003). Despite this delay, the watershed monitoring
program was established in 2000 and an initial assessment using EMDS was
completed in 2001. The first major report on NWFP monitoring (Gallo et al. 2005)
addressed the first 10 years of the plan (1994-2003). To cover the large, diverse
area, the watershed monitoring team worked with local experts and created six
subregional EMDS assessment models (Gordon and Gallo 2011). NWFP moni-
toring reports are planned for every five years, and a second iteration of the
modeling and assessment process using EMDS was recently completed (Lanigan
et al. 2012).

3.2 National Forest Planning

National forests managed by the US Department of Agriculture Forest Service
(USFS) make up the largest portion of the NWFP area, and development of EMDS
in the Pacific Northwest research branch of the USFS (Reynolds et al. 2002), along
with adoption for the NWFP, has led to a number of applications developed at the
national forest scale. One of the first was an assessment of the Chewaucan
watershed in south central Oregon USA (Reynolds and Peets 2001). The assess-
ment demonstrated how multiple scales of data (subwatersheds and stream
reaches) could be integrated, and users of EMDS will recognize it as the tutorial
case.
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Under federal law, national forests are required to create a comprehensive
management plan and update this plan every 15 years (NFMA 1976). The actual
rules for defining these plans have changed numerous times in the past decade due to
attempted updates and court challenges (http://www.fs.usda.gov/main/
planningrule/history), but all versions have included language on the protection of
species. A few national forests in the Pacific Northwest are engaged in plan revision
and have been using EMDS to help assess and plan for “aquatic ecological sus-
tainability.” This approach was piloted on the Okanogan-Wenatchee National
Forest, which is documented in Reiss et al. (2010).

3.3 California North Coast Watershed Assessment Program

Government agencies at the state level also share responsibility for the protection
of water quality and conservation of aquatic species. In 2001, the state of Cali-
fornia initiated the North Coast Watershed Assessment Program to evaluate the
status of coastal watersheds that historically supported anadromous fish. Through
connections to the Northwest Forest Plan process, the California program decided
to use EMDS to assess overall watershed and in-stream conditions for fish. They
produced models for instream habitat and sediment delivery, a key component of
watershed condition, as determined by the EPA (Dai et al. 2004; Walker et al.
2007).

3.4 Other Northwest Agencies and Nonprofits

In Oregon, an EMDS-based watershed assessment process has been applied to at
least two other major efforts for which publications are available. First, a broad
partnership between federal and state agencies and nonprofits used EMDS to
develop restoration priorities for the Sandy River, a major Columbia River trib-
utary, near Portland, Oregon (SRBWG 2006, 2007). Second, the Portland-based
nonprofit Wild Salmon Center undertook an evaluation of 5,500 km? of water-
sheds in northwestern Oregon to evaluate and influence the implementation of a
“Salmon Anchor Habitats” strategy being implemented by the state’s forestry
department (Miewald et al. 2008).

3.5 Environmental Protection Agency

The Pacific Northwest Research Station (USDA Forest Service) and EPA coop-
eratively developed one of the earliest EMDS applications for watershed assess-
ment and monitoring of ecological states and processes (Reynolds et al. 2000).
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Much of this application was concerned with assessment of stream characteristics
to provide decision support for managing nonpoint source (NPS) pollutants under
the EPA’s Total Maximum Daily Load (TMDL) program. TMDLs specify
the maximum daily amount of pollutants allowed meeting state water quality
standards, and the TMDL program allocates pollution control responsibilities
among pollution sources in a watershed. NPS TMDL parameters considered
critical to aquatic ecosystems include streamflow, stream temperature, nutrients,
stream sediment, and in-channel stream habitat. Given the objectives of the EPA
water quality assessment program, the primary logic topics included in design
were watershed processes, watershed patterns, general effects of human influence,
and specific effects of human influences on aquatic species.

3.6 Other Regions

While most applications of EMDS to watersheds have taken place in the Pacific
Northwest, there has also been an extensive application to planning in Region 1 of
the USDA Forest Service (Montana, North Dakota, and northern Idaho), and
similar multi-criteria techniques have been adopted by two national efforts. The
USEFES Region 1 application was initiated as part of the forest planning process to
evaluate ecosystem sustainability across a number of national forests and adjacent
lands, and then to help prioritize restoration activities. Aquatic integrity was one of
five submodels built for this effort (the others being terrestrial integrity, fire
danger, social opportunity, and economic integrity) (Jensen et al. 2009).

