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Using Landscape Maps to Predict
Ecological Reference Conditions
for Specific Waters
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AND MARY T. BREMIGAN

24.1 Introduction

Regional planning for conservation and management of aquatic ecosysters is an
extremely challenging task, involving integration of information across the
breadth of disciplines involved in water resources management. Consideration
must be given to hydrologic, sediment, and water-quality regimes; local geomor-
phic processes and habitat structures; network connectivity of water bodies; and
maintenance of source populations of both characteristic and rare biota.

In this chapter, we highlight a promising new approach to estimating specific
expected or reference conditions for various ecological parameters that is based
on ideas from the field of landscape ecology. In Section 24.2, “Concepts, Prin-
ciples, and Emerging Ideas,” we provide some definition, historical back-
ground, and description of this emerging approach. In Section 24.3, we review
“Recent Applications” of this approach across a variety of aquatic ecosystem
types and in several areas of the world. In Section 24.4, we provide “Principles
for Applying Landscape Ecology™ derived from reviewing recent applications.
In Section 24.5, we identify primary theoretical and empirical “Knowledge
Gaps” that hinder further development. Finally, in Section 24.6, “Research Ap-
proaches,” we lay out a series of steps to provide guidance for development of
new applications.

24.2 Concepts, Principles, and Emerging Ideas

24.2.1 Information Required
for Aquatic Conservation Planning
Resource inventory and assessment are commonty the first steps in regional conser-

vation planning. Inventory involves enumerating the distribution and status of wa-
ters, and it is 2 prerequisite to strategic prioritization of management opportunities
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within a region. Assessment involves normalizing observed ecological conditions
for a water body through the use of some potential or reference condition (Gallant
et al. 1989; Claessen et al. 1994). The reference condition is typically estimated
from characteristics of a regional set of least-disturbed (reference) waters. The as-
sessed status of a water body can be expressed either as a deviation from the refer-
ence condition (e.g., IBI-type scores; Karr et al. 1986} or as a ratio of observed and
reference conditions (Hakanson 1996).

24.2.2 Historical Approaches to Modeling Reference
Conditions Across a Large Region

To simplify their task, aguatic resource managers responsible for large geo-
graphic areas have often turned to classifying water bodies (Davis and Henderson
1978; Zonneveld 1994). Qmmﬂmom:oa allow extrapolation of attributes from
sampled to unsampled water bodies, o create comprehensive regional coverage.
Traditional aquatic classifications have generally followed either a site-based or a
regionalization approach (these are sometimes termed bottom-up and top-down
approaches, respectively; Figure 24.1; Zonneveld 1994).
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FIGURE 24.1. Classification of common approaches (shown in parentheses) to developing
reference characteristics for aquatic systems. The dashed line indicates a weaker dif-
ferentiation between classes. The lines connecting dots indicate that some approaches
bridge multiple classes. Abbreviations are IBI—Index of Biotic Integrity; HGM—Hydro-
Geomorphic Approach; RHS—River Habitat Survey; RIVPACS and AUSRIVAS refer to
stream invertebrate assessment protocols used in Great Britain and Australia, respectively;
HSI—Habitat Suitability Indices.
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Site-Based Approaches (Agglomeration and Statistical Modeling)

Classification by agglomeration groups sampled, similar water bodies and asks,
“What are water bodies in this group like?” The primary goal is simplification,
achieved by categorizing many individual water bodies into groups that share
similar attributes. Both diagnostic (easily measured indices) and response (e.g..
biota) attributes are first measured for a subset of water bodies (learning set). At-
tributes are measured on-site with a fair degree of accuracy and precision. Water
bodies with similar diagnostics are then clustered into groups whose attributes are
summarized (e.g., mean and range). Group membership for additional waters is
based on shared diagnostics. The reference condition for a water body is modeled
from the summarized response attributes of a “least-impacted” subset within each
group. Regional assessment is only achieved when an adequate sample of all sys-
tem types is collected. ‘

The strength of agglomeration lies in the accuracy and precision of lpcal diag-
nostic measures. Confidence in these initial data is especially valued when man-
agers are responsible for estimating difficult-to-measure attributes or complex
processes, or when response attribute predictions are controversial (such as in
regulatory programs). Examples of agglomeration-based assessment programs
include the U.S. Hydrogeomorphic (HGM) Wetland Classification program
(Hauer and Smith 1998); many lake and stream classifications used for prediction
of water quality, habitat quality, or fishery potential (Schupp 1992; Rosgen 1996;
Thom and Anderson 1999; Emmons et al. In press); and the European River
Habitat Survey (RHS) program (Raven ¢t al. 1997).

A continuous-data modeling variation on the site-based approach also is used
1o predict aquatic reference conditions. Examples include: the U.S. Habitat Suit-
ability Index (HSI) models (Terreil et al. 1982) that are widely used to predict po-
tential distributions of fishes in streams; and the ¢losely related River InVerte-
brate Prediction And Classification System (RIVPACS; Wright et al. 1997) and
AUStralian RIVers Assessment Scheme (AUSRIVAS; Simpson and Norris In
press) models that are being used in Great Britain and Australia (respectively) to
predict potential occurrence of stream invertebrates.

