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Project Summary

Human impacts on hydrologic systems of the Mid-Atlantic Region are well documented (e.g.,
Paul et al., 1998). Degradation of surface waters and associated threats to human and aquatic life
have spawned responses to remediate both point and nonpoint pollution [e.g., Clean Water Act
of 1972 (CWA), Chesapeake Bay Agreement], but the original intent to restore and maintain the
chemical, physical, and biological integrity of the Nation’s waters has not been completely
attained. Thus, improvement of the ecological condition of the waters of the U.S. continues to be
a broadly pursued goal of both the regulatory and the scientific communities. We propose that
the current state of the science identifies several issues: 1) need for a hierarchical process to
identify critical stream segments with progressively greater specificity; 2) need for improvement
in the articulation of landscape properties relevant to aquatic resource condition for those critical
areas that remain unexplainable with existing information.

This project proposes a new analysis of stream networks that allows three integrative tasks to be

accomplished:

e Identification of critical portions (i.e., subnetworks) of low biological integrity on the stream
systems of the Commonwealth of Pennsylvania. This will be accomplished by a network
version of the scan statistic originally developed for geographical surveillance of disease
(Kulldorff and Nagarwalla, 1995; Kulldorft, 1997), and adapted to regional environmental
and ecological setting (Myers et al., 2002; Patil et al., 2003).

e Reassessment of critical subnetworks taking into account potential explanatory factors.
Three categories of factors will be evaluated: descriptive, structural, and network-related.

e Network modeling of those critical areas which are not satisfactorily accounted for in the
preceding step by general landscape and drainage variables, to provide the etiology necessary
for full understanding of the relationship between aquatic resource condition and landscape
factors.

The treatment of the stream system as a formal network is critical to the accomplishment of all
three, and the project goals could not be achieved with alternative representations of the aquatic
resource, using spatial units such as watersheds. Identification of critical subnetworks will be
achieved by reformulating a statistical hotspot-detection methodology (scan statistic) so that
scanning is across a dendritic network instead of across spatial polygons. A key feature of the
scan statistic is its explicit evaluation of statistical significance, thus controlling for false alarms
in its localization of impairment. New characterizations for articulating linkage between streams
and landscapes will be obtained by direct parameterizations of the formal networks and indirect
association with the physical network by having nodes as objects of attribution. Incorporation of
explanatory variables in evaluating criticality will be achieved by using these variables as
‘filters’ in the scan statistic.

Completion of the project will serve both to extend substantially the understanding of the
biological condition of Pennsylvania’s freshwater aquatic systems and to provide a scientific
template and a computational statistical toolkit for addressing freshwater aquatic systems of
other states in like manner.



Project Description

Problem Statement

Along the mid-Atlantic of the U.S., most major cities (e.g., Philadelphia, Baltimore, Richmond)
are located along the fall line between the Piedmont and Coastal Plain, where historic navigation
was halted by steep stream gradients and where hydropower was plentiful. Many other cities and
towns sprang up on peninsulas (e.g., Norfolk, VA), confluences (e.g., Washington DC), and
floodplains of major and minor rivers (e.g., Harrisburg, PA). The impacts to freshwater aquatic
resources by these human habitations have been devastating and well-documented (e.g., Paul et
al., 1998). Threats to human and aquatic life continue to be major issues of concern. The
degradation of surface waters has spawned responses to remediate both point and nonpoint
pollution [e.g., Clean Water Act of 1972 (CWA), Chesapeake Bay Agreement]. Through
implementation of the CWA and derivative state laws, “fishable and swimmable” conditions
have been restored in some areas. However, the original intent of the CWA “to restore and
maintain the chemical, physical, and biological integrity of the Nation’s waters,” has not been
completely attained. Thus, the improvement of the ecological condition of the waters of the U.S.
continues to be a broadly pursued goal of both the regulatory and scientific communities.

Within this general pursuit, the range of individual scientific questions is almost limitless. However,
management efforts, and their attendant scientific issues, are generally and collectively directed at
answering four questions:

1. Management. Where is the resource (i.e., resource inventory)? Science: What are the relevant
natural factors that determine both ecosystem structure and an individual ecosystem’s response to
stress?

2. Management: What is the condition of the resource? Is there an impairment of condition and,
if so, how do we characterize it? Science: What is the role of disturbance in structuring
ecosystems? Can we evaluate ecological functioning and/or susceptibility? Can ecosystem
function and disturbance be evaluated remotely?

3. Management. Where does the impairment occur? Science: Can susceptibility be related to a
combination of environmental conditions that can be set in a hierarchical framework?

4. Management: How can we improve the ecological functioning of the impaired system?
Science: Which conditions can be altered to change ecosystem susceptibility and
functioning, and where in the hierarchical framework do these occur?

Most states are in the process of addressing the first two questions, through requisite monitoring

and assessment activities mandated by the CWA, and a wealth of scientific effort has supported

these activities. The latter two questions remain largely open to the scientific community, and

the quality of our response is dependent upon our ability to build a conceptual model of the role

of natural factors in structuring an ecosystem, evaluate the potential impacts of anthropogenic

activities on that ecosystem, and elucidate our ability to restore portions of the impacted

ecosystem.

