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streams using high resolution GIS spatial data.

OBJECTIVES:
1. To quantify the impacts of development, as estimated by watershed land use and land 

cover (LULC), on in-stream water quality, habitat, and biota for North Shore Lake 
Superior watersheds.

• To determine the effect of urbanization on metrics including stream temperature, 
whole stream metabolism, and nutrient spiraling along an urban to rural gradient.

• To determine the influence of meteorological events on water quality in Western 
Lake Superior tributary watersheds representing diverse LULC characteristics and 
build empirical models that quantify water quality during each hydrologic regime 
(snowmelt, rain event, baseflow) based on LULC metrics.

2. To quantify the appropriate a) spatial extent, and b) map resolution for detecting LULC 
impacts on in-stream water quality, habitats, and biota in the Lester and Amity 
watersheds, a region undergoing moderate urbanization and the focus of a multi
organization collaboration (the Weber Stream Restoration Initiative, 
www.lakesuperiorstreams.org/weber).

3. To determine whether position, connectivity and other spatial attributes of urban and 
riparian areas influence the predictive power of the LULC data in the Lake Superior 
Basin.

• To determine whether distance-weighting of land cover categories (proportions of 
impervious surface cover and urban developed land use) improves the 
predictability in-stream water quality or whole stream metabolism changes.

METHODS:
Study Area
The study incorporated historical and recently collected data from a total of 60 sites on 42 
streams within the Lake Superior basin. The study watersheds included both highly urbanized 
areas and rural populations. Urban development was concentrated near the bottom of suburban
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watersheds, resulting in tributaries that are relatively undisturbed, whereas within the core of the 
City of Duluth, urbanization is wide-spread across the watersheds. The study site distribution 
represented this gradient of urbanization.

Data compilation and collection
Numerous studies on Lake Superior basin streams have been conducted in the past. We both 
compiled historical and collected new water quality and invertebrate data. Additional studies 
were also conducted, that measured stream metabolism (community respiration (CR) and gross 
primary production (GPP)) rates (see methods in Erickson 2011), nutrient spiraling rates (Lehto 
2011), and temperature changes in a subset of streams (Black 2011). One product of this study is 
the composite data from north shore streams from 1998 onward that is being further analyzed 
and used as a central element of another Sea Grant scholar’s (Andrea Crouse at NRRI-UMD) 
M.S. thesis. For the purposes of our analyses, however, only data from between 2006 and 2009 
were utilized, both to include the most recent data and also to ensure that similar data collection 
and analysis methods were performed. We focused on studies that involved researchers from the 
University of Minnesota Duluth (NRRI), the Minnesota Pollution Control Agency (MPCA), and 
the EPA-MED Research Lab in Duluth.

Data included in our analyses were derived from two studies funded by the MPCA Surface 
Water Assessment (SWA) Grants, the NRRI’s LakeSuperiorStreams.org study, the MPCA’s 
Lake Superior North Shore Loading program, an EPA 319 grant to NRRI, and two MPCA 
Surface Water Assessment (SWA) grants to NRRI. These SWA grants involved assisting MPCA 
with the field and lab components of their state-wide effort to evaluate the integrity of water 
bodies through physical, chemical, and biological assessments. The Surface Water Assessment 
St Louis River Project (SWA-SLR) consisted of 10 grab samples between May and September of 
2009, and an additional 9 surveys between June and August of 2010 for 34 streams sites in the St 
Louis River Watershed. The Surface Water Assessment North Shore (SWANS) included at least 
18 grab samples at 12 North Shore streams in 2008 and 2009 during spring runoff, summer base- 
flow snowmelt, and linked to high flow rainstorms.

In addition to the SWA grants we incorporated data from NRRI’s
www.LakeSuperiorStreams.org study and the MPCA’s North Shore Tributary Loading program 
(e.g. Anderson et al. 2003). The LakeSuperiorStreams study is a long term continuous 
monitoring project for seven streams along the North Shore. These sites have automated 
intensive flow and water quality monitoring instrumentation, with three that have operated since 
late 2002. Along with the continuous monitoring data, additional event-based data (as per the 
MPCA Surface Water Assessment North Shore study [SWA-NS]) was collected by both NRRI 
and MPCA. The intent of the Lake Superior North Shore Loading Project was to estimate 
annual and seasonal sediment, nutrient and salt loads to Lake Superior and seasonal variations in 
these and other water quality parameters for a range of types of North Shore tributaries.
Therefore, sampling was event-based as per the SWA-NS and www.LakeSuperiorStreams.org 
studies.