One Oregon and two national watershed assessment initiatives have also been
implemented using similar multi-criteria techniques, which appear to have drawn
from the EMDS applications, although they do not use the software specifically. I
have included these cases because of their national significance and similarity in
methods. In 2007, the nonprofit, Trout Unlimited, launched its Conservation
Success Index, which is a multi-criteria approach to evaluating the status of a
variety of coldwater fish species to facilitate protection, restoration, reintroduction,
and monitoring efforts. The index includes 20 indicators grouped into four cate-
gories. To date, assessments of numerous species have been carried out in five
broad regions of the USA (California Salmon, Sierras, Intermountain West, Desert
Southwest, Midwest, and East) (Williams et al. 2007; Trout Unlimited 2007). The
second national effort is the USDA Forest Service National Watershed Condition
Classification (WCC, USDA Forest Service 2010), which was begun in 2006 in
response to a federal oversight agency (Office of Management and Budget, OMB)
criticism that the Forest Service lacked a nationally consistent method for
assessing and prioritizing watershed restoration actions even though it was a major
strategic emphasis (US OMB 2006). Each national forest is now required to assess
each of their watersheds using a standard set of 12 indicators, which are combined
into an overall index score. EMDS was used for a pilot national assessment, but the
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FS established a national database system to store and calculate the first full
assessment in 2010. Finally, a recent feasibility study for the reintroduction of
threatened bull trout (Salvelinus confluentus) into the Clackamas River, Oregon
used a multi-criteria framework built on earlier experiences with EMDS (Dunham
et al. 2011).

4 Experiences Using EMDS for Watershed Assessment

This section reviews the positive and negative aspects of the application of EMDS
in the cases mentioned above. It is organized according to a number of major
issues involved in preparing and applying such models to structured problem
solving. To more compactly reference the cases, bracketed case numbers from
Table 1 are used in the following discussion.

4.1 Participation

Problem framing depends on who is involved and the processes used to gather
input. Relatively little has been written about this aspect of the cases, beyond
providing a brief mention of general types of participants or occasionally a more
specific list. The summary of model-building efforts in Table 1 shows that
involvement has largely been limited to technical experts in the various aspects
of watershed functioning. Participation has ranged from a team of two (a fish
biologist and a modeling specialist [case 2]) to a case involving 12 organizations,
including nonprofits and local/state/federal government agencies [8]. In fact, many
of the cases involve multiple organizations [1, 7, 8, 9, 10], demonstrating that the
EMDS framework has been simple and flexible enough to span such organiza-
tional boundaries. Even when used within one organization, it has served to
integrate multiple disciplinary perspectives [4, 5, 6] and bridge multiple hierar-
chical levels. As reported in Gordon and Gallo (2011), the concepts involved in
multi-criteria modeling did not appear difficult for the experts to grasp, and the
modeling process provided a much-needed framework for expressing and com-
bining their knowledge. The EMDS framework was also easy to understand and
helped increase the transparency of the assessment process. As one user put it,

It’s a great tool for that [watershed assessment] and everyone sees right there on paper but
this is how you did it, whereas some of the other models that I'm aware of, you go into a
black box approach and you don’t really know what happened with the data. It just spits
out a number in the end. (Gordon 2006).

However, Gordon and Gallo (2011) also identified some core challenges related
to broader involvement in model-building:
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The downside of flexibility and incorporation of local knowledge is the generation of
multiple, possibly inconsistent, models. In hindsight, one of the decisions with the most
profound impacts turned out to be the geographic scale at which we engaged the experts.
We expected some model differences between physiographic provinces due to ecological
differences, but holding multiple knowledge elicitation workshops also introduced an
unknown amount of variation based on the mental models of the different experts
attending each session.

The USFS anticipated this potential problem in implementing their national
watershed condition assessment over their 175 management units, and they chose
to implement a strict, standardized structure to help achieve consistency. The cost
of this “controlled” approach is that a generic model structure may not fit local
conditions well. Gordon and Gallo (2011) hypothesized two other approaches: (1)
an informational approach, which would provide participants with detailed
information on the other models and encourage them to use similar structures as
appropriate; and, (2) a post-processing approach, in which, after the workshops,
the project team or a small group of regional experts (preferably who are able to
attend all the workshops) would review all the models and propose changes to
harmonize them, perhaps followed by an additional validation workshop. Given
high interest in assessment compatibility, both horizontally and vertically in the
organizational sphere, further documentation of this aspect and research in this
area is needed.