Based on indicators of biotic integrity, many streams are in poor condition (USEPA, 2000). Both
the abiotic (Poff and Ward, 1990; Johnson et al., 1997) and biotic (Harding et al., 1998)
conditions of an aquatic community are affected by historic and current characteristics of its
basin. Within the mid-Atlantic, some of the main stressors to local streams are excess sediment,



riparian degradation, mine drainage, acid deposition, excess nutrients, and exotic species
(USEPA, 2000). Region-wide stressors include loss of riparian habitat, farming in riparian areas
and on steep slopes, road crossings, and forest fragmentation (Jones et al., 1997). Most streams
are degraded by more than one stressor (Karr, 1981; Minshall et al., 1983).

In light of multiple stressors, classification tools are often utilized as a basis for understanding
the role of natural factors in structuring an ecosystem and/or its response to stressors. Many of
these assume that the ecological health of a watershed reflects attributes of the transmission,
storage, and release of water. The influences of climate, soils, and topography, for example,
drive the channel’s hydrologic and fluvial geomorphologic processes (Leopold et al., 1964;
Lotspeich, 1980). These processes in turn affect water quality, flow regime, physical habitat,
food and energy sources, and biotic interactions (Karr and Chu, 1999), which collectively affect
biotic communities. Classification tools can be geographically dependent or independent,
hierarchical or non-hierarchical, incorporate a fixed or sliding scale, and based on structure or
function (Detenbeck et al., 2000). Examples of hierarchical, geographically dependent
classifications include ecoregions (Omernik, 1987; Bryce and Clarke, 1996), aquatic regions
(Maxwell et al., 1995), and functional groupings (Hawkins et al., 2000). Maxwell et al. (1995)
grouped watersheds by indicators of watershed function, including geoclimate, zoogeographic
pattern, watershed morphology, and disturbance history. To reveal function in a geographically
dependent scheme, the Nature Conservancy developed a nested framework for biotic and abiotic
aquatic classification based on two landscape-level regions and two levels of smaller-scale
habitat characterization (Lammert et al., 1997).

Geographically independent, hierarchical classifications rely on stream hydrogeomorphic
(HGM) structure (Rosgen, 1996) and wetland HGM function (Brinson, 1993). Imhof et al.
(1996) developed a scheme based on physical processes that drive fish abundance. Other
examples classify watersheds based on water chemistry and/or temperature (e.g., Richards, 1990;
Seelbach et al., 1997), and hydrology and geomorphology and/or sediment size (e.g., Whiting
and Bradley, 1993; Seelbach et al., 1997).

Ecosystems are also classified by measures of ecological resistance, or the ability of the system
to withstand perturbation (Forman and Godron, 1986). Resistance, plus resilience, which is the
ability of a system to return to its original state after a disturbance (Gunderson, 2000), are the
primary determinants of ecosystem stability. Aquatic systems are dynamic, but if resistance is
overwhelmed by disturbance, then its average long-term state changes (Reeves et al., 1995).
Poff and Ward (1990) suggested that because stream communities reflect the history of
disturbance they are resistant. Others have suggested that resistance is enhanced by material
retention (Minshall et al., 1983) or storage capacity (Detenbeck et al., 2000).

Classifications may also be based on measures of disturbance, which require the articulation of
relevant landscape metrics that can be used to monitor aquatic integrity regionally. Studies have
investigated the relationship between in-stream measures of fish and invertebrate communities to
landscape metrics, specifically land use measured across the contributing area or in a fixed 50- to
200-m stream buffer zone in the contributing area to a sample point. These studies have shown
conflicting results, with one showing the highest correlation with local or buffer characteristics
(Lammert and Allan, 1999), others with the highest correlation to catchment-wide



characterization (Roth et al., 1996; Allan et al., 1997), and some showing correlation to both
buffer and catchment-wide variables (Pan et al., 1999; Richards et al., 1996). The conflicting
results of these studies may be the result of differing spatial scales of the projects study areas
(Lammert and Allan, 1999) and the processes influencing the aquatic community (Wiley et al.,
1997). Strong interactions between basin and local conditions exist, particularly in terms of
channel morphology (Richards et al., 1997) and physical habitat (Imnof et al., 1996).

This review illustrates that the ability to build a conceptual model of the role of natural factors in
structuring an ecosystem, evaluate the potential impacts of anthropogenic activities on that
ecosystem, and restore portions of the impacted ecosystem has not been effectively
demonstrated. The current state of the science suggests the following gaps, or issues:

Issue 1: Current studies need to be focused in their efforts, implying the need for a hierarchical
identification of critical areas, i.e., areas of low biological condition for which explanatory
variables are not known. The power of existing studies in contributing to this understanding must
be testable, and areas which require new approaches need to be identified. In addition, the
identification of critical areas must be at a scale compatible with restoration efforts. For
example, the identification of a cluster of watersheds as an area of concern may assist the
formation of regional policy, but does not assist a local watershed group in determining relevant
and appropriate sections of stream for riparian restoration. Restoration efforts are generally
performed at the scale of individual stream reaches. Therefore, the ability to identify critical
sections of a stream network is necessary.