Despite wide use, site-based approaches have several weaknesses. First, it is pro-
hibitively expensive to measure on-site attributes everywhere within a region
(Meixler and Bain 1998). Although fairly comprehensive data on selected attributes
will eventually accumulate (e.g., Raven et al. 1997; Wright et al. 1997), this will not
always be a viable regional approach. Second, much of the site-specific accuracy
inherent in this process is actually lost in the classification process, because each
water body assumes the “average” attributes of the group. Third, this process gen-
erally includes no information on the positional context of a water body in the land-
scape, so one cannot draw inferences about the landscape-scale processes that
largely shape the character of each aquatic ecosystem (Zonneveld 1994). This em-
phasis on accuracy of local measures rather than on landscape context sets up the
risk of sometimes knowing “what” but not “why” (sensu Holling 1998; Davies
1999) and can provide a false sense of confidence in the final estimates.
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%ammoum_mmw:o: (Landscape Context-Based Classification)

An alternative classification approach is regionalizaticn, in which we group water
bodies that lie together within a relatively similar geographic subregion and ask
the question, “What are waters like that share the coarse-scale, ecological
processes characteristic of this region?” Goals include simplification for planning
and communication, and comprehensive regional coverage through use of land-
scape maps. Regionalization begins with the study of a series of overlay maps
showing spatial concurrence of selected landscape characteristics thought to be
diagnostic of ecosystem processes (e.g., climate, geology, soils, and topography).
The larger landscape is divided into relatively similar subregions (i.e., ecore-
gions), each containing a number of water bodies (Davis and Henderson 1978;
Gallant et al. 1989). These subregions are typically large; for example, a mid-
western U.S. state may contain three to five ecoregions, Attributes of these re-
gions are typically measured for a subset of waters (learning set), and then sum-
marized (as means and ranges). Group membership is based on a shared location
within the subregion such that all waters within the subregion would have the
same predicted potential condition (Gallant et al. 1989). The model for predicting
potential condition of any given water body is the summarized condition for the
learning set (a selected reference set).

Regionalization’s strength is comprehensive geographic coverage. Its general-
ized descriptions of both landscape-scale attributes and processes, and selected
water body (site-scale) attributes, also provide valuable insights into the hierar-
chical processes controlling regional ecosystems, as well as a useful, albeit coarse
stratification for sampling design. It is widely used as the basis for determining
ecological potentials for water quality and aquatic biota (Gallant et al. 1989; Klijn
1994; Davis and Simen 1995; Davis et al. 1996). However, this top-down ap-
proach also has limitations because ecoregions are quite heterogeneous at the
scale pertinent to aquatic ecosystems (Bryce and Clarke 1996). Thus, regionai
generalizations often do not provide accurate estimates for specific unsampled
water bodies, and it becomes impossible to differentiate between a deviation from
the reference condition caused by human impacts and one caused by geographic
variation. Furthermore, because river catchments often are not nested cleanly
within subregions, analyses across multiple contiguous regions may be required.

Two commion variations on basic regionalization help to overcome these weak-
nesses. Regionalization can be combined with agglomeration by developing de-
tailed classifications of measured water body characteristics within specific sub-
regions. This brings some generalized landscape setting to the agglomeration
process but still demands heavy investment in on-site measures. In the HGM wet-
lands classification (Hauer and Smith 1998) and various biological (Davis et al.
1996; Yoder and Smith 1998) and water quality monitoring programs (Gallant et
al. 1989), agglomeration classes have been developed within subregions. This ef-
fectively stratifies subregions by water body type (determined from site-level di-
agnostics), and produces fairly useful predictive models. Alternatively, subre-
gions can be further divided into smaller, more homogeneous units such as
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land-type associations (Corner et al. 1997) or ecotopes (Claessen et al. 1994). Re-
lating aquatic systems to a mosaic of these smaller land units represents move-
ment toward the modeling approach described in Section 24.2.3.

24.2.3 Statistical Modeling From a Landscape Context

Many of the weaknesses of traditional classification and site-based modeling ap-
proaches are addressed by the integrative discipline known as landscape ooofmw.
Through landscape ecology, we explore the patterns, dynamics, and ecological
consequences of spatial hetcrogeneity in the environment (Risser et al. 1984,
Tumer 1998). We emphasize the importance of a site’s unique placement in the
larger landscape in explaining local ecological characteristics (Tumer 1998).
Landscape ecology encourages study of hierarchical relationships between
coarse-scale variables descriptive of landscape character and local ecological at-
tributes, and the identification of system-level pattems and processed that only
emerge when viewed at coarse scales (Levin 1992; Wessman 1990). It explicitly
recognizes the importance of human effects in the landscape.

Evaluating a water body’s position in the landscape enables us to incorporate
information on landscape-scale processes that shape the character of rivers (Lot-
speich 1980; Schlosser 1991), lakes (Hakanson 1996; Kratz et al. 1997; Soranno
et al. 1999), and wetlands (Hauer and Smith 1998). We can consider potential
movements of water, sediments, and nutrients across landscape units and into the
water body (Turner 1998). We can characterize movements and storage of these
materials within water networks (connected bodies of lakes, streams, and wet-
lands), and we can consider movements of organisms among critical habitats
within the system (Schlosser 1991; Kratz et al. 1997). We can consider the influ-
ence of landscape geomorphology on water body morphology. To assist planners,
who examine mostly managed landscapes, we also can incorporate human effects
on riverine processes (Risser et al. 1984; Wessman 1990).

