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Data for Discovery and Decision-Making: LakeSuperiorStreams.org
I. BACKGROUND:
An estimated 720 perennial and 127 intermittent streams flow into L. Superior, including 309
trout streams and their tributaries (>2100 miles) along the North Shore and St. Louis River
Estuary alone. Bedrock escarpments create a high density of stream corridors in forested
watersheds with steep gradients, thin erodible soils, typically low productivity, and “flashy”
hydrology. These high-quality trout streams are sensitive to urbanization and rural development
by factors raising water temperature and increasing water and sediment runoff, e.g. openings in
riparian cover/canopy, impervious surfaces, road crossings, construction runoff, and the warming
and increased frequency of severe storms predicted by climate change models (Wuebbles &
Hayhoe 2003).
Tributary streams are increasingly threatened by development as urbanization and rural
development place increased pressure on the Lake Superior region’s coastal communities.
Between 1992 and 2001, a 33% increase in low-intensity development occurred within the basin
with an alarming transition from agricultural lands to urban/suburban sprawl (Wolter et al.
2007). In the early 1990s, over 50 new lodging establishments were constructed along the
Superior North Shore, and from 1990-1996 Cook County, MN experienced a 24% population
increase (MPCA 2000). Stream fish, amphibians, and the invertebrates that sustain them are
being adversely impacted by increased temperature, excessive peak flows, turbidity and
suspended solids, road salts, organic matter, and nutrients from increased development
(Anderson et al. 2003). This conclusion is supported by the fact that 11 of 27 major Minnesota
North Shore trout streams have been listed as Impaired (2010) since the 1990s and remain on the
State 303(d) list - primarily for turbidity, temperature, and fish tissue-Hg.
The integrity of these watersheds is also critical to the condition of the coastal and offshore
waters of Lake Superior. The streams discharge directly into the nutrient and sediment sensitive
coastal zone of ultra-oligotrophic L. Superior, or indirectly into the lake via the St. Louis River
Estuary, itself an IJC designated Area of Concern and a zero discharge (of persistent organic
pollutants (IJC 1999; MPCA 2000), in part because of its levels of phosphorus and suspended
sediment. This is particularly important because the lake’s nearshore zone is the source of much
of its biological productivity and recreational use, but is nutrient deficient and therefore, very
sensitive to excess inputs of nutrients, suspended solids, turbidity and organic matter (e.g.
Sterner et al. 2004; Rose and Axler 1998). Therefore, despite the fact that Lake Superior and its
tributaries are among the most pristine waters in Minnesota and in the entire Great Lakes Basin,
some of these resources are already stressed by increased urbanization and tourism. This creates
the unusual challenge of how to inform the public, businesses, and local units of government
(LGUs) that these resources need protection when few problems are obvious to the untrained
eye.
This project has built on the foundation established by the award-winning project
www.LakeSuperiorStreams.org (LSS) that was created in 2002 via an EPA grant to a Partnership
of the City of Duluth Stormwater Utility, the University of Minnesota –Duluth (Natural
Resources Research Institute, Minnesota Sea Grant, and Department of Education), the
Minnesota Pollution Control Agency (Duluth Office), the Western Lake Superior Sanitary
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District, the Great Lakes Aquarium, and the Lake Superior Zoo (Axler et al. 2006, 2003;
Lonsdale et al. 2006). The original partnership has remained substantially intact since 2002. The
ultimate goal continues to be to improve environmental decision-making by:
(1) Enhancing public understanding of the connections between weather, hydrology, land
use and the condition of water resources in urban and rural watersheds, and
(2) Providing easy access to tools for accomplishing the protection of un-impaired
resource and cost-effective restoration of degraded sites.
Implementing effective TMDL-based watershed improvements and making informed,
sustainable land use decisions to protect coastal watersheds and zones require in-depth
knowledge of stream condition and informed citizens and decision makers. The former requires
monitoring seasonal and year-to-year water quality, quantifying habitat and biological
community indicators, and developing pollutant budgets and accurate predictive models from
land use/land cover (GIS) data. The latter requires effective education & outreach.
LakeSuperiorStreams.org (LSS) and derivative Regional Stormwater Protection Team (RSPT)
began in 2002 to connect regional scientists, managers, and educators as Partners to protect and
enhance regional water resources via coordinated educational programs and technical assistance.
The use of data, particularly real-time data linked to interactive visualization tools and
interpretive material is central to the project (Granley and Lonsdale 2005, 2007). LSS also has
served an important role in regard to the conservation of coastal water resources by providing a
core set of intensive (i.e. collected during both high and low flows) water quality data from
western Lake Superior trout streams over many years – i.e. differening in regard to weather
patterns. To date, water quality data of this kind anywhere in the Superior Basin have been
relatively sparse, discontinuous, and/or inconsistent in regard to required sampling and analytical
methodologies, and QA/QC.
II. SPECIFIC OBJECTIVES (Tasks)
(1) Operate the LakeSuperiorStreams (LSS) sentinel network in 2008-9 (extended into
Winter/Spring 2010) to determine discharge/pollutant budgets, between year variability, and to
calibrate/verify models relating “surrogate” sensor values to pollutants of interest and GIS
landscape data currently being assembled via a SeaGrant/NOAA grant. LSS provides an easy
access web portal for the public to understand the environmental, public health and regulatory
issues related to north shore stream condition as affected by land use management;
(2) Collaborate with WLSSD, MDNR and S.St Louis County SWCD to import new sources of
historical and current real-time data streams to make it available to users to visualize and map
changes via the interactive DataViewer animation tool and mapping utlities. Parameters and sites
would include indicator bacteria and water quality from St. Louis River/DS-Harbor and City
stream sites collected by WLSSD (and Superior); intensive thermal data in north shore trout
streams collected by MDNR; flow, temperature and water quality data from the Knife R. and
Miller Creek TMDL studies. Data would be linked to interpretive materials and made available
to relevant agency websites;