Issue 2: Improvement in the articulation of both the structure of stream drainages and landscape
properties relevant to aquatic resource condition is necessary for two reasons: 1) to further
increase the explanatory power of those landscape properties which are recognized as important
predictors of aquatic resource condition; and 2) to construct and test relationships for those areas
of low biological condition for which explanatory variables are not known. The representation of
stream drainages as stream-based networks could potentially improve our evaluation of the
potential impacts of anthropogenic activities on aquatic ecosystems, by opening up a whole new
series of network analysis tools for use in understanding these critical relationships. Use of
network-based analysis has been effectively used in a number of ecological studies, and its
expanded use has been called for (Dale, 2002). This new representation of the aquatic resource
of interest (streams) can serve both as a spatial basis for the identification of critical sub-
networks, as well as the basis of a network modeling effort. This network-based analysis will
require development of relevant expressions of landscape properties, e.g., description of land use
at network junctures may be more useful than that catchment-wide.

Scope of Work

The work proposed herein is depicted in project format in Figure 1. This project proposes a new

representation of the stream network, termed a stream-based network, which allows three

integrative exercises to be performed,

e Identification of critical sub-networks of low biological integrity on the stream systems of the
Commonwealth of Pennsylvania,

e FElucidation of effective explanatory variables (termed herein as filters), and



e Network modeling of those critical areas which are not resolved with the application of the
specified filters, to provide the etiology necessary for full understanding of the relationship
between aquatic resource condition and landscape factors.

The use of network modeling techniques in only critical sub-networks that are not adequately
explained by the filters maximizes the effectiveness of this process; network modeling of the
entire network would be too process-intensive to be feasible. The representation of the stream
network as a network, per se, is critical to the performance of all three, and the project could not
be achieved with alternative representations of the aquatic resource, such as watersheds. A
detailed description of the proposed information resource and each phase follows.

Information Resources

Pennsylvania's plan for achieving a comprehensive statewide assessment of its surface waters
includes implementation of a program to evaluate all free-flowing streams. The resulting dataset
is particularly qualified as a basis for this study. In 1996, Pennsylvania’s Department of
Environmental Protection (DEP) developed a strategy for these assessments that involves
preliminary screening of each of the state’s 104 identified watersheds (referred to as State Water
Plan Watersheds), followed by a field-level biological assessment. Full-scale fieldwork for the
unassessed waters project began in 1997. This is a cooperative effort, with assessments being
conducted by staff biologists from the Department's six Field Offices and the Bureau of Water
Supply and Wastewater Management, the Susquehanna River Basin Commission, the Interstate
Commission on the Potomac River Basin, the Pennsylvania Fish & Boat Commission, and the
Erie County Department of Health. After five complete assessment seasons ending September of
2001, a total of 53 State Water Plan (SWP) Watersheds have been completed and assessments in
28 SWP Watersheds are either nearly completed or still in progress. In addition to those SWP
Watersheds still in progress, 14 have been scheduled for the 2002 season. The entire coverage is
expected to be completed during the 2003 field season.

The Surface Water Assessment Program uses a biological screening protocol to determine
impairment of aquatic life uses. Biological screening is conducted on wadeable waters using a
modification of EPA's Rapid Bioassessment Protocol (RBP II), which includes field
identification of benthic macroinvertebrates to the family level and an RBP habitat assessment.
The field biologist begins the assessment process by conducting a reconnaissance of local
watershed units to verify current land-use patterns, confirm known point source discharge
locations, categorize stream habitat types, flow conditions, accessibility, and other conditions
that would determine where sampling stations are placed. In-stream assessments begin after the
reconnaissance is completed. Both the number and the location of assessment points is at the
discretion of the field biologist. Beginning at the top of the watershed, i.e., headwater, first order
streams, and moving downstream, the field biologist identifies locations at which a transitioning
of water quality is expected to occur, and above which water quality is homogeneous. For
example, a typical situation for Pennsylvania streams is forested, first order and second order
streams, gradually converging to form a third order stream which is located on a valley floor
occupied by agriculture. In this instance, absence of point sources and consistency of land use
may result in the first sampling location being chosen to characterize all forested, low order
streams, and the second sampling location characterizing the transition to agricultural land use
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Figure 1. Upper Juniata river network with superimposed network of Pennsylvania Department of
Environmental Protection (DEP) sampling stations. In Phase 1, scan statistics methods will be used
to identify hotspots of biological impairment. Phase 2 incorporates potential explanatory factors
and identifies residual hotspots that are subjected to detailed network modeling in Phase 3.



along the third order stream. As the biologist moves downstream, and land use transitions and
point sources occur with higher frequency, the distance between sampling locations decreases,
and the stream is characterized by many smaller segments. Thus, this data set incorporates
professional field judgement to assure that all stream/land use combinations are characterized,
and point sources are clearly identified and their impact assessed. This has enormous advantages
over a randomly stratified design when the ultimate goal of the study is not the general
assessment of condition of the resource, but the prediction of the relationships between natural
and anthropogenic factors and the biological conditions within a watershed.