A landscape-ecology approach suggests that coarse-scale information can be
useful for characterizing and understanding potential characteristics of individual
water bodies (Klijn 1994; Rabeni and Sowa 1996; Higgins et al. 1998; Davies
1999). Hierarchical systems theory suggests that higher-level, coarse-scale vari-
ables constrain and shape variables at lower levels and finer scales (O’Neill et al.
1986; Bourgeron and Jensen 1994). In addition, because coarse-scale variables are
typically mapped for entire regions, it is possible to describe the unique macmn%q-
ical position of each water body within a region. This idea challenges Eu. tradi-
tional view that site-scale measures are needed to address site-management issues,
whereas coarse-scale measures are useful only for planning regional policy.

This ability of the landscape perspective to characterize hierarchical relation-
ships provides both a conceptual and an empirical basis for development of sta-
tistical models that relate patterns in coarse-scale, contextual variables to site-
scale, ecological response variables (Risser et al. 1984). Only modeling allows
for exploration of relationships across large ranges in scale (Levin 1992; Holling

1998). Coarse-scale descriptions of the climatic, physiographic, and land-cover

24.2 Concepts, Principles, and Emerging Ideas 459

settings of a water body, and its position and connectivity within the hydrologic
network, are readily derived from available maps. By matching location-specific,
coarse-scale contextual data with site-level ecological data, statistical models can
be developed that use maps to predict the likelihood of occurrence of a habitat or
species within specific waters. Ultimately, the potential distribution of an ecolog-
ical characteristic can be predicted for waters across an entire region (Meffe and
Carroll 1997; Higgins et al. 1998; Turner 1998).

We argue that ecological classification and statistical modeling are similar in
intent and form. Perhaps less clear is the relationship between empirical modeting
from landscape data and what is often called ecosystem process modeling. Pro-
cess models attempt to infer structure from function (i.e., by integrating state
variable derivatives) and typically focus on temporal intrasite variation via dy-
namic mathematical models. Process models can be driven by landscape-scale
input variables, as in lumped-parameter water-quality models {e.g., Cosby et al.
1985). However, an unfortunate (and we believe false) dichotomy is often made
between linear regression-based landscape models and process models (e.g.,
Thomann 1987; Thierfelder 1998), suggesting that process models are mechanis-
tic and empirically parameterized regression models are not. In both cases, the
modeling approaches are actually mechanism-neutral. In fact, both methods can
be used to parameterize models based on explicit mechanistic hypotheses. Build-
ing regression models from explicit causal hypotheses (causal modeling sensu
Retherford and Choe 1993) has a long and productive history in ecology (Asher
1983; Wooton 1994).

Classification, statistical, and dynamic-process models can all be used {singly
or in combination) to infer site characteristics from landscape context (Wessman
1990; Haber 1994). Statistical models may be particularly appropriate for prob-
lems of intermediate complexity in which intersite variance is important and
predictable, and when time-averaged characteristics are useful (Haber 1994).
Conservation planning and regional management typically involve assessing po-
tential value at an array of sites and making strategic decisions about the invest-
ment of limited management dollars. Detailed temporal behaviors are less irpor-
tant in this context than are long-term average conditions. On the other hand,
detaited restoration strategies for particular sites may require additional detailed,
time-dependent process modeling.

24.2.4 Application of Landscape-Context Statistical
Modeling to Aquatic Ecosystems

The emerging practice of landscape-context statistical modeling has a key role to
play in the assessment of the reference condition and status of aquatic ecosys-
tems. Such modeling is very similar to traditional methods of ecological classifi-
cation (agglomeration or regionalization) in both philosophy and intent. All are
modeling exercises in the sense that they abstract complex realities into simpler
representations of essential features (Kerr 1976). Ecological classification, for ex-
ample, generates inferences about a particular site based on decision rules for
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class membership generated from anaiyses of data from a subsample of sites. Sta-
tistical models likewise generate inferences about individual sites based on
parameterization of models from large subsamples of site-referenced data. Both
statistical modeling and classification focus on the intersite variation in ecologi-
cal properties and use methods o partition and explain the observed variance.

Landscape-context modeling builds on the strengths of agglomeration and re-
gionalization. We can identify any specific water body and ask, “What are the ex-
pected properties of this water body, given its unique position in the landscape?”
The goal is to provide maximum descriptive information about potential proper-
ties of a water body.

Landscape-context models are developed using learning sets of map-scale and
local diagnostic data compiled for subsets of waters (Figure 24.2). Statistical
models are developed that predict potential water body properties from position-
specific landscape data. For example, the composition and proximity of upstream
landscape units might be used to predict the discharge regime of a*particular
stream (Wiley and Seelbach In press). Quantitative models are typically applied
using position-specific geographic information systermn (GIS} measurements as
inputs (Hakanson 1996), but interpretive models also have been applied by expe-

Landscape
map
variables o

responsé

data ~—r—r—oau———~
Regicn of
interest

| Estimation of response |

FIGURE 24.2. Generalized diagram of process for building landscape-based statistical
models and applying them to estimate response characteristics of sites not in the learning
set (indicated by Y').
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rienced ecologists to draw qualitative inferences. For example, Seelbach et al.
(1997) and Higgins et al. (1998) developed estimates of “first-cut” auribute types
for all river valley segments across a region based on interpretation of landscape
map overlays.

The landscape-based modeling approach has a number of strengths. Like re-
gionalization, it provides comprehensive regional coverage, so any and all water
bodies within the modeled region can be addressed. Like agglomeration, it often
provides accurate characterization of individual water bodies. It provides an ex-
plicit description of the specific landscape context of each water bedy, so a sense
of the hierarchical processes driving and constraining each system is obtained
(Bourgeron and Jensen 1994). In addition, the use of continuous data often pro-
vides more accuracy than does the use of categorical or class data (Latour et al.
1994; Zonneveld 1994), and statistical modeling can provide error bounds for
predicted conditions (Hakanson 1996). Finally, such models enable planners to
explore costs and benefits of alterative management scenarios (Claessen et al.
1994; Hakanson 1996).