Lastly, we used water chemistry data collected for an EPA 319 project that focused on Amity 
Creek in Duluth. This project had event-based water quality monitoring at two sites on Amity 
Creek and also a small amount of event-based sampling on Miller Creek in Duluth. Water quality
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analyses from the various projects followed standard methods (APHA 1998) with modifications 
as per NRRI5s water quality laboratory methods (see Axler et al. 2006; Ruzycki et al. 2009).

The site specific water chemistry data including total nitrogen (TN), ammonium (NH4+-N) total 
phosphorus (TP), chloride (Cl-), nitrate+nitrite (NO3/2-N), total suspended solids (TSS), turbidity, 
transparency tube water clarity, water temperature, dissolved oxygen, specific conductance 
(SpCond), and pH from the studies listed above were compiled into an Access database. The 
aggregated data were categorized by seasons and flows using a qualitative flow ranking in which 
we gave snowmelt runoff, rain event, and base flow a score of one, two or three, respectively. 
Scores were assigned by examining the flow regime of the nearest of the seven gauging stations 
along with the precipitation records during the time the stream site was sampled.

Land use -  land cover analyses (GIS analyses)
To determine the appropriate spatial extent of land use data, we calculated proportions of 
development and impervious surface using the ArcM p 9.3 (Environmental Systems Research 
Institute (ESRI), Redlands, CA, USA) and Arc Hydro tools (Maidment 2002). Using the Arc 
Hydro suite of tools we delineated both streams and watersheds above each of the 60 sample 
sites. We also calculated 50, 100, 500, and 1000 m fixed width buffers for each of these streams. 
Proportions of development were calculated for both the buffers and whole watersheds using the 
2001 National Land Cover Dataset (2001 NLCD) (Homer et al. 2004), which has 〜 30 m data 
resolution. Proportions of development included the land use categories low, medium and high 
density development, along with open space development. As another surrogate measure of 
development we calculated impervious surface proportions using the 2001 NLCD percent 
impervious layer. Hereafter, the land cover measures are referred to as ‘bulk5 measures.

To determine the extent to which spatial position improves the predictive power of the land use 
data we calculated inverse distance weighted land use proportions for the categories listed above 
using methods similar to King et al. (2005) (see Erickson 2011). Inverse distance weighting was 
applied for all of the buffer widths along with the entire watershed for each study site. This 
method gives land use closer to the sample location along the surface flow path the greatest 
influence.

Statistical Analysis
Distributional properties of all variables were assessed and appropriate transformations were 
applied to non-normal variables. We used Pearson Product Moment correlations and bivariate 
plots to examine trends in biotic, water quality, ecosystem processes to assess potential 
relationships between land cover and in-stream variables. Prior to the statistical analysis we 
grouped all the data based on its qualitative flow estimate (snowmelt, rain event, or base flow). 
Pearson R values for the land cover water chemistry correlations were graphed for the different 
watershed scales for both the bulk and inverse distance weighted land covers in an attempt to 
discern any trends in statistical correlation strength from increasing stream buffer size. Along 
with watershed scales we also compared correlation strengths between the bulk and inverse 
distance weighted correlations with the water chemistry variables.

RATIONALE:
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Previous studies of nine North Shore watersheds by Sea Grant funded researchers (Hershey, 
Axler and Richards 1996) found that it was difficult to discern a land use impact on in-stream 
water quality and biota, except for urban watersheds within the city of Duluth (Richards et al. 
1997; Richards and Axler unpubl). Several factors could explain the apparent lack of a direct 
“land use signal” in the less-developed North Shore watersheds: 1) the scale of the land use data 
was too coarse; therefore, the extent of development was underestimated; 2) the spatial position 
of land use patches was not accounted for; therefore, the locations of ameliorating patches (e.g., 
riparian zone) relative to the disturbance patches (e.g., residential development), and the integrity 
of the riparian buffer strip (connectivity) were not addressed in the predictive models; 3) sample 
sizes were small and there was a great deal of intra-annual as well as interannual variation; and 
finally, 4) the possibility exists that although residential development exceeded the thresholds 
listed for watersheds above, the streams were truly unimpacted. More recent studies conducted 
at a similar scale, but with much larger sample sizes, have reported statistically significant 
relationships between landscape and human activity stressors in the Great Lakes Basin and 
response variables including water quality and algal/benthos/fish communities in the near coastal 
zone (e.g. Danz et al. 2005; Reavie et al. 2008, Ciborowski et al. î nprep; Brazner et al. 2008).