The biological water quality data, stream assessment maps, and geographic information are
electronically compiled and stored in DEP databases. Geographic information includes
biological sample and stream reach locations, ecoregions, municipalities, counties, and
watershed boundaries. Assessment data include items such as habitat and biological results,
source and causes of pollution, and investigator comments and observations. Preliminary
inquiries into the availability of all portions of the database have indicated that database access
would be complete.

Phase 1. Identification of Critical Sub-networks of the Stream-based Network

Critical sub-network identification will be based upon biological assessment data available for
the Commonwealth of Pennsylvania. Hot spots, or critical sub-networks, are initially identified
as sub-networks on the entire stream/sample point network. It is impossible to know a priori
what the average spatial scale of a critical sub-network would be, although current land use
patterns provide clues. Land use patterns are generally consistent at the reach scale for streams
in a number of physiographic provinces, implying that a critical sub-network may occur in the
spatial range generally referred to as a small watershed. These areas are typically sized as tens to
hundreds of km?, and encompass several stream or river reaches, adjacent riparian corridors,
associated wetlands and waterbodies, and the contributing drainage basin. There are a number of
reasons why areas equivalent in size to a small watershed are desirable as the focal units for
critical sub-network identification:

e Units of this size are central to the entire dimensional range of ecological information
currently collected on freshwater aquatic resources, spanning several orders of magnitude.
The majority of environmental data are collected at smaller scales, such as points, plots,
reaches, and sites. These data can be efficiently aggregated up to the scale of a small
watershed without significant loss of resolution.

e Assessment and restoration activities for aquatic ecosystems can be effectively targeted at
and reported for units of this scale.

e A nested or hierarchical approach to data collection and assessment provides opportunities to
address larger emergent properties and regional issues at landscape and ecoregion scales, but
still allows investigators to trace the origins of those data.

The product of Phase 1 is a first generation surface mapping of critical sub-networks of low

biological condition, which is carried to Phase 2 for the revision by application of explanatory

variables, or filters. Identification of critical sub-networks will utilize an adaptation of the scan
statistic methodology (see below for details).



Phase 2. Compilation, Analysis, and Application of Relevant Filters

A number of parameters will be compiled for use as explanatory variables (filters) to be applied
to the determination of critical sub-networks. In this step, each explanatory variable is applied to
the scan statistic procedure. The overall explanatory power of each variable will be assessed
utilizing the disappearance rate of critical sub-networks. For example, if the explanatory
variable of drainage pattern type is selected, the relevant drainage pattern category of each data
point is utilized to adjust the expected response rate in the scan statistic protocol. If the variable
is useful as an explanatory one, the majority of critical sub-networks will “disappear” in the
surficial map. Any critical sub-network that remains persistent, i.e., unexplained, after
application of all the available parameters will be assessed via network modeling in Phase 3.

We will utilize three categories of parameters: descriptive, structural, and network related.
Descriptive parameters are watershed-wide attributes previously documented in the literature,
including watershed-wide land use characterization, riparian buffer characterization, and wetland
condition (where available). Additional parameters will be constructed from current literature
and utilized in a raw format or summarized through statistical techniques.

Structural parameters are primarily hierarchical, geographically dependent classifications such as
drainage pattern type, watershed morphometry, physiographic province, and ecoregions. A
subset of existing watershed classification systems, such as the classification system utilized to
represent a range of social choices in the Atlantic Slope Project, will also be assessed. These
parameters are all attributable to the stream network in the study region. In addition to these
currently available classifications (Wardrop et al., 2002), we propose to examine the relationship
between existing drainage pattern types described in the literature, and a classification of types
based upon parameters of the stream-based network. The “drainage pattern” or structural
configuration of the channel network is strongly indicative of underlying geomorphic control on
the hydrologic system. The penetration, convergence, angularity and sinuosity are all reflective
of geologic substrate and its fracturing, gradient, soil porosity and erodability, and precipitative
energy absorption by vegetative cover. These influence flushing, transport, chemistry, turbidity,
and temperature regimes of the aquatic environment. Drainage pattern has traditionally been
classified subjectively by comparison with idealized diagrams. For hydrologic modeling and
quantitative analysis purposes, it is important to capture this integrative expression in an
objective manner. For example, dendritic, parallel, and trellis drainage patterns could be
quantitatively described (and thus determined) by network parameters such as nodal distribution,
nodal density, and percent of nodes in the upper third of the watershed. GIS capabilities for
distance, buffering, intersection, routing and flow analysis provide systematic methods for
extracting composite properties of channel networks as a basis for discriminating representative
types. Spacing, perimeter, composition and overlap relations among points and circles
representative of confluence positions (nodes) in channel networks can be used to parameterize
the patterns for statistical discrimination. Sub-networks can then be quantitatively compared for
characterization of homogeneity and heterogeneity in conformation.

Additional stream-based network parameters will be identified as part of the proposed research.

As a general rule, relevant parameters utilized in the construction of the network model (Phase 3)
would be summarized for use as explanatory variables (filters). Potential parameters of this type
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are nodal density, differences in within and between reach nodal overlap, summary statistics of
nodal land use, internodal segment land use and other characteristics, and gravity measures
between nodes. Vector summaries of nodal land use (constellations) and nodal land use history
trajectories will also be investigated.