An often-overlooked value of a modeling approach is that it provides not only
specific outputs, but also opportunities to study and leam about the structure and
function of ecological systems. The initial steps of describing and mapping data
characteristics and patterns are invaluable (Seelbach et al. 1997; Emmons et al. In
press). Hypotheses and assumptions about how system components interact can
be stated, tested, and revised. This heuristic value of modeling is important in
shaping the thinking and judgments of resource managers and planners, and in
providing a common conceptual base to a diverse set of users. Even as our infor-
mation systems grow, human interpretation and judgment will remain a critical
part of the management process.

The primary weakness of this approach is similar to that of regionalization:
predictions do not necessarily provide accurate estimates of the local attributes of
a specific unsampled water body. This uncertainty should, however, be less than
that associated with regionalization because of the added positional and land-
scape information included for each unsampled water body. In addition, predic-
tion uncertainty can be quantified as a confidence range on the estimate of a
response variable. Integration of map-based modeling with agglomeration or re-
gionalization can greatly reduce this prediction uncertainty. Predictive power can
be strengthened by adding some site-level diagnostic measures to models, or by
developing a hierarchical two-step approach (e.g., Claessen et al. 1994; Higgins
et al. 1999).

24.3 Recent Applications
We did an extensive search of the recent literature, and we personally contacted

key experts, to build a rough inventory of the extent to which landscape-context
statistical modeling is actually being applied in aquatic assessment efforts. Our




§ TABLE 24.1. Recent applications of map-based modeling to aquatic ecosystems. Examples covered in the text are highlighted in bold type. .
Applications Dependent variable(s) Locations References
Comprehensive regional planning
Streams and rivers " Macrohabitat and faunal classes USA, Great Lakes Basin, Higgins et al. 1998; S. Miller

1linois River Basin et al., unpublished report*

Macrohabitat and faunal classes USA, Missouri Sowa etal. 1999

Macrohabitat and fish distribution  USA, Michigan Seelbach et al. 1997

Fish distribution France T. Oberdorff et al., unpublished

Lakes

Wetlands

Subregional model development

Streams and tivers

Lakes

Wetlands

Stream flow
Water quality and yields of biota
Sensitivity to acidification

Floral community distribution

Riparian habitat and floral

community classification

Fish community structure
Macrohabitat and faunal classes

Habitat and fish rehabilitation
targets
Fish distribution

USA, Michigan
Sweden
USA, Northeast

The Netherlands
USA, Michigan

USA, New York
USA, quorado
USA, Michigan

USA, Rocky Mountains
4

report”

" Wiley and Seelbach, In press

Hakanson and Peters 1995;
Hakanson 1996; Thierfelder 1998
Young and Stoddard 1996

Claessen et al. 1994;
Latour et al. 1994;: R, van Ek,
personal communication.

M. Baker. unpubiished manuscript®

Meixler and Bain 1998

A. Reedetal,
unpublished report?

Wiley et al. 1998

Netson et al. 1992; Rahel and
Nibbelink 1999

Invertebrate indices of ecological  Australia Davies 1999
integrity
i —— —
Water chemistry and biota USA, Northern Wisconsin Riera et al. In press
Water chemistry USA and Canada, scattered " Soranno et al, 1999
Fish distribution USA, Minnesota Cross and Mclnerny 1995
Habitat and floral distribution USA, Michigan D. Merkey, unpublished manu-
script®

18, Miller, J. Higgins, and J. Perot. 1998. The Classification of Aquatic Communities in the [llinois River Watershed and Their Use in Conservation Planning. Peoria: The Na-

ture Conservancy of Illinois.

bT. Oberdorff, D.Chessel, B. Hugueny, D. Pont, P. Boet, and J. P. Porcher. A Statistical Mode] Characterizing Riverine Fish Assemblages of French Rivers: A Framework for

the Adaptation of a Fish-Based Index. Contact D. Pont, Laboratory Ecologie des Hydrosystemes Fluviaux, Universite Lyon 1, France.
M. Baker. 1998. Doctoral Dissertation Proposal. School of Natural Resources and Environment. Ann Arbor: University of Michigan,

94 A. Reed, J. Higgins, and R. Wiginton. 1998. Aquatic Community Classification Pilot for the San Miguel Watershed. Boulder, Colorado: The Nature Conservancy.
¢D. Merkey. 1999. Doctoral Dissertation Proposal. School of Natural Resources and Environment. Ann Arbor: University of Michigan.

9
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search naturally focused on North America, but we did locate parallel activities,
in several cases quite intensive, around the globe. It appeared that recent develop-
ment and use of such models to assess and manage aquatic ecosystems is fairly
widespread, apparently following on the heels of rapid growth in the availability
of GIS technology (Table 24.1). Variations on the common approach diagrammed
in Figure 24.2 are being applied across riverine, lake, and wetland ecosystems,
and at two different planning scales (Tables 24.2-24.7). Although water body

TaBLE 24.2. Ecological classification of river valley segments for U.S. regional and na-
tional conservation planning.