Since in-stream biota and ecosystem processes are influenced by different human activities and 
stressors generated from those activities, it is critical to know the appropriate scale and spatial 
extent over which land-based information should be collected. Booth et al (2001) found that 
benthic invertebrate assemblages (B-IBI scores) responded linearly to urbanization in the Puget 
Sound region, whether it was measured at the subbasin, riparian scale (200m buffer), or a local 
scale (200m buffer extending 1 km upstream). That approach represents one of the few studies 
examining the effects of spatial scale in detecting effects of urban development impact. This 
study did not, however, address the impacts of data resolution and did not account for the spatial 
position of land uses within the watershed. Recent investigations show that the spatial position of 
patches can have a large influence on the potential sources of land-based inputs to streams 
(Gergel 2005; Baker et al. 2008). Riparian characteristics, including the connectivity of riparian 
vegetation (or conversely, the number and size of gaps), has been shown to influence predictions 
of cropland impacts on streams. These studies, however, were either based on models of 
hypothetical landscapes (Gergel), or in relatively large, heavily urbanized or agricultural 
landscapes (Baker). The current study addressed these issues in quantifying the effects of 
urbanization on the relatively un-fragmented landscape of North Shore tributary streams to Lake 
Superior and developing predictive models that can be used to guide future planning and 
management efforts.

PARTNERS:
The historical data compilation for the Lake Superior Basin was conducted with cooperation 
from both the Minnesota Pollution Control Agency and the Midcontinent Ecology Division of 
the Environmental Protection Agency, as well as researchers whose data were included in the 
composite data set (Valerie Brady, Naomi Detenbeck, and others at EPA-MED).

BENEFITS to research, industry, or the environment:
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One of the products of this effort is a single Access database that includes a large portion of the 
historical water quality and invertebrate data for the Lake Superior Basin in Minnesota. Such 
composite databases are invaluable for assessing historic trends and testing cause-effect 
hypotheses.

RESULTS SUMMARY:
Distinct land use signals were found between water quality parameters (TP, TN, [NO3+NO2]-N, 
and Cl-) and measures of urbanization in Minnesota’s north shore streams; however, the 
combined effects of flow and season appear to mediate the strength of these relationships. In 
general, the water quality parameters TN, NH4+-N, and Cl- increased with increasing 
urbanization during low flows, while only Cl- increased with increasing urbanization during high 
flows. Overall, we found that gross primary production rates were low across study sites with 
only a weak relationship with urbanization. Further, we found that urbanization influences 
stream metabolism rates (especially community respiration and net ecosystem production), but 
these influences can be offset by variability in flow and light regimes. During low flows 
community respiration rates increased with higher urbanization, but this relationship did not hold 
during high flows. We also found that gross primary production and community respiration were 
influenced by increasing nutrients during both high and low flows. In contract to water quality 
and stream metabolism data, no significant relationships were observed between land use metrics 
and indicators based on invertebrate taxon traits (reflecting behavioral, movement, habitat, and 
life history patterns) and assemblage characteristics.

In addressing the influence of spatial extent of land cover on in-stream conditions our data 
suggests that buffer width does not improve predictability on either water quality or invertebrate 
metrics. Further, accounting for the spatial position of land use through the use of distance 
weighting did not consistently improve correlations with water quality or invertebrate metrics for 
the different qualitative flow regimes. Similarly, distance weighting of land cover did not 
improve the correlations between urbanization and stream metabolism metrics. The lack of 
improvement in these predictions is most likely due to the unique structure of land use patterns 
along the north shore of Lake Superior, where urban development is concentrated near the coast, 
in relatively close proximity to most sample locations.

PROJECT WEBSITE URL: Results will be posted on the www.lakesuperiorstreams.org 
website as reports or published journal manuscripts as they become available.

TARGET AUDIENCES: natural resource agencies, local agency land managers, and research 
scientists.