Phase 3. Development of Process Models of Stream Systems as Nodal Networks

Having established the capability through statistical scanning of indicators to identify specific
portions of stream systems as being biologically degraded, we propose to develop a network-
based process modeling framework by which to determine the nature of potential for recovery
within those hydrologic subsystems. The proposed approach uses series of nodes at stream
confluences and internodal segments as functional frames for parameterization and prediction.

This approach arises from a number of studies relating landscape properties in a bounded area to
biological information at a point. Bounded areas have been contributing watersheds, riparian
buffers, riparian buffers within a circle, etc. We intend to combine this concept with systems
analysis to represent the stream structure as a circuit comprised of nodes, internodal segments,
and associated catchments. In this manner, a typology of stream drainages emerges that matches
the information currently available. For example, stream ‘layers’ for Geographic Information
Systems (GIS) allow analysis of stream reach lengths, locations of stream convergences,
gradients, land use associated with riparian zones, land use intensity at stream convergences, etc.
In addition, biological assessment information is associated with a designated stream reach,
reflecting the cumulative effect of all upstream reaches and convergences. We strive particularly
to increase the explanatory power of the relationship between landscape metrics and ecological
condition of streams (Forman and Godron, 1986).

Nodes of confluence function primarily as relays of water movement rather than as destinations,
but these locations of mixing also provide special environments for biota. A nodal network
representation of the aquatic resource provides amenability to formal network analysis. Nodes
are a direct reflection of the complexity of the drainage network, and will increase in density
along with drainage complexity as often occurs in a downstream progression. The nodal
approach thus allows for differential weighting of landscape parameters in more complex
components of the hydrologic system.

AVGWLEF is a recently developed assessment tool for predicting nutrient and sediment loadings
in Pennsylvania watersheds that utilizes GIS for automation of the Generalized Watershed
Loading Function (Evans, 2002; Evans, Sheeder and Corradini, 2001; Evans et al., in review).
AVGWLF features intelligent and automated integration of model components with regard to
interfaces and transfer of information, and accounts for both nonpoint and point sources. It will
serve the purpose of predictive parameterization for the chemical and sediment environment for
biota. Landscape metrics and demographic information will further contribute predictive
parameters for biological influence modeling.

The network modeling structure will entail functional, statistical, and adaptive linkages between
frames. Frame-based inheritance is potentially advantageous for effecting downstream
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propagation of upstream influences. Cascading increments will enable internal determination of
sensitivity, thus indicating potential effectiveness of prospective remediation.

Scan Statistic Methodology

Three central problems arise in geographical surveillance for a spatially distributed response
variable. These are (i) identification of areas having exceptionally high (or low) response, (i)
determination of whether the elevated response can be attributed to chance variation (false
alarm) or is statistically significant, and (ii7) evaluation of explanatory factors that may account
for the elevated response. Although a wide variety of methods have been proposed for modeling
and analyzing spatial data (Cressie, 1991), the spatial scan statistic (Kulldorff and Nagarwalla,
1995; Kulldorft, 1997) has quickly become a popular method for detection and evaluation of
disease clusters, and is now widely used by many health departments and academic scientists.
With suitable modifications, the scan statistic approach can be used for hotspot analysis in fields
other than the health sciences (Myers et al., 2002; Patil et al., 2003). We propose to develop
methodology and corresponding software for application of the scan statistic to analysis of
biological impairment along river networks. We first review the spatial scan statistic as it has
been used for disease surveillance and then we indicate the modifications that are needed to carry
out Phases 1 and 2 of this prospectus.

Spatial Scan Statistic Background

The spatial scan statistic deals with the following situation. A region R of Euclidian space is
tessellated or subdivided into cells that will be labeled by the symbol a . Data is available in the
form of a count Y, (non-negative integer) on each cell a . In addition, a “size” value A4, is

associated with each cell a. The cell sizes A4, are regarded as known and fixed, while the cell
counts Y, are random variables. In the disease setting, the response Y, is the number of
diseased individuals within the cell and the size 4, is the total number of individuals in the cell.

Generally, however, the size variable is adjusted for factors such as age, gender, environmental
exposures, etc., that might affect incidence of the disease. The disease rate or relative risk within
the cell is the ratio

Rate=Y /A4,.

The spatial scan statistic seeks to identify “hotspots” or clusters of cells that have an elevated rate
compared with the rest of the region, and to evaluate the statistical significance (p-value) of each
identified hotspot. These goals are accomplished by setting up a formal hypothesis-testing
model for a hotspot. The null hypothesis asserts that there is no hotspot, i.e., that all cells have
(statistically) the same rate. The alternative states that there is a cluster Z such that the rate for
cells in Z is higher than for cells outside Z. An essential point is that the cluster Z is an unknown
parameter that has to be estimated. Likelihood methods are employed for both the estimation
and significance testing. Candidate clusters Z are referred to as zones. Ideally, maximization of
the likelihood should search across all possible zones, but their number is generally too large for
practical implementation. Various devices (e.g., expanding circles) are employed to reduce the
list of candidate zones to manageable proportions.
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Explication of the likelihood function requires a distributional model (response distribution) for
the response Y, in cell a. This distribution is allowed to vary from cell to cell but in a manner

that is regulated by the size variable 4,. Thus, A4, enters into the parametric structure of the
response distribution and in such a manner that the mean response is proportional to 4, while the
relative variability, var(Y,/ A4, ), decreases with increasing 4,. In disease surveillance, response

distributions are generally taken as either binomial or Poisson, leading to comparatively simple
likelihood functions. The scan statistic needed for the present prospectus requires continuous
response distributions and comparatively complex likelihood functions.