Water body: River valley segment
Management region: U.S. ecoregions
Management goal: Prioritizing aquatic sites for biodiversity conservation
Developing agency: The Nature Conservancy, Freshwater Initiative (Higgins et al. 1998;
Higgins et al. 1999)
Climate, landform
Catchment size, network position, surficial geology, bedrock geology.
topography
Channel, valley, and lake morphology
Connectivity to other aquatic ecosystems
Model form: Developed by U.S. Ecoregions (regionalization)
Delineation of river valley segment and lake units
Assignment of attribute types
Assignment to potential hydrologic regime type using visual
interpretation of GIS map overlays and decision rules (Figure 24.3)
Assignment to potential macrohabitat types using cluster analysis
Macrohabitats, combined with zoogeographic patterns, used as a
surrogate for potential biodiversity
GIS database with river segment and lake attribute classes, including
size, network position, valley slope, connectivity, and estimated
hydrologic regime
Potential macrohabitat type membership
Tnitial draft completed for entire U.S. Great Lakes Basin, Idaho
batholith and prairie forest border ccoregions, lllinois River Basin;
evaluation and revision underway
Work ongoing in lower New England and superior mixed forest
ecoregions
Validated assumption that macrohabitats are predictive of biological
communities in Michigan (Higgins et al. 1998; M. Wiley et al.,
unpublished repore® ) and Iilinois River Basin (S. Miller et al.,
unpublished report®}
Used with terrestrial classifications in ecoregional conservation
prioritization process (Higgins et al. 1999)

Map input variables:

Ecological outputs:

Implementation status;

*M. Wiley, M. Baker, and P. Seclbach. 1998. Summer Field Sampling and Preliminary Analysis of
Michigan Stream Assemblages. Chicago: The Nature Coaservancy, Great Lakes Program Office.

5. Miller, I. Higgins, and J. Perot. 1998, The Classification of Aquatic Communities in the Hlinois
River Watershed and Their Use in Conservation Planning. Peoria: The Nature Conservancy of

Tllinois.
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Emm_wm 24.3. Examples of typical flow duration curves for streams in Michigan's Lower
Peninsula. Assignment rules using catchment surficial geology data are: Stream #1—
groundwater dominated; catchment composed of coarse outwash (OW) plain in stream
valley, downslope of sizable coarse-textured ice-contact (IC) or end moraine (CE) ridges.
Stream %wl.E.Bm. dominated with some groundwater; catchment with gentle topography
composed of diverse mixture of coarse- (CT) and medium-textured (MT) till plains, and
coarse outwash. Stream #3—runoff dominated; catchment with flat topography composed
of mwn.ﬁxe_.& tills (FT) and lacustrine silts, clays, and sands (L). Stream flow yieldata
specific exceedence frequency represents the stream flow generated per unit area of the
:vma.om.a catchment that is exceeded for that specified percentage of each year. Stream
flow yield is represented in cubic feet per second (cfs) per square mile (1 cubic foot =
0.0282 cubic meters, and 1 square mile = 2.59 square kilometers).

aﬁow.m:m management regions and goals are unique in each example, common
steps included: using map-based catchment and local landscape attributes as input
<E.mma_nm" developing empirical models relating such variables to site-scale eco-
logical response attributes; predicting reference conditions for additional waters
across a _mam.n region based on unique landscape position data for each; and in
some cases, H.Enmnnaum either an agglomeration or a regionalization approach.
Work on rivers appeared to be most popular, perhaps reflecting a gradient in
Ea._.o_maﬁ importance of landscape position versus local geomorphic and bio-
logical factors in determining ecological character. Rivers, as predominantly
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TaBLE 24.3. Modeling potential water quality for lakes across Sweden.

Water body:
Management region:
Management goal:
Developing agency:
Map input variables:

Small glacial lakes -

Swedish subregions; potentially all of Sweden (81,000 lakes!)
Assessment of ecological status of lakes

Uppsala University, Institute of Earth Sciences (Hakanson 1996)
Catchment size and relief, land covers and tll depth
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TaBLE 24.4, Raster-based modeling of potential wetland values across The Netherlands.

Water body:
Management region:
Management goal:

Wetlands

The Netherlands

To estimate responses of wetland ecosystems to alternative regional and
local water management scenarios

Lake morphometry
Mode} form: Multiple linear regression

Correction factors accounting for widespread temporal changes
Ecological outputs: Attributes, including potential lake pH, total phosphorus, water color

Indices of potential abundance of fishes, phytoplankton, benthic
invertebrates; contaminants in fishes

Actual condition/potential condition = index of status

Combined indices into overall index of lake ecosystem status

Implementation status:  Summarized for lakes within selected subregions; illustrated use of indices

to teack lake attributes and overall status through time

Estimated response of water quality and biological communities to
chemical management actions, and developed a cost/benefit analysis to
compare alternative actions

Evaluated and supporied use of spatially distributed catchment
characteristics as input variables (Theirfelder 1998)

Apparently not widely used to date

rapid flow-through systems, are strongly driven by catchment deliveries of water
and sediment. In contrast, basin morphology is a known key in structuring physi-
cal habitat in lakes, and scientists are only recently beginning to examine the rel-
ative importance of catchment inputs (Eilers et al. 1983; Rochelle et al. 1989;
Webster et al. In press). Wetlands range from systems clearly driven by position
in the hydrologic landscape {¢.g., northern white cedar {Thuja occidentalis)
swamps or river floodplains), to those depressions where specific basin mor-
phologies help define their hydrologic character, to bogs that (through time) be-
come largely divorced from landscape influence. The form of models linking
landscape characteristics to aquatic ecosystems also varies. Multiple linear re-
gression models (Hakanson 1996), statistical summaries (Wiley et al. 1998; Riera
et al. In press), empirically based decision rules (Seelbach et al. 1997; Higgins et
al. 1998), and literature-based decision rules (Meixler and Bain 1998; Sowa et al.
1999} have all been used successfully.