2

(3) Develop web-based tools for volunteer citizen scientists and students to interactively graph
their stream and lake data, including biological (“bug”) indices to allow them to look for trends
and comparisons to other sites. This would be set up in cooperation with both the MN (PCA) and
WI (UW-Extension) volunteer programs to help integrate local citizen/school stream monitoring
efforts for the western Lake Superior Basin and for stewardship and education via LSS, the
RSPT and the St. Louis RiverWatch Program.
III. APPROACH and METHODS
The project has continued to rely on pre-existing partnerships – (1) DuluthStreams/
LakeSuperiorStreams, (2) the Superior Regional Stormwater Protection Team
(www.duluthstreams.org/stormwater/rspt.html), and (3) the Weber Stream Restoration Initiative
(WSRI; www.duluthstreams.org/weber/index.html ) that began in 2005 with an endowment to
restore and protect degraded and threatened Lake Superior Basin trout streams. The project has
also benefited from MPCA funding via the Lake Superior Beach Monitoring Program to
maintain the www.MinnesotaBeaches.org website and from Minnesota’s Lake Superior Coastal
Program that has funded the continued expansion of the NRRI’s Lake Superior Coastal GIS
website (www.nrri.umn.edu/coastalgis ) in addition to the LSS project. It is also noteworthy that
although the monitoring network and website are operated and maintained at UMD-NRRI
(directed by R.Axler & G. Host), the LakeSuperiorStreams project continues to rely on MN Sea
Grant's C. Hagley, J. Schomberg, and V. Brady for outreach, education, and website content and
review. Current partners are listed at www.duluthstreams.org/general/aboutus.html and
www.lakesuperiorstreams.org/stormwater/rspt.html.
Field & Lab Methods (see www.duluthstreams.org/streams/QA_QC.html )
o Sample collection – Automated water quality monitoring data maintained by NRRI-UMD
and partner staff from five (5) Duluth-area St. Louis River Estuary and Northshore
tributary streams are uploaded onto the LSS website daily. The sensors, measuring
temperature, specific electrical conductivity (EC25), turbidity, and depth (for flow
estimation) on the stream monitoring units (SMUs) are checked ~ every 10-20 days for
cleaning and/or re-calibration by comparison to a YSI 85, YSI 556, or Hydrolab Minisonde
MS5 multi-probe water quality analyzer and as per manufacturer’s recommendations.
Manual measurements from field meters include daily calibrations. The SMU control
modules (CR10X and sensors) are programmed to collect temperature, EC25, turbidity, and
stream elevation data at 15-30 minute intervals, which is relevant to the time-scale of
storms. The sensor sonde used at Amity is a Hydrolab MS5 sonde with self-cleaning
turbidity sensor. Stage height is measured by the MPCA at Amity via an ultrasonic distance
sensor and flow calculated from USGS derived rating curve (Anderson et al. 2003). Rating
curves from all other sites were developed by NRRI staff. Manual sample collections are
performed by NRRI staff but on occasion by City of Duluth or MPCA (for Amity) staff.
o QA/QC - The primary QA/QC objective for all of these studies is to assure accurate and