Significance testing for the spatial scan statistic employs the likelihood ratio test. In “standard”
settings a chi-squared distribution with appropriate degrees of freedom can be used as reference
or null distribution. Unfortunately, the spatial scan statistic is not a standard setting---in part
because the zonal parameter Z is discrete. Accordingly, Monte Carlo simulation (Dwass, 1957) is
used to determine the needed null distributions.

Specific Methodological Tasks for Phases 1 and 2

We will be searching for hotspots of biological impairment along the river systems of
Pennsylvania. Impairment will be measured by a complemented form of the index of biological
integrity determined at each sampling station of the Pennsylvania DEP sampling network (Figure
1). Although we will use scan statistic methods, the basic carrier of information is not the cell of
a tessellated region but is the sampling station within a network of sampling stations. Therefore,
in our approach to the scan statistic, the geometric structure that carries the numerical
information is an abstract graph consisting of objects a (sampling stations) and edges joining
certain pairs of distinct objects. These edges are determined by direct flow of water from one
station to the next. The sampling stations (about 12,000 currently; 15,000 eventually) become
the vertices of the graph while the steam network determines the edges. In actuality, each
sampling station corresponds to and represents a subjectively homogeneous stream sub-network;
the detailed structure of each sub-network will be analyzed in Phase 3 of the prospectus while
Phases 1 and 2 treat each sub-network as an aggregate entity.

Each object a in the graph carries three pieces of information: (7) a size variable that is treated
as known and non-random, (i7) a response variable whose recorded value is regarded as a
realization of some probability distribution, and (iii) the probability distribution itself, which is
called the response distribution. Parameters of the response distribution may vary from object
to object, but the mean response should be proportional to the value of the size variable for that
object. On the other hand, relative response variability (e.g., coefficient of variation) should
decrease as the size variable increases. The response rate is the ratio

Response
Response Rate = 2e5ponse

Size

and a hotspot is a collection of objects (i.e., a zone) whose response rates are unusually large.
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Methodological Task 1: To develop a new version of the scan statistic designed for detection of
hotspots on a network. Candidate zones will be all connected components of upper level sets of
the response rate. The method is adaptive since the list of candidate zones is determined by the
actual data rather than by some a priori prescription like expanding circles or ellipses.
Adaptivity entails data-dependence and this dependence must be accounted for in the null
distributions used for significance testing.

Methodological Task 2: The scan statistic methodology will be extended to include continuous
response distributions. We will focus on three parametric families of distributions: gamma
distribution, lognormal distribution, and scaled beta distribution. The first two families apply to
responses that can range from zero to infinity, while the third is for bounded responses. The
overall approach is to model the mean and relative variance of each response distribution in
terms of the size variable. The mean and variance are functions of the parameters of the
response distribution, so that the likelihood function can be written down and parameters
estimated by maximum likelihood. In Phase 1 of the proposed work, size variables will all be
taken as unity.

Methodological Task 3: Hotspots are always relative to the size variable and one assesses the
impact of an explanatory variable by using the explanatory variable to adjust the size variable
(which is proportional to expected object response). The hotspot analysis is then redone with the
adjusted sizes, and before-adjustment and after-adjustment hotspot maps are compared. Methods
for making these adjustments need to be developed for application in Phase 2.

Network Scan Statistic (Task 1)

The key element here is determination of the list of candidate zones Z. A zone is, first of all, a
collection of vertices from the sampling network. Secondly, those vertices should be connected
in the network sense because a geographically scattered collection of vertices would not be a
reasonable candidate for a “hotspot.” Even with this connectedness limitation, the number of
candidate zones is too large for a maximum likelihood search in all but the smallest of networks.
We propose to reduce the list of zones to searchable size in the following way. The response rate
at vertex (sampling station) a is given by G, =Y, / 4, . These rates determine a function

a = G, defined over the vertices in the graph. This function has only finitely many values

(called levels) and each level g determines an upper level set defined by

U,={a:G,2g}.
Upper level sets do not have to be connected but each upper level set can be decomposed into the
disjoint union of connected components. The list of candidate zones Z for the network scan
statistic consists of all connected components of all upper level sets. Since they are portions of
upper level sets, these zones are certainly plausible as potential hotspots. Their number is small
enough for practical maximum likelihood search and they comprise a tree under set inclusion,
thus facilitating computer representation.