4.2 Objectives

EMDS has been used to meet the objectives of a number of different watershed-
related organizational programs (see Table 1, Objective column). One funda-
mental difference in the scope of applications is whether they involve only
assessment or both assessment and prioritization. Four of the cases focus exclu-
sively on assessment [1, 2, 6, 10]. Five cases occupy a “middle ground”, where
assessment results are either used directly for prioritization [8], or they are used in
a broader, qualitative prioritization process [4, 7, 9, 12]. For example, the USFS
National Watershed Condition Framework [12] suggests prioritizing the protection
of watersheds with high condition scores that also fall into certain land use cat-
egories, such as designated wilderness or municipal water supplies.

Only three cases include formal prioritization models implemented using the
multi-criteria approach [3, 5, 11]. The details of these cases are discussed further in
the Model structure section below. Clearly, EMDS has been seen as a useful tool
for both types of objectives; however, it is interesting that only three of the 12 cases
have used the multi-criteria methods for prioritization as well as assessment. For the
first three cases mentioned immediately above, prioritization appears to simply be
outside their scope. The five “middle ground” cases, however, clearly state
prioritization as a key objective, so why was the multi-criteria method not used?
This question is not answered directly by the texts, but reading between the lines,
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I hypothesize two reasons: (1) the factors were deemed too complex or idiosyn-
cratic for formal analysis, and/or (2) it was desired to maintain flexibility for
local decision makers. A third possibility is technical: the integration of different
software programs for assessment (“ Netweaver”, Chap. 2 ) and prioritization
(“ Criterium Decision Plus”, Chap. 3) creates a steeper learning curve for users and
adds costs for obtaining versions of both programs needed for model development.

4.3 Definition of Watershed Condition

Despite the shared focus on watershed condition, there are considerable differences
among the cases in how this concept is operationalized (Table 1, Definition of
watershed condition). In a case study of the NWFP, Gordon and Gallo (2011)
identified framing the initial approach to watershed assessment as one of the most
challenging aspects of the modeling effort. Multiple federal agencies were
involved, each of which had previously developed their own approach.

Notable in the objectives across cases is the degree of emphasis on maintaining
native fish species; many of the applications were developed in the Pacific
Northwest, USA, where a number of salmonid populations have been listed under
the federal Endangered Species Act (ESA). Because the ESA mandates a number
of protection measures, these species are important foci for management and
policymaking. A major framing decision for planning is whether to focus on fish
populations, habitat, or both.

The importance of maintaining fish species is emphasized in all the cases, yet
some include abundance metrics in their models, while others do not. The NWFP
assessment [1] does not include any abundance indicators because the USFS, as a
land management agency, is primarily responsible for habitat rather than popu-
lation management, the province of regulatory agencies, and habitat is what is
most directly affected by management. Additionally, no consistent population data
are available over this large area, and the emphasis of the program is on consistent,
repeatable trend metrics. The Chewaucan, EPA, and CA North Coast assessments
[3, 6, 7] also do not include population data, although it is not stated whether this is
for lack of data, or an intentional focus on habitat. In contrast, the USFS aquatic
sustainability [4], Oregon anchor habitats [9], and USFS Region 1 [5] models all
include fish population metrics. The more limited spatial scale of the first two
makes this more tractable. Also, in the case of the USFS aquatic sustainability
effort, the governing law requires assessment of the viability of species.

A second broad consideration in the definition of watershed condition is the
relative emphasis on ecosystem processes versus ecosystem states. Emphasizing
processes acknowledges the dynamic nature of aquatic ecosystems, an area where
aquatic assessments have generally lagged behind their terrestrial counterparts
(Reeves et al. 1995). A number of the cases frame the problem in terms of
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processes, but at the same time they still rely on state-based indicators. As Reiss
et al. (2010, p. 25) explain,

The habitat condition component of the HUC [hydrologic unit code] 6 AEC [aquatic
ecological condition] model was designed to assess ecological processes, rather than
evaluate the habitat needs of any particular species. Upslope and riparian road and veg-
etation attributes were selected as surrogates for the processes that affect stream habitat[,]
and to act as indicators of anthropogenic influence on ecological processes.