24.4 Principles for Applying Landscape Ecology

Qur literature review indicated that landscape-based statistical modeling is
emerging as a viable tool for planners to determine ecological potential of aquatic
ecosystems. Model-based information systems allow not only among-site com-
parison and prioritization of management actions, but also comparisons of costs

Developing agency: Institute for Inland Water Management, Ministry of Transport, Public
Works and Water Management {Claessen et al. 1994)

Map input variables: 1-km raster map of ecoseries and ecotope landscape units; these denote
areas of relatively uniform water table elevation and soil types

Muodel form: Develop by ecoseries units (regionalization)

DEMNAT has empirically derived dose-response functions that translate
changes in water table elevation into changes in soil moisture, nutrient
levels, and acidity

Additional functions that iranslate physical and chemical changes into
changes in vegetative association

Calculation of nationally normed, potential nature value through summing
indices of veggtative community structure (rarity, completeness, and
percent coverage for specific associations)

Ecological outputs: Potential vegetation associations

Potential nature value; useful for examining regional resource patterns
under alternative water management scenarios, and as a reference
condition for status assessment

Implementation status:  Recent improvements in the mode] include sensitivity analyses, added
range coverage for dose-response models, links to site-scale hydrology
and conservation value models, improved ecoseries classifications
(founded on improved national vegetative survey database), and an
improved computer interface (R. van Ek, personal communication}

DEMNAT 2.1 has been operational since 1996

, Has been fundamental to a nation-wide study of future desiccation
problems and management scenarios, climate change, and land
subsidence—the “Dutch Aquatic Cutlook™

Has been used to develop ecologically based water management policy
for subregions

and benefits of alternative management strategies at each site (Hakanson 1996;
Wiley et al. 1998). Based on research conducted to date, we identified several
principles that planners can apply to the conservation and management of aquatic
ecosystems.

Successful model response variables nsually have high among-system vari-
ability. Hakanson (1996) suggested that variables with high within-system vari-
ance may not be modeled easily;, however, such high-frequency variation can
be summarized (e.g., stream discharge exceedence frequencies; Wiley and Seel-
bach In press) to portray significant variation in pattern among water bodies.
Landscape-context modeling also implicitly requires large sample sizes of wa-
ters in the learning set. Thus, subregions need to be extensive and heteroge-
neous enough to provide both a large sample of waters and some variation
among them.
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Conservation planning is often considered a “crisis discipline” (Meffe and Car-
roll 1997), meaning that management decisions and actions often cannot afford to
wait for development of fully accurate scientific understanding and information.
Thus, decision-support tools must be developed and iteratively updated using the
best available science. In our review, applications seeking broad regional coverage
often employed some form of analytical shortcuts: regionalization (Claesson et al.
1994; Latour et al. 1994), raster-classified landscape units (Claesson et al. 1994),
interpretive estimation of landscape position and characteristics (Seclbach et al,
1997; Higgins et al. 1998), literature-based decision rules (Meixler and Bain 1998;
Sowa et al. 1999), or estimation of current status from land-use maps (Higgins et

TABLE 24.5. Modeling ecological targets for rehabilitation of the Rouge River, Michigan.

Water body: River valley segment b
Management region: Rouge River, Michigan
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Management goal:

Developing agencies:

To develop a suite of ecological targets to guide stormwater rehabilitation
efforts on this severely degraded urban river; specific focus on fish
community targets to serve as integrated signal of future sysiem
recovery

University of Michigan, School of Natural Resources and Environment;

® 047
46
* 0.12
26
2 25
» Rooﬁ
20
8 0.08
10 & 0.07
0.06
*z7 o.emH
*y
L, |
Fish Angling | July weekly { July weekly | Summer 10% | Summer 5%
species | species | mean temperature | exceedence exceedence
temperature | range °C flow yield flow yield
°«Cc {cfs/miz (cfs/mi?
catchment) catchment)

and Institute for Fisheries Research, Michigan Department of Natural
Resources (Wiley et al. 1998), for the Wayne County, Rouge Project
Office

Map input variables: For stream discharge: catchment area, precipitation, slope, surficial
geology, soils, land covers

For fishes: catchment area, estimated baseflow yield

Modei form: Regression models of stream discharge following standard hydraulic
geometry relations (Wiley and Seelbach In press)

Statistical summary of fish abundance—coarse-scale habitat affinities for
Michigan streams (Zomn et al. 1997); standard deviations from the mean
were used to gauge likelihood of occurrence given a particular attribute
value .

For selected rehabilitation target fishes: the large regional, relational
database was queried in reverse and typical summer thermal and
stormflow regimes calculated (agglomeration of sites by fishes)

Ecological outputs: Potential fish community structure

Acceptable summer thermal regime to support selected fishes

Acceptable summer and stormflow regimes to support selected fishes
(Figure 24.4) )

Implementation status  Enabled feasibility assessment of alternative stormwater mitigation
measures for specific segments by Rouge Project Office; allows
determination of where rehabilitation is not feasible

Tlustrated overall ecological structure of the river system, and highlighted
priority problems and opportunities

Provided realistic fishery rehabilitation goals for specific segments; for
example, it became clear that some tributaries should not be expected
to support sport fisheries. Alternatively, new attention has been drawn
to recreational potentials in other segments

FIGURE 24.4. Predicted reference conditions (triangle, or lines bounded by triangles) and
observed conditions (circle, or lines bounded by circles) for a suite of ecological parame-
ters on the Rouge River, Michigan, July temperatures fell within expected ranges; how-
ever, measures of fish community structure and summer stormflows were clearly different
from predicted conditions.

