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ABSTRACT

This project quantifies the gradient of environmental stressors within the Lake Superior basin at 
a fine spatial resolution, and uses this gradient to develop a monitoring framework that will 
support individual agency and ongoing binational cooperative monitoring efforts across the 
basin. Key elements of the project include development of high-resolution watersheds on U.S. 
and Canadian sides of the basin, summarization of the major point and non-point stressors within 
the watersheds, and creation of tools for scaling the watersheds and stressor summaries to 
accommodate the appropriate spatial scales for major environmental indicators. These data and 
tools allow identification of reference and ‘at-risk’ sites, and promote development of 
statistically defensible monitoring designs that will work within and across agency monitoring 
efforts.

BACKGROUND

Lake Superior, headwaters to the largest freshwater system in the world, faces increasing risk 
from human activities coupled with global climatic change. Human-induced stressors affecting 
Lake Superior are many, including biological factors such as invasive species, harmful algal 
blooms, and the rapid spread of diseases (e.g. Viral Hemorrhagic Septicemia), chemical inputs 
from point and non-point sources, and physical changes ranging from shoreline alteration to 
effects of land use change in deep in the watersheds. These stressors interact and are operating 
under changing temperature and precipitation regimes, providing challenges to both monitoring 
and remediation activities. In addition, the gradient of ecological health across Lake Superior is 
large, ranging from the Areas of Concern in the Duluth-Superior harbor to pristine waters from 
sparsely populated boreal watersheds. As a result, balancing human activities and funding 
between protection and restoration to sustain Lake Superior ecosystems presents formidable 
challenges.

One of the challenges for large lake systems is the development of monitoring programs that 1) 
effectively identify trends in habitat improvement or degradation and 2) can be coordinated 
across the multiple management agencies (Lake Superior Binational Program 2006; Chapter 3).
A foremost issue in habitat monitoring is how to distribute a limited number of samples so they 
are truly representative of a target population and identify trends in biotic and abiotic response 
variables. Devising a statistically robust monitoring scheme requires an a priori understanding of
i) the fundamental units for sampling, and ii) the gradient or range of environmental stressors 
impacting these units (Host et al. 2005). Understanding stressor gradients is particularly 
challenging in that they comprise multiple and often intercorrelated factors; these include a 
variety of point source discharges (NPDES sites, toxic release inventory sites, mines, power 
plants), stresses related to human populations (road and population densities), and non-point 
sources related to composition and changes in land use, land cover, atmospheric deposition and 
landscape pattern. Yet understanding how stressors are distributed among watersheds is critical 
for both monitoring and restoration.

The goal of this project was to develop data and tools to quantify the gradient of 
anthropogenic stress in Lake Superior Watersheds. The maps, decision tools and data from
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this effort will provide resource managers and decision makers across the basin to make more 
informed decisions on prioritizing watersheds for monitoring and restoration efforts.

Given this overall goal, the specific objectives for this project were to:

1) create a scaleable system of fine-resolution, hierarchically nested watersheds across 
the Lake Superior basin;

2) quantify the natural environmental and human disturbance gradients for fine-scale 
watersheds; with tools for scaling these upward;

3) use these gradients to provide supporting data for intra- and cross-agency monitoring 
designs sampling,

4) identify reference (least impacted) and degraded watersheds and coastal regions 
within the Lake Superior basin;

5) develop tools that allow users to scale data appropriate to their sample domain and fyj 
response variables;

6) disseminate project outputs via the LSDSS website and presentation to professional 
groups.

METHODS and RESULTS

Objective 1: Create a scaleable system of fine-resolution, hierarchically nested watersheds 
across the Lake Superior basin.

We used ArcHydro, a data model developed by ESRI, designed to manage and process 
watershed delineations and watershed summary information. Using flow direction and flow 
accumulation grids derived from elevation maps, stream networks were identified based on a 
minimum flow accumulation threshold. This allows for selectively delineating streams at either 
broad scales or very fine scales. Once the stream networks were delineated, flow direction was 
used to delineate the contributing area or sub-catchment for each stream reach between stream 
confluences.

The watershed delineation was based on 10 m DEMs for the US side of the Lake Superior basin, 
and 20 m DEMs on the Canadian side. Drainage enforcement, the process of removing spurious 
‘sink’ data points from the DEM, was done using stream data from the National Hydrologic Data 
(NHD) for the US portion of the basin and the Water Virtual Flow Seamless Provincial Data Set 
for the Canadian basin.

The ArcHydro model maintains hydrologic continuity. ArcHydro assigns a unique “Hydro-ID” 
to each sub-catchment, and a downstream hydro-id is identified for the next catchment a 
particular catchment flows into. These attributes are also transferred to the corresponding stream 
reach and pour points. Because of this “nextdown” id, it is possible, to accumulate information 
as the streams are followed down the drainage network. Area-weighted means of relative values 
associated with each catchment (i.e. proportion or density) can also be accumulated down the 
network.
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Evaluation: We evaluated the ArcHydro delineation of watersheds on the U.S. side of the basin 
by overlaying the fine-scale watersheds with stream reaches from the National Hydrologic 
Database, and observing the correspondence between stream confluences in the NHD and the 
pour points of individual watersheds. We also overlaid selected ArcHydro linework on 1:24,000 
Digital Raster Graphics and compared watershed boundaries with topography from the DRG.

Objective 2: Quantify the natural environmental and human disturbance gradients for fine-scale 
watersheds; with tools for scaling these upward

The source data identified for this analysis were derived from Danz et al. (2005, 2007) work on 
identifying stressor gradients for watersheds of the Great Lakes basin and Host et al. (2005) work 
on a priori analyses for identifying reference conditions. These data were selected because they 
provide comprehensive coverage of a broad geographic region, exist at appropriate temporal and 
spatial scales for the proposed analysis, and have strong impacts on the structure, function and 
composition of the ecological communities that comprise the basin.