A process-based approach also acknowledges that even in “pristine” environ-
ments, not all watersheds can be expected to be in a state supporting good fish
habitat all of the time. Natural disturbances will change conditions over time, such
as landslides or debris flows that may disrupt habitat in the short-term, but provide
necessary inputs to in-stream habitats over the longer term. The common solution
to these dynamics is to focus on the distribution of watershed scores in an area
rather than the score of each individual watershed. These actual distributions are
then compared to a reference distribution, for example the start of the NWFP [1] or
pre-European settlement [4].

EMDS was flexible enough to accommodate this range of definitions and had
the benefit of making definitions of an ambiguous concept more explicit. Users in
this domain should be aware, however, of the complexity of this task, as revealed
by the attempt of Lanigan et al. (2012) to provide a clear definition:

The condition of a watershed is defined as “good” if the state of these attributes support a
high diversity and abundance of aquatic and riparian species. Many of the physical
indicators are chosen for their relevance to native or desired fish species because of these
species’ roles in driving management policies (including the NWFP itself) and the
availability of research related to their habitat needs. However, we attempt to assess
indicators relative to the natural potential of the site to provide biotic habitat. A watershed
that naturally does not support fish populations (because of elevation or other natural
conditions) but has little vegetation disturbance, few roads, good pools, and wood should
be evaluated positively. If this watershed loses significant vegetation, even from natural
causes (e.g., fire), then the condition rating will go down (it is below its potential).

4.4 Temporal Aspects

Another aspect of problem framing is the temporal extent of interest. Most of the
cases focus on the present—current conditions and priorities based on these con-
ditions. A few cases, however, use historical data in different ways. The NWFP
assessment [1] is tasked with evaluating changes since the inception of the plan,
and so has created a historical baseline assessment of conditions in 1994 as a
comparison point for trend. The ability of EMDS to provide a consistent and
repeatable metric was a major reason it was chosen. However, it does not currently
have utilities that support calculating such score changes over time. In a similar
vein, the USFS Region 6 national forest planning model [4] uses a simulated
historical condition at watershed scale for a comparison baseline. At the subwa-
tershed level, it includes a few individual indicators that are based on comparisons
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with historical conditions (focal species status and distribution). The Trout
Unlimited Conservation Success Index (CSI) [11] also includes an indicator of fish
distributions relative to historical conditions. The NW Oregon Salmon Anchor
Habitats assessment [9] discusses potential differences in priorities over time
(although the report only provides a single set of priorities):

First, any conservation strategy must include a short-term plan to protect the watershed
processes that maintain current core areas or anchor habitats (Reeves et al. 1995). Second,
for longer term conservation it is useful to consider the concept of the “intrinsic potential”
(IP) of a stream to provide high quality habitat.

Some models also look to the future. The Trout Unlimited CSI [11] includes a
whole branch of the model related to “future threats.” These future threats have
been drawn from a variety of sources, such as land development and climate
change models. In summary, looking at multiple time periods is an important
aspect of most natural resource problems. Many cases have figured out ways to
integrate temporal aspects into EMDS analyses, but the inclusion of temporal tools
would be a useful area for future EMDS development.

4.5 Spatial Aspects

Another fundamental consideration in the development of EMDS models are
spatial aspects, including spatial extent, analysis units, and spatial relationships.
The spatial extents of the cases range from the 98,000 km? of the NWFEP [1] to the
~600 km? of two single watershed studies [2, 3]. Broader-scale applications
appear to have been typically defined by administrative boundaries, such as USFS
planning units [1, 5, 12] and a state planning region [7]. Mid-scale assessments
seem more tied to particular ecological or hydrologic units, such as one or more
major river basins [8, 9, 10] or species ranges [11]. Studies in the smaller size
range were generally intended as pilot efforts that could be scaled up to larger
regions [2, 3, 4, 6]. The USFS assessments limited their evaluation coverage to
federally managed lands, although their new national effort [12] includes quali-
tative ratings of other lands in shared ownership watersheds. Other assessments
included all ownerships but faced the associated challenge of variable data
coverage and data quality evenness.