Finding the connected components for an upper level set is essentially the issue of determining
the transitive closure of the adjacency relation defined by the edges of the graph. Several generic
algorithms are available in the computer science literature (Cormen et al, 2001, Section 22.3 for
depth first search; Knuth, 1973, p. 353 or Press et al, 1992, Section 8.6 for transitive closure).
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Continuous Response Distributions (Task 2)

In our general scan statistic setup, there is a collection of objects which are indexed by the
symbol a. These objects are the vertices in an abstract graph that, in concrete situations might be
the cells of a tessellation or the nodes a stream network. Attached to each object a is a response
value Y, and a size value 4, . Our strategy for handling continuous responses is to model the
mean and variance of each response distribution in term of the size variable using as guiding
principle that the mean response for object a should be proportional to 4, and the relative
variability should decrease with A . This is best illustrated in the context of the gamma family

of distributions.

Gamma Distribution. We parameterize the gamma distribution by (k, ) where £ is the index
parameter and £ is the scale parameter. Thus, if Y is a gamma-distributed variate
E[Y] =kf and Var[Y] =kp’.
Both k and g can vary from object to object but additivity with respect to the index parameter
suggests that we take k& proportional to the size variable:
k,=A4,/c
where ¢ is an unknown parameter but whose value is the same for all objects a. This gives the
following mean and squared coefficient of variation for the response on object a:
E[Y]=p,A,/c and CV’[Y,]=c/A4, .
The hotspot testing model is analogous to that used in disease surveillance:
H, : B, is the same for all objects a, i.e., there is no hotspot.

H, : There is a non-empty zone Z and parameter values 0< £, 3 such that

B for all objects a inZ
B, = and > f,.

B, for all objects a outside of Z

Notice that the null model implies that the expected rate, E[Y, /A4 ]= B, /c, is the same for all
a . The full model has four unknown parameters Z,c, 5,, 5, that need to be estimated. The

profile likelihood function for Z is obtained by fixing an arbitrary candidate zone Z and
maximizing the likelihood with respect to the other three parameters. The latter optimization
problem reduces to the solution of three likelihood equations. Two of these equations can be
solved in closed form while the third requires Newton-Raphson iteration. The maximum
likelihood estimate for the hotspot zone Z is obtained by maximizing the profile likelihood by
direct search over the entire list of candidate zones.

Lognormal and Other Continuous Distributions. A similar approach is applicable to other
two-parameter families of distributions on the positive real line. Specifically, for the lognormal
distribution, we take

E[Y,]=B,4,/c and CV[Y,]=[c/4,]",
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where d is either user-specified (e.g., d =1) or is an unknown parameter to be estimated. The
conventional lognormal parameters ( U,,o. ) can then be expressed in terms of the model

parameters ( B..c,d ) , allowing the likelihood function to be written down explicitly.

Simulating the Null Distribution to Obtain p-Values. Conditional simulation is used to obtain
the null distribution in the cases of the binomial and Poisson response distributions (Kulldorff,
1997). One conditions on the sufficient statistic (under H,)) to eliminate the unknown

parameters from the null model. The resulting parameter-free distributions are hypergeometric
and multinomial, respectively, and are easily simulated. This parameter-removal by
conditioning is not available for most continuous distributions. Accordingly, simulation will be
done by replacing unknown parameters with their maximum likelihood estimates under H,, .

Filtering for Explanatory Variables (Task 3)

The scan statistic searches for regions of high response relative to a geo-referenced set of prior
expected responses. Thus, a hotspot map depicts regions of extreme departure from expectation
in the multiplicative sense, i.e., multiplicative residuals. The size values 4, , which are

proportional to model expectations, are the link between the response variable and potential
explanatory variables. In disease surveillance, the 4 are routinely adjusted for factors like age,

gender and population size before beginning the analysis (Bithell et al., 1995; Kulldorff et al.,
1997; Rogerson, 2001; Waller, 2002; Walsh and Fenster, 1997; Walsh and DeChello, 2001).
Such standard, agreed-upon, factors are unavailable in the environmental sciences and the initial
Phase 1 analysis will identify absolute impairment highs by setting all 4, equal to unity.

Locations of these highs may provide clues in identifying potential explanatory factors. Next, in
Phase 2, the size values are adjusted for these factors and the scan statistic is rerun with the
adjusted sizes. Comparative configuration of new and old hotspots reveals the impact of these
factors on the response under study.

There are several methods available for adjusting the 4,. Suppose, first, that there is only one

explanatory variable X. A nonparametric approach partitions the X-values into intervals and
calculates the mean response for each interval. These calculations should utilize all available
pertinent data. For example, data from the entire Pennsylvanian Ridge and Valley physiographic
province might be used in calculating adjustment factors for the Juniata river basin. The adjusted
size value for object a becomes

mll

A =

a

A,
m

where A, is the old size value, m, is the mean response for the interval containing object a, and

m is an overall mean response. Regression of Y upon X can also be the basis for adjustment
provided an appropriate functional relation could be identified. The same approaches work, in
principle, for multiple factors. However, the curse of dimensionality comes into play and data
sparseness prevents calculation of dependable local means. Our approach, in such cases, will be
to cluster the data points in factor space. A mean response is then calculated for each cluster.