Anthropogenic stress was quantified using a suite of publicly-available spatial databases (Table 
1). Land use/land cover from the National Land Cover Database (NLCD; Vogelmann et al. 2001) 
and population density from the US Census block data set were key polygon data sets. Road 
density (km/lcm2) was calculated from US Census TIGER line files (US Census Bureau 2002). 
Five sets of point source data were integrated into a single point source index; these included 
numbers of dams, power plants and mines, as well as discharges or permits reported in the Toxic 
Release Inventory (EPA 2004) and NPDES data sets, respectively. Several of these data sets 
were used in a previous effort to identify reference areas for the US Great Lakes coast (Host et 
al. 2005). The present analysis differs in that we intend to characterize the full gradient of 
anthropogenic stress from reference to degraded -  this required a different means of normalizing 
and then aggregating the stressor data. In addition, this analysis uses the high resolution 
ArcHydro watersheds as a basic summary unit over the entire shoreline, compared with the 
moving window approach used in Host et al (2005).

Stressor summaries
The nine stressor variables were summarized into a single index (SUMREL) for each 
watershed/interfluve combination (hereafter simply “watersheds”). Data were subject to three 
types of transformation. They were first transformed to normalize the data, using Arcsine square 
root transformations for proportional data (% agricultural or urban land use within the watershed, 
and natural logs (LN(value + the minimum non-zero value)) for road density and point source 
values. Stressor data were then expressed in tenns of standard deviations, as ((value -  minimum 
value)/standard deviation). Non-point source stressors (% agriculture, % urban, population 
density and road density) were rescaled on a 0-1 basis: (normalized value -  minimum normalized 
value)/(max normalized value -  min normalized value).

Large (dams and power plants) and small (NPDES permits, TRI sites and mines) point sources 
were averaged separately. The normalized scores for NPDES permits, TRI sites and mines were 
first averaged by watersheds, as were the numbers of dams and power plants. Scores for large 
and small sites were then averaged together and rescaled on a 0-1 basis as described above. This
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produced a single estimate for point sources, which was then summed with the four non-point 
stressors to create SumRel, a single index of anthropogenic stress as a weighted average of 
stressors.

Objective 3: use these gradients to provide supporting data for intra- and cross-agency 
monitoring designs sampling,

Objective 4 identify reference (least impacted) and degraded watersheds and coastal regions 
within the Lake Superior basin;

Evaluation: Stressor gradient scores were calculated using established SAS programs .and tested 
against independent equations calculated in a spreadsheet environment -  identical results, within 
rounding error, should be obtained with both methods. The SAS code was originally developed 
under EPA Grant R828777 “Protocols for Selecting Classification and Reference Conditions” 
and was written as a generalized and transportable routine for calculating stressor scores for 
watersheds. The code contains subroutines for all data transformations and summaries, and has 
been used to identify reference sites in the St. Louis River AOC and the Lester-Amity watershed 
on Lake Superior’s north shore. The identified reference and degraded areas will be compared 
against the source data to ensure that these derived units are consistent with the secondary data 
used to create them.

Objective 5. Develop tools that allow users to scale data appropriate to their sample domain and 
response variables;

Objective 6: Disseminate project outputs via the LSDSS website and presentation to professional 
groups.

The Lake Superior Decision Support Project was an early effort to develop GIS-based decision 
support applications focused on the Lake Superior Basin. Funded by the USEPA Region 5 
Coastal Environmental Management Grant Program through the Minnesota Department of 
Natural Resources, the project created synoptic databases of fundamental natural resource and 
infrastructure layers on the US and Canadian sides of the Lake Superior basin. The website was 
designed for a wide audience, including local governments, regional planning agencies, resource 
management groups, educational and interpretive organizations and individual citizens. The 
primary goal of the project was to provide users with practical tools they can apply to local land 
and resource decisions in a context of basin-wide objectives for long-term sustainability and 
stewardship. A second goal was to provide tools to interpretive and educational institutions to 
foster public awareness and support of GIS-based land use decision support.

The final LSDSS website comprised downloadable shape files, data viewers using Internet Map 
Server and Google Earth, images, and FGDC-compliant metadata. Several dozen synoptic data 
sets were developed, including bathymetry, elevation, climate, land use, hydrography, 
presettlement vegetation, and numerous others. It also included a pilot project that provided a 
stormwater model of the Miller Creek Watershed in Duluth, MN, along with a Land Use
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Planning Primer developed in cooperation with the Center for Rural Design at the University of 
Minnesota.

The project ran from 1999 through 2002, with additional funding to add the second revision of 
the Lake Superior Binational Program's Important Habitat Sites and Areas in 2006. The 
Important Habitat map was created by the Lake Superior Binational Program's Habitat 
Committee. The map “Important Habitat Conditions in the Lake Superior Basin” was included in 
the Lake Superior Lakewide Management Plan (LaMP) 2000 as a revision to the original 
Important Habitat Map published in 1996. The present version represents the second revision of 
the map and its accompanying habitat site information databases. It includes area data derived 
from federal, provincial, state and tribal natural resource agencies, published literature, and local 
knowledge. The map added several new layers, including: Lake Trout Important Habitat, Lake 
Whitefish Important Habitat, and Minnesota County Significant Biodiversity Areas. Support for 
adding the Important Habitat map to the Lake Superior Decision Support website was provided 
by the Canada-Ontario Agreement through the Great Lakes Binational Program.

The current “Explore Lake Superior” website replaces LSDSS, whose content is replicated on 
these Supporting Data pages. To the degree possible, the files have been updated. For historical 
interest, we have retained an archival copy of the original LSDSS website.
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