While spatial extents of the studies varied widely, there has been considerably
more congruence on the analytical/modeling units used: all cases used either stream
reaches (segments) and/or subwatersheds (12-digit hydrologic unit, HUC12). The
convergence to the HUC12 is likely due to it being the smallest available hydro-
logic unit in the watershed boundary component (WBD, Seaber et al. 1987; USDA
NRCS 2012) of the national hydrologic dataset (NHD, USGS 2012).

The US government has sponsored development of the NHD to facilitate
consistency in hydrologic modeling across agencies and jurisdictions. The NHD
provides considerable potential for the compatibility of different watershed
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assessments. However, it is also subject to continuing updates by state data
stewards, so the polygons used for one assessment at one point in time may not be
congruent with those produced from a different time period. These changes present
a challenge for sampling designs intended for trend analysis, such as in the NWFP
[1]. Furthermore, there appears to be little attention to date on clear versioning of
the WBD; there have been no version labels (e.g., version 1.4) applied and update
dates are rather deep in the metadata.

The spatial unit of “reaches” appeared to be used in four of the twelve studies
[1, 3, 7, 8]. Stream reaches have been defined in many different ways, which are
exemplified in these cases. Two [1, 7] based reaches on stratified random point
samples, with measurements extending a variable length along the channel based
on stream width (e.g., 20 bankfull stream widths), but usually limited by fixed
minimum and maximum lengths (150-500 m). The Chewaucan case [3] did not
specify what the reach represented, but it can be assumed to be based on the USFS
Level II survey protocol, which defines reaches by physical characteristics, such as
valley width, channel gradient, and sinuosity (USDA FS R6 2009). These reaches
tend to be longer (generally 1200 m minimum), and whole streams within the
ownership are typically sampled, resulting in a segmented line feature. The Sandy
River case [8] also created a segmented stream network for the entire study area,
based principally on geomorphic considerations used in one of their submodels
(EDT, although details are not provided in the main report). Within this master
structure they integrated diverse datasets with original reach lengths varying from
<200 m to >10 km. Interestingly, none of the studies mentioned the NHD and its
standardized reach segmentation. This lack of standardization presents a problem
for the reuse and integration of reach-level datasets.

Many of the studies acknowledge the importance of integrating multiple scales
of analysis. All of the studies employing reach-level metrics, except [8], also
aggregate these up to HUCI12-level summaries using reach length-weighted
averaging.

The USFS Region 6 analysis [4] summarized from the HUC12 to the HUCS
(subbasin) level. Their rationale was that subbasins are more consistent with
species recovery plans and the size of their administrative ranger districts. Similar
to the reach-to-subwatershed integration, the HUC12 assessments were combined
with a number of analyses done at the broader HUCS level, including fish dis-
tributions, habitat patch sizes, and population and habitat connectivity. Trout
Unlimited‘s CSI [11] is unique in that it takes data from broader scales (popula-
tions, subbasins), and applies these (common) ratings as part of their individual
watershed scores. Aggregating data and linking to other scales is a common
function in watershed assessment (as well as other natural resource assessments),
and therefore a task which EMDS may wish to consider providing specific func-
tions to support in the future. This capability might be accomplished by a tool
which allows users to identify different scales of analysis and then enables the
selection of their outputs as inputs to other scales. There also appears to have been
little investigation or reporting on the accuracy of such aggregation procedures. It
would be helpful to create some measure of the statistical uncertainty based on the
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sampling design. However, such a function broaches the much larger topic of the
integration of statistical and fuzzy uncertainties, for which more user education
would be most helpful but unfortunately is beyond what this author can provide.

A final spatial aspect that deserves consideration is the use of indicators
involving spatial relationships. All of the cases include indicators based on spatial
location, and the most common are those assessing vegetation and road conditions
in proximity to streams (e.g., riparian vegetation). What is largely absent in these
models are indicators involving spatial relationships between individual reaches or
watersheds. These second order spatial relationships are important given the
connected nature of the stream network between reaches and watersheds (Naiman
et al. 1992). Only two indicators along these lines were found in the cases: 1) the
USFS region 6 model [4] includes a genetic connectivity metric, which measures
degree of connectivity between the HUC6 and other populations within the HUC4,
and 2) the Trout Unlimited CSI [11] includes a watershed connectivity indicator,
which is based on a count of fish passage barriers downstream from the subwa-
tershed. Such network or neighborhood relationships are common in other natural
resource topics as well, and so may be another consideration for future EMDS
development.