TABLE 24.6. Examining importance of landscape context to characteristics of Wisconsin
lakes.

Water body: Lakes

Management region: Northern Wisconsin

Management goal: Explanation of landscape-driven heterogeneity in lake ecological attributes

Developing agency: University of Wisconsin, Center for Limnology (Riera et al. In press)

Map input variables: Lake order (positicn in surface and subsurface flow networks)

Model form: One-way ANOVA to test for differences among lakes in different
lake-order classes

Ecological outputs: Potential Jake and catchment size

Major ions, nutrients, fish species richness, chlorophyll
Distribution and abundance of aquatic biota and humans
Implementation status:  Has not yet been applied to management; in early stages of exploring
relationships and building models
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TasLE 24.7. Initial modeling of hydrologic context for depressional wetlands in scuthemn
Michigan.

Water body: Depressional wetlands
Management region: Subregions in southern Michigan
Management goal: To estimate potential wetland types and associated functions across

subregions in Michigan for use as the reference condition in assessment
and planning

University of Michigan, School of Natural Resources and Environment;
and Institute for Fisheries Research, Michigan Department of Natural
Resources (D. Merkey, unpublished manuscript®)

Wetland size

Catchment summaries of climate, topography, surficial geology, and soils

Potential groundwater deliveries derived from theoretical interactions
between local topography and surficial geelogy textures (Wiley and
Seelbach In press)

Position in the surficial flow network

Developing agency:

Map input variables:

Model form: Develop by subregions (regionaiization) .
Multiple lincar regression to predict hydrologic, chemical, and vegetative
attributes
Ecological classification based on statistical analysis and literature
guidelines (Hauver and Smith 1998)
Ecological functions assigned according to literature guidelines
Ecological outputs: Potential hydrologic source and hydroperiod

Potential water chemistry

Potential vegetative associations

Potential wetland hydrogeomorphic type (Hauer and Smith 1998)

Additional ecological context related to a wetland's landscape position,
including relationships with interconnected water bodies and nearby
uplands

Implementation status:  Has not yet been applied to management; new study

*D. Merkey. 1999, Doctoral Dissertation Proposal. School of Natural Resources and Environment,
Ann Arbor: University of Michigan.

al. 1999). Despite their generalities, these applications have been immediately and
eagerly employed in management planning processes (R. van Ek, personal com-
munication; Higgins et al. 1999).

Many examples also emphasize that creative use of several approaches will be
needed to simplify and describe complex ecosystems effectively. Most studies
incorporated some form of agglomeration or regionalization with landscape-
context modeling to control for coarse-scale climatic and geologic variables. For
example, Higgins et al. (1999) used a two-step procedure, with a regionalization
accounting for coarse-scale patterns in climate and historical zoogeography, and
landscape-context interpretive modeling used to estimate site-specific ecological
potentials. ,

It is clear that landscape-context modeling cannot account for all variables
important to aquatic ecosystems (Claessen et al. 1994). In fact, models ideally
should contain only a small number of independent landscape variables to
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highlight the fundamental system processes (Thierfelder 1998). Thus, ﬂrm_.o
will be variance (noise) associated with predictions, and this should be explic-
itly communicated as model output. Some of this noise is due to the ?:oim.:m
factors: the inability to account for important local, modifying processes; noise
in the landscape input variables (maps); the limits of modeling from ..u.:._:o.
subsample databases; and current limits in our nosonuEm_ ::am_.mgsa_:m of
ecosystem processes (€.g., processes driving the distribution of biota are espe-
cially complex).

24.5 Knowledge Gaps

Landscape-context modeling is a nascent discipline, and many nrmm_gmom. lie
ahead. Three general areas need development: conceptual models .0m hierarchical
processes that drive aquatic systems, assembly of standardized regional data sets,
and integration of site-scale data into landscape-based models. -

Models will improve as our conceptual understanding and o:..?:o&. bases
improve. Currently, significant gaps in our conceptual understanding of
aquatic ecosystems limit development of formal models (hypotheses) of land-
scape-driven, hierarchical aquatic processes. Such Bn..a&m have only recently
begun to be developed and tested. The examples Hmfnim@ mm.?.n are among
the first to explore such processes quantitatively. These initial hypothetical
models will highlight cross-scale relationships and expose conceptual holes,
leading to new rounds of hypotheses, data collection, and improved model de-
velopment. .