16



Network Modeling Methods for Phase 3

The network modeling itself will be an experimental undertaking, since existing models can
generally be considered as either area-based routing or flow-based models (AWRA, 2001). The
proposed representation does not conform to either of these conventional types. The primary
purpose of our network model is to account for relative change in biological integrity as a
function of chemical, physical, hydrologic, and habitat variables with special emphasis on
anthropogenic factors. We will first develop a modeling testbed in a database that will be
configured to support informal object-oriented representations as frames operated upon by
modular prototype software written in Visual C and/or Visual Basic. Informational, functional,
and logical components will all be incorporated symbolically in the database for transparency in
studying performance of provisional models and easy alteration in successively adapting system
representation to findings. When provisional models have been suitably validated, the prototype
representation will be transformed into a suitable software environment that is formally object-
oriented and configured for both operability and run-time performance.

Project Outcomes and Deliverables

Year 1

1) Obtain and recompile biological and habitat data for stream systems of Pennsylvania as
collected by the Dept. of Environmental Protection for the Surface Water Assessment Program.
2) Develop first-tier (broad-scale) representation of Pennsylvania stream systems as a formal
network emphasizing nodes as objects for attribution.

3) Reformulate scan statistic methodology for a network domain instead of a spatial domain.
Year 2

1) First-level network scan for regional subsystems exhibiting severe biological degradation.
2) Study network representations of streams at different scales with a view to formulating
systematic and objective approaches for classifying drainages and segregating hydrologic
environments to enable scanning for hotspots with hotspots.

3) Compile landscape information for nodal characterization from GIS and remote imagery.
4) Likelihood modeling for continuous responses and efficient optimization algorithms.
Year 3

1) Conduct nested scans for successively more detailed determinations of criticality using
habitat and landscape filter variables.

2) Select initial subsystems for hydrologic process modeling.

3) Assemble software and databases to support hydrologic process modeling.

Year 4

1) Conduct and test hydrologic process modeling of critical network components.

2) Disseminate results of scanning protocols, and package scanning technology for distribution.
3) Journal publications, monograph preparation, and workshops.

Project Work Groups

Phase 1: GP, DW, CT, JB, GSS-1

Phase 2: GP, DW, CT, KH, GSS-1

Phase 3: GP, WM, DW, JB, KH, GSS-2
Methods & Tools: GP, CT, GSS-1, GSS-2
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Prospectus 11

GP: G. P. Patil; DW: D. Wardrop, CT: C. Taillie; JB: J. Bishop; KH: K. Hychka;
WM: W. Myers; GSS: Graduate Statistics Student

Integration of Research, Education, and Dissemination

In graduate education, we will integrate project methods and approaches into the related
graduate courses offered at the University. We believe that students in both disciplinary
and interdisciplinary courses will find the project methodology of great value to their
professional preparation, and expect significant student experimentation with the
innovative issues, approaches, and software. Graduate students supported on this project
will present their research goals and progress during summer workshops. The project is
fortunate to have two competent graduate research assistants with extensive expertise and
involvement in both GIS and water resource systems. Statistics graduate research
students for the project will be selected on the basis of a well-publicized mini-
competition.

To enhance synergistics, three weekly group activities will be organized: (a) Monday
methodological cross-disciplinary miniseminar; (b) Wednesday methodological
disciplinary miniseminar; and (c) Friday young professional miniseminar. These will help
strengthen both vertical and horizontal integration. For effective technology transfer, the
following are planned: one monograph, one case book, two thematic journal issues,
summer research workshops, journal publications, and distributed information
management. These products and outcomes will help evaluate the success of the
educational activities of the project. Four additions to the project will be requested for
interactive undergraduate dimension of the project.

Pertinent Background and Support

A keystone motivation and foundation for the current prospectus comes from a recently
submitted final report on the NSF research grant DEB-9524722 for the NSF Water and
Watersheds Program on “Multiscale Statistical Approach to Critical-Area Analysis and
Modeling of Watersheds and Landscapes,” for October 1995 to March 1999. Details are
on the website http://www.stat.psu.edu/~gpp together with thirty-five related
publications, describing the methods, tools, applications, and outcomes (website:
http://www.stat.psu.edu/~gpp/newpagel 1.htm). The grant project has been reported as a success
story by the responsible NSF program officer in her report to the NSF Director.

The American Water Resources Association has this year announced its William Boggess
Best Paper Award to this NSF project based paper, “Predictability of Surface Water
Pollution Loading in Pennsylvania Using Watershed-Based Landscape Measurements.”
The project assistant, a co-author with the PI and the Co-PI, did his MS in Environmental
Statistics and Ph.D in Statistical Ecology with the PI. The award paper (website:
http://www.stat.psu.edu/~gpp/PDFfiles/TR99-0303.pdf) uses parts of the multiscale advanced
raster map analysis system in progress (website:

http://www.stat.psu.edu/~gpp/newpagel 1.htm).

The NSF project prompted an Indo-US Workshop on Regional Policy Research Using
Remote Imagery and Multiscale Analysis under the joint auspices of the Geography
Panel of the University Grants Commission, the Center for Policy Research (CPR), and
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the Forest Survey of India with the PI and the CPR President as Joint Conveners. The
NSF project work was also instrumental for the appointment of PI as Visiting Research
Professor of Regional Policy during 1998-1999 at the Center for Policy Research, New
Delhi, a major think tank of India.
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