ACCOMPLISHMENTS
1. Success in meeting objectives:
Objective 1: This was our primary objective and was to determine if statistically significant 
relationships could be developed between measures of land use and land cover (especially those 
indicative of urbanization) and physical, chemical, biological, and functional characteristics of 
western Lake Superior trout streams. This was accomplished with stream metabolism being 
shown to exhibit a strong response to urbanization, as indicated by impervious surface.
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An obstacle we encountered with using datasets from multiple research projects was the 
variability in when the samples were collected. This resulted in a compilation of sample data 
collected over a wide range of flow conditions. To account for this we assigned qualitative flow 
conditions of spring snowmelt, rain event, and base flow to each sample point. These conditions 
were determined by comparing both precipitation records and stream flow of the gauging 
stations closest to each sample site. Ultimately, more data over the range of flow conditions that 
occur within a given water-year and between years (i.e. wet versus dry years; high snowfall 
versus low snowfall winters; etc) is needed to more accurately characterize water quality over the 
different seasonal hydrologic regimes.

Another challenge involved assembling historical data sets from different research organizations 
with varying sampling techniques. We determined the sampling methods for individual projects 
by revisiting project publications and metadata, along with contacting the project PIs. While 
water quality and habitat methodology was similar between organizations, but invertebrate 
sampling methods varied. Some of the initially proposed datasets, including invertebrate data, 
were left out of the database because the sampling methods differed too much from the rest of 
the data sets, thereby greatly reducing the statistical power of the analyses.

Objective 2: An unanticipated challenge was developing a high resolution land cover layer. 
Because the high resolution land cover previously classified from aerial photos using feature 
analysis was not as accurate as needed, we attempted to develop a recent (September 2007) 
moderate resolution (30 meter) land cover classification from La^dsa  ̂TM satellite data. An 
unforeseen problem with creating this layer was the slight variations in shading in the satellite 
image. Because of this some areas were incorrectly classified, resulting in our inability to 
satisfactorily meet Objective 2.

Objective 3: This objective was met, although the result was not helpful in terms of improving 
the statistical relationships between land cover categories and in-stream water quality or whole 
stream metabolism.

2. List of most exciting results/findings:

• Water quality was relatively well-predicted by land use (especially urbanization), while
invertebrate assemblages were not correlated with land use in these streams;

• Community respiration increased with increasing urbanization while gross primary
production did not;

• Distance weighting of land cover did not improve its predictability on in-stream
conditions.

3. New research directions resulting from this research:
Graduate student Ms. Andrea Crouse (advised by R. Axler, G. Host, and L. Johnson at NRRI) is 
further addressing how land cover affects in-stream water quality by incorporating weather 
conditions at the time of sampling along with other landscape metrics including slope, soil types, 
road density, and road stream crossings into her analyses. She is also adding datasets from other 
groups to the current database, and over a much larger window of time (since 〜 1997).
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Graduate student LaRae Lehto (advised by B. Hill (EPA-MED), L. Johnson (NRRI) and V. 
Brady (NRRI) is currently analyzing whether land cover spatial extent and spatial location 
improve the predictability of NH4+-N, TN, and TP spiraling rates in streams.

Graduate student Brian Black (advised by L. Johnson, R. Axler, and V. Brady at NRRI) is 
examining the influence of water storage in the form of wetlands (extent and type) on stream 
water temperature in 50 streams in the Lake Superior Basin of Minnesota., all within a 100 km 
diameter circle around Duluth, MN.

4. Awards or commendations to PIs or students: none

5. Publications in refereed journals resulting from this research: Graduate student Jeremy 
Erickson completed a M.S. degree in Water Resources Science from the University of 
Minnesota and will soon submit at least one paper to a peer-reviewed journal based on his 
results.

6a. Graduate students supported on this project:
Jeremy Erickson 
Brian Black
Andrea Crouse (via separate MN Sea Grant funding; she is expanding on the analyses of 
water quality data and landscape data associations conducted as part of this study)

6b. Graduate student degrees granted and thesis titles: (authors, titles, dates, school and 
department granting degree, name of advisor if different from lead PI; please ensure that Sea 
Grant receives a bound copy of each thesis)

Stream metabolism along and urban to rural gradient in Lake Superior tributary streams.