4.6 Data and Indicators

At the base of a multi-criteria approach, such as EMDS, is the choice of indicators to
include in the model. Efforts often begin by mapping out all types of data thought to
influence watershed condition, and then paring these down to those with available
data. A fundamental modeling decision is the extent to which one leaves in indi-
cators with missing data. One of the strengths of EMDS-Netweaver is that it handles
missing data by assigning a neutral value for the indicator (e.g., 0 on the standardized
—1to+1 scale). However, if a number of indicators with missing data are left in, they
push the model results to an undetermined, neutral value. The California Coastal
Assessment [7] sediment model is an example in which there are more indicators
without than with data. More discussion of this issue would be helpful. However,
later versions of the EMDS-NetWeaver component include an option to turn off
indicators with no data (i.e., do not count them rather than assign a zero value).
One strategy for incorporating key indicators that lack empirical data is through
the reliance on expert knowledge. Two cases [4, 12], in particular, incorporate a
large number of indictors based on expert assessment. Experts may be able to
provide accurate assessments for some attributes, and EMDS can at least capture and
preserve these results. However, the EMDS framework does not provide a mecha-
nism for capturing the rationale or uncertainty associated with an individual expert’s
knowledge or opinion. As a result, the challenge of achieving consistency between
experts and assessments over time becomes even more difficult. Modelers should
create processes and data structures necessary to capture such expert judgment
metadata. The EMDS Netweaver and CDP components already have some capacity
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to store such metadata; possible improvements include further consistency between
components and their abilities to export these data in structured formats.

While the use of empirical data for indicators is more transparent and repeatable,
it is still subject to a number of potential problems. For one, preparing the raw data
for model input is likely to be the most time consuming piece of the assessment.
EMDS models can be built relatively rapidly, but the compilation of empirical
datasets can be quite time consuming, accounting for as much as 80 % of the time
and money used to develop a model. Even when working with existing data, the
necessary transformations and concatenations to format data for EMDS inputs can
take time. This formatting and transformation is also a large potential source of
errors. Special care should be taken with indicator metrics. The units involved in
environmental assessment are often complex (e.g., is the measure “miles of riparian
road per square mile riparian area” or “miles of riparian road per mile of stream”?).
Some metrics can simply be poor choices. For example, the USFS national water-
shed assessment [12] uses the following riparian road indicator: “percent of road/
trail length is located within 300 feet of a stream.” Using this measure, a watershed
with 100 m of road, all of it along a stream, will be evaluated worse than a watershed
with 10 km of roads, where only half are located next to streams. In general, density
metrics are preferable (e.g., per stream km or per km?).

A final issue related to data and indicators relates back to the earlier discussion
of process- versus indicator-based models. Conceptually, the preference of
watershed experts seems to be for process-based thinking; however, most of the
models to date have been structured more around available data using an indicator-
based approach. A central reason behind this inconsistency is the apparent
redundancy that occurs in process-based structures. A process-based model
looking at mass wasting, sedimentation, wood delivery, and shading would likely
include potentially quite similar vegetation indicators under each of these pro-
cesses. This apparent redundancy is unsettling for those trained in statistics, where
the problem of multicollinearity requires the elimination of highly correlated
independent variables. I argue that indicators should be re-used if they are proxies
for different processes. Multicollinearity is not an issue because in an EMDS
knowledgebase one is not statistically estimating the influence (i.e., coefficients) of
explanatory factors on a dependent or response variable; rather, one is assigning
weights that are used to calculate a dependent index (no actual values of
“watershed condition” are independently measurable). This is not an issue of
EMDS as a software system, but one that needs to be addressed through scientific
communication from the EMDS community.

4.7 Evaluation Criteria

Under the multi-criteria approach, each indicator chosen must be evaluated or
normalized to a common scale to facilitate their combination. The choice of
evaluation criteria is often one of the most difficult and subjective aspects of model
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building. Three basic approaches are found in the watershed cases. First, expert
opinion-based indicators are typically expressed directly using a standardized (e.g.,
—1 to +1) continuous scale, or through the application of a categorical ruleset. For
example, in the USFS R6 “distribution” indicator [4] asks for an expert judgment
of the percent of potential habitat occupied, with 0-100 % judgment transformed
in a continuous linear fashion to the —1 to +1 scale. Their “population status”
indicator asks for categorical judgments, which have standardized values (e.g.,
Strong population = +1, Depressed population = +0.5, and so on).