Landscape-context modeling requires extensive map and site-level data. Ex-
tensive digital map coverages exist, but these can suffer from coarse scales A.um
resolution or classification schemes inappropriate for analyses of local aquatic
ecosystems. In addition, modeling requires that numerous catchment or local
summaries be developed for waters of interest (and for waters to be extrapo-
lated to). Large sets of site-scale assessment data exist for many areas, typi-
cally for certain water quantity, water quality, and biological <B._wc_om.. moi-
ever, these data vary greatly in their variable selection, Rvnomn.ﬁw:ﬁ site
coverage, and sampling methodologies. We feel that such shortcomings will be
overcome, in time, through the iterative, adaptive management process. A.uﬁ.:w
by assembling existing data sets, and analysis of the ﬁo_.mo:ﬁwuoo. and sensitiv-
ities of formal models, will we be able to design more appropriate sampling
schemes. o

With their conscious focus on hierarchy, efficiency, and m.Bv:.o_Jr ::E.:
landscape-based models have stressed map-scale physical input <.m§»c_@m.. It is
likely that the addition of certain easily measured site-scale habitat variables
could greatly improve predictive power of the models. For example, the oE”_.oE
AUSRIVAS models of stream invertebrate communities {Simpson and Z.on”a In
press) are based on site-level habitat variables that provide useful predictions.
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The addition of key landscape-scale drivers would provide such models with
landscape context, map efficiencies, and potentially greater statistical power,
ideas that are beginning to be explored (Davies 1999). The idea of requiring
some limited site data for models would not make the assessment process less
efficient, as some on-site measurement of observed condition is needed for com-
plete assessment anyway. In some systems, especially lakes and wetlands (per-
haps less controlled by abiotic variables), the addition of key biological vari-
ables may be critical. For example, in lakes, food-web structure accounts for
roughly half of the variance observed in pelagic primary production (Carpenter
et al. 1991). Thus, food-web structure would appear to be a desirable variable in
water-quality models. We do not yet understand whether landscape forces act
directly on primary production or indirectly through influences on food-web
structure.

Initial models have generally targeted response variables that characterize the
average condition over several years. Such low-frequency informatiort is appro-
priate for coarse-scale modeling and often useful for providing ecosystem refer-
ence conditions; however, many management questions will undoubtedly require
estimation of responses over shorter time periods. These questions will require
employing a different class of models that operate on shorter time steps and that
perhaps have more detailed input variables and mechanistic analyses—referred to
earlier as ecosystem process models. We see these process models as comple-
mentary to, not opposing, landscape-context models. Map-based models could
provide an initial rough cut, or stratification for a site, leading to the appropriate
application of various site- or type-specific process models. We need to identify
the respective strengths and limitations of the different modeling scales, and use
all scales and approaches to full advantage.

24.6 Research Approaches

Implementation of a landscape-context modeling approach to aquatic conserva-
tion planning requires commitment to a long-term, iterative development pro-
gram, a form of adaptive management (Meixler and Bain 1998). The overall goal
is to link regional landscape (map) data and detailed site databases already in ex-
istence (or to be collected in the future) through ecologically realistic models.

Step 1 is to use process-level theory and the local experience of managers to
develop initial conceptual hypotheses and models regarding relationships be-
tween landscape-level data and aquatic ecosystems of interest.

Step 2 is to compile map and site data from existing assessment programs
into a GIS; this information system must be designed to handle a variety of
queries about a suite of response variables, and to provide opportunities for
building and testing the models. Often, existing assessment programs house
plenty of site and map data, but these are not being used in the proper context
or in combination with each other. Both map and local site data have their
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weaknesses and associated errors related to data resolution, prior goals, and
criteria for classification and sampling. These errors must be acknowledged
and incorporated into error assessments throughout the process. However, we
argue strongly that model development should proceed using available data, at
available resolutions and data quality. We can learn much from incomplete or
semiquantitative data, and the iterative process will produce continuous im-
provements.

Step 3 is to develop and test analytical models that predict ecological response
from landscape context. Modeling approaches may include graphing, statistical
summary, multiple linear regression, logistic regression, or path analysis. Anaiyt-
ical techniques such as path analysis (Retherford and Choe 1993) were specifi-
cally designed to explore hierarchical relationships (e.g., Hinz and Wiley 1999;
Wehrly 1999). Model calibration and validation are used to identify the utility and
timits of current models, and additional sampling needs (Haber 1994; Walters
1997). Understanding limitations and weaknesses of the medels is ¢ritical. In par-
ticular, sensitivity analyses are used to highlight the variables and scales (Hakan-
son 1996; Rabeni and Sowa 1996) that are most influential and that should there-
fore be focused on in future sampling designs.

Step 4a is to use the current models in management planning, with explicit
recognition of prediction error (perhaps as confidence limits). These would be the
best available, regionally comprehensive estimates of ecological potential for
each water body.

Step 4b occurs simuitaneously with Step 4a and involves a return back to Step
1: development of new conceptual models of how the hierarchical system works,
thus beginning a second cycle of modeling in which strategic data are gathered
and an improved set of models is constructed.

Modeling in The Netherlands (Claessen et al. 1994; R. van Ek, personal com-
munication) of wetland responses to water table fluctuations provides an excel-
lent example of the suggested iterative approach. They initially used existing sci-
ence to formulate conceptual models of how water table levels should influence
soil moisture and chemistry and, therefore, vegetation communities. They ¢om-
piled existing data on water table, landscape, and vegetation characteristics and
then built and tested initial predictive models of potential vegetation. These mod-
els were used to estimate wetland responses to proposed alternative water man-
agement scenarios throughout The Netherlands. At the same time, the investiga-
tors initiated a second cycle of model testing and development. They incorporated
improved and expanded landscape and vegetation data sets; performed sensitivity
analyses; determined probabilities of occurrence of site-level features (e.g., clay
lenses) within landscape types; established links to site-level hydrology and con-
servation-value models for increased management resolution; made the models
more user-friendly; and were able to use model predictions to assist in national
water management planning, Ongoing work (R. van Ek, persomnal communica-
tion) identified weaknesses in the second-version model, setting the stage for
continued development.
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