Jeremy Erickson 
Graduation date: 1/31/11 
Water Resources Sciences 
University of Minnesota - Duluth

Landscape effects on stream temperature in Minnesota streams of the Lake Superior Basin 

Brian Black
Graduation date anticipated: August 2011 
Integrated Biosciences 
University of Minnesota - Duluth

6c. Location and title of job or position attained by graduate student(s) following 
graduation:

Jeremy Erickson
Assistant Scientist (beginning April 2011)
Natural Resources Research Institute
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University of Minnesota Duluth 
5013 Miller Trunk Hwy 
eric0792@d.umn.edu 
218-720-4320

6d. Number of undergraduates that worked on this project: (include number that continued 
on to graduate school in science or to a career in science, if known).

Several undergraduates (〜 2-3) assisted with water quality sampling and invertebrate collections 
during the course of this study. They were generally supported under other grants, but the data 
were assimilated into the composite dataset which resulted from this project.

7. Presentations at professional meetings/conferences: (please list presenter, date, title, 
location, type -- poster or platform)

Using Spatially Explicit Land Use and Biophysical Data to Interpret In-Stream Responses
Lucinda Johnson
Ecology of Lake Superior
Duluth, Minnesota
5/3/2010
Platform

Determining the effects of urbanization on stream metabolism
Jeremy Erickson
North American Benthological Society Meeting
Grand Rapids, Michigan
5/17/2009
Poster

Landscape effects on stream temperature in Minnesota streams of the Lake Superior basin
Brian Black
North American Benthological Society Meeting
Grand Rapids, Michigan
5/17/2009
Poster

8. Outreach publications and presentations: (include author/presenter, date, title, location, 
audience type)
Jeremy Erickson and LeRae Lehto were interviewed by Sea Grant staff for a Wisconsin Public 
Radio show.

9. Other outreach activities:
Water quality data have been posted on the www.lakesuperiorstreams.org website.

10. Describe ongoing interactions with Sea Grant Outreach staff:
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Minnesota Sea Grant research coordinator, Dr. Valerie Brady, is involved in most aspects of 
NRRI research on Superior Basin tributaries and so as outreach opportunities appear, can help 
disseminate study results at appropriate venues. Co-PI Axler is the lead for the 
www.LakeSuperiorStreams.org project which is designed to facilitate this process by making 
data, reports, and articles available to a variety of technical and non-technical audiences.

11. Describe interactions with government agencies, other universities, or industries related 
to your research, including future plans to extend your results to government, industry, or 
the public:
NRRI stream researchers meet fairly regularly with MPCA and MDNR staff in association with 
on-going watershed and stream management activities that also include local governmental 
agencies. NRRI also actively participates in monthly meetings of the Western Lake Superior 
regional Stormwater Protection Team, comprised of 26 member organizations that coordinate 
technical information and develop common educational and informational materials for the 
general public as well as land managers and policy makers.

12. Is anyone applying your research results at this time?
Results of Objective 3 are being incorporated in the body of knowledge used by states and 
federal agency personnel who study land-water interactions in watersheds. Our case study is one 
example where site specific knowledge of land use does not appear to enhance predictive power; 
however, other case studies have shown the opposite to be true. Thus our unique geographical 
setting suggests that processes may be somewhat different that in other regions, and regional 
context is important for predicting nutrient loading to streams.

13. List of products, patents, websites, programs, software, etc, resulting from this project:

None
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14. If you have graphics, pictures, or video which showcase your project or results that we 
could use on websites or in our publications, please briefly describe them.

Figure 1. Relationship between stream metabolism variables gross primary production, 
community respiration, and net ecosystem production and land use proportions of 
impervious surface cover during summer and autumn base flows. (Erickson J.M. 2011. 
Stream metabolism along and urban to rural gradient in Lake Superior tributary streams. 
M.S. Thesis. University of Minnesota. 46 pp.)
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PERFORMANCE MEASURES

Measure 1: Economic and societal benefits derived from the discovery and application of 
new sustainable coastal, ocean, and Great Lakes products from the sea.

none

Measure 2: Cumulative number of coastal, marine, and Great Lakes issue-based forecast 
capabilities developed and used for management.

none

Measure 3: Percentage/number of tools, technologies, and information services that are 
used by managers (NOAA and/or its partners and customers) to improve ecosystem-based 
management.

none
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