A second approach to setting criteria uses an external standard. Specific
thresholds are set based on measured or estimated levels of impact, e.g., the —1
threshold is >2.4 road mi-mi~2 of watershed, and the +1 threshold is 0 mi-mi 2.
Sometimes management or regulatory standards already exist and can be applied.
For example, the EPA study [6] makes use of numerous existing water quality
regulatory standards. Often, however, no such standards exist: rarely is a defini-
tive, specific impact study available to set these standards, and so the modelers
must rely on some combination of expert judgment and synthesis of the literature.
As discussed in Gordon and Gallo (2011), tracking this interpretive process is a
major challenge, but one that is crucial for the replicability and validity of the
model.

Another source of external criteria is called reference conditions, which are
usually derived from the range of values found in undisturbed watersheds or
historical estimates of site condition. Several cases [4, 6, 11] use this approach for
multiple indicators. Given the natural variability of watershed attributes and rea-
sonable management expectations, reference distributions still require some
interpretation to set evaluation criteria. For example, Trout Unlimited’s CSI
indicator “percent of historic[al] watersheds occupied by populations” uses
thresholds of 20 %/80 % to define the —1/+1 thresholds. Grey literature reports for
some cases [4, 11] provide details on how reference conditions were chosen and
established. Such details are not provided for the EPA model [6], likely due to the
space constraints of the journal format, which points to the challenge in com-
municating models through traditional scientific publications.

The third major approach to setting criteria found in these cases is an internal
approach, which sets levels relative to the range of values encountered in the
analysis area. For example, the USFS R6 analysis [4] used the 25th/75th percentile
values to set the —1/+1 thresholds for riparian vegetation, while California North
Coast assessment [7] used the 10th/90th percentiles for attributes in its sediment
model. The Oregon North Coast assessment [9] used the average spawning fish
count for the region as their +1 threshold and zero spawners as the —1 threshold.
Walker et al. (2007) refer to it as “a more empirically-based approach to defining
reference curves”; however, “empirical” should not be confused with “objective”
here, as the thresholds were subjectively derived. Reiss et al. (2010, p. 31) note the
potentially hazardous assumption that is inherent in this approach, “By selecting
these percentile values, we assumed that 25 % of all of the HUC6s on each forest
were in good condition and 25 % were in poor condition with the rest distributed
in between.”



86 S. N. Gordon

4.8 Model Structure

After individual indicators are evaluated, they are then combined into an overall
model structure, which includes the hierarchical arrangement, aggregation func-
tions, and weights (e.g., see Fig. 1 and Table 1). Model hierarchies are presented
in all the cases reviewed here, but the rationale behind them is typically not
documented. However, the underlying logic is generally evident in the structures.
Most of the assessment model indicators are grouped by watershed process
location (upslope, riparian, in-channel) and then indicator domain (roads, vege-
tation, etc); exceptions are the EPA model [6], which takes a more explicitly
process-based approach, and the Sandy River case [8], whose overall structure is
determined by the three different major data sources (see Table 1, Assessment
Model Structure column).

As mentioned above, three of the cases include explicit prioritization models,
which integrate additional indicators to the assessment model results. The Upper
Chewaucan case [3] had separate models for protection and restoration goals, both
of which included factors relating to feasibility and efficacy of possible actions.
The USFS Region 1 prioritization model [5] similarly included feasibility metrics,
but also included a section on risk: risk of severe fires (from vegetation attributes)
and risk of sedimentation (based on road density).

Environmental context switches also play an important part in some of the
watershed model hierarchies. Such switches select different evaluation pathways in
the model depending on the value of an environmental attribute. One of the most
common examples is the use of stream gradient. In reach-level models, some cases
[1, 2] only evaluate certain indicators on low gradient streams (<3 %), and in
some watershed models [1, 4] roads along low gradient streams are evaluated
differently from high gradient (>3 %) streams. Scores for roads in areas deemed
geologically sensitive also receive from 50 to 100 % higher weighting in some
models [1, 4]. Vegetation attributes naturally vary by a number of environmental
factors, and elevation and precipitation are used as context switches in a few
models [1, 4]. The USFS national model [12] simply allows a few indicators to be
designated “not applicable”: forest cover, rangeland vegetation, large woody
debris, mass wasting. Given the strong spatial patterning in many landscape
attributes, it is surprising that more models do not include such context factors.
Explanations may include the limited scale of some cases (a relatively homoge-
nous area), or it is an acceptable simplifying factor based on the overall distri-
bution within a watershed. In support of the scale argument, the NWFP [1], as the
largest application case, actually developed separate models for six subregions.
This complete division allowed considerable variability between regions, however,
and it became difficult to discern which differences were truly due to ecological
factors versus involvement of different panels of experts. The team is now plan-
ning to consolidate the models into one using context switches based on explicit
ecological factors.
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Watershed Tree Size + Canopy Cover
-wide (early seral)

Fig. 1 Example model structure for assessing watershed condition (‘AVG’ represents use of an
averaging aggregation function)

EMDS-Netweaver provides a wide variety of mathematical and logic operators
for combining the standardized indicator scores. The most prevalent ones in the
watershed models are the UNION and AND operators, which correspond to a
partially-compensatory (i.e., average) or non-compensatory (minimum, limiting
factor) functions, respectively. As users of Netweaver know, the AND function is
rather ingenious and more complex than a simple minimum, but can be difficult to
explain. However, NetWeaver also includes a true minimum math operator. The
choice between these operators typically has significant consequences for model
results. An early draft of the NWFP model [1] used primary ANDs, but the results
were judged by experts to be unrealistically poor. The California North Coast
assessment [7] found that using non-compensatory operators seemed more
appropriate when considering certain low-level indicators, but that partially-
compensatory performed better in higher levels of the model hierarchy.

Weighting is a third factor in the model structure. Five out of the twelve cases
appear to have implemented some type of weighting (beyond the default weighting
inherent in the model structure) [1, 2, 4, 5, 9]. The USFS R6 case [4] included
weighting at the indicator level that was tied to their use of context variables: roads
along low gradient streams and on sensitive soils received higher weights. The
NWFP and NW Anchor Habitats cases [1, 9] included weighting at the indicator
level and also further up in the hierarchy. Major differences between assessments
of the same watersheds by the NWFP and USFS national [12] assessments were
traced back to differences in the weighting of roads, both explicitly and through its
averaging with a generally highly rated “soils” attribute in the latter. Clearly, care
must be taken in the effects of model weighting and structuring. Steele et al. (2009)
make the further point that relationships between criteria weights and evaluation
criteria should also be considered. Few of the cases used the Priority Analyst
portion of EMDS, but the USFS R1 case [5] demonstrated how models with
different weightings can be used to prioritize for different objectives (improve
watershed condition, reduce hazardous fuels in wildland urban interface, protect
developed recreation values).
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5 Conclusion

Watershed assessment is one of the oldest and most frequent application areas for
EMDS. Watershed condition is a complex concept, and cases have struggled with
representing dynamic processes with indicators based on ecosystem states.
Structuring models more according to processes has faced the additional hurdle of
overcoming flawed assumptions about multi-collinearity from standard statistical
training.

The models built in the cases reviewed here varied considerably, depending on
the purposes of the study (e.g., assessment versus prioritization), but also on
available data (particularly fish habitat versus fish populations). In contrast, broad
consistency in the basic unit of analysis (HUC6) is a benefit for data sharing and
comparison of results, although more attention is needed to the versioning of these
boundaries. Various efforts have come up with differing assessments for the same
watersheds (e.g., cases 1 and 12), apparently more due to unintentional model
structuring differences than divergent purpose. Care must be taken in the effects of
model weighting and structuring, down to the bottom level of indicators and their
evaluation criteria.

The complexity of the contributions to watershed condition means that data for
key attributes are often not available. A number of the cases filled in these gaps
with expert knowledge., EMDS is well-suited to integration of qualitative and
quantitative data sources. Development of key sets of evaluation criteria is always
a major challenge, and most models rely heavily on expert knowledge and liter-
ature assessments. For reliability and replicability, good documentation of these
judgments is essential. While I have suggested a few areas where EMDS might
provide further support in terms of software functionality, such as with temporal
and spatial relations, many challenges lie in the broader domains of conceptual
development and use of the results. Such needs may be best addressed through
better sharing of information among a community of practitioners, and I would
suggest that facilitating such ongoing dialog is a high priority for the future of the
software.
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