representative measurements of the biological, physical and chemical parameters that are
monitored. The historical and current manual monitoring data, plus the intensive data
collected by the stream monitoring units (SMUs) are intended for both public education
and for inclusion in the City of Duluth (City), Western Lake Superior Sanitary District
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(WLSSD), Minnesota Pollution Control Agency (MPCA/STORET), and Minnesota
Department of Natural Resources (MDNR) databases. Measurements comply with EPA
QA guidelines (EPA 1998) and follow previously established and documented QA/QC
plans developed by NRRI, certified by the MN Dept of Health and the MPCA (Ameel et al.
1998; APHA 2005). Details, including website operation and the data visualization tools
are at www.lakesuperiorstreams.org/streams/aboutdata.html .
PERFORMANCE INDICATORS CHECKLIST
This checklist should be completed before the final report is begun. Check all boxes that apply to
your project and include the performance measures information in your reporting. Performance
indicators are indicated in bold print.
Government Coordinator and Decision-Making (DCDM)
1. Involves educational activities
2. Involves training activities
3. Involves marine debris stewardship activities

YES

NO

If any of the DCDM questions are “YES”, report the number of activities by performance
indicator(s) and number of participants. See TASK RESULTS
Public Access
1. Provides a new recreational boating public access site
2. Provides an enhanced recreational boating public access site
3. Provides a new non-boating public access site
4. Provides an enhanced non-boating public access site

YES

NO

Coastal Habitat (CH)
1. Involves the creation of coastal habitat
2. Involves the restoration of coastal habitat
3. Involves the protection of coastal habitat by acquisition or easement

YES

NO

If you answered “YES” to any of the CH questions, please specify the total number of acres
Water Quality (WQ)
1. Involves volunteering monitoring activities

YES

NO

If the answer to the above question is “YES” please specify the number and type of volunteer
monitoring activities, as well as the miles or sites monitored. Activities are indirect, by posting
MPCA CSMP data via ongoing LSS activities and via a separate MPCA Surface Water
Assessment grant (SWA-North Shore to NRRI-UMD) that established several CSMP sites on
Duluth area and North Shore trout streams.
2. Involves the development or implementation of ordinances, policies, or
plans to control or prevent polluted runoff to coastal waters
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Coastal Hazards

YES

NO

1. Undertakes activities to reduce future damage from coastal hazards
2. Implements educational programs or campaigns to raise public awareness of
coastal hazards
The LSS Partnership includes MN Sea Grant–UMD, which continues to develop coastal beach
safety educational and informational materials, and also the MPCA’s Lake Superior Beach
Monitoring and Advisory Program. As materials and data become available from these
efforts, they are posted or linked to appropriate sections of the LSS website. To date, the focus
of these efforts have been to provide information about rip currents and about risks estimated
from indicator bacteria densities at beaches.
Coastal Dependent Uses & Community Development

YES

NO

1. Develops and implements local plans that incorporate sustainable growth
coastal management practices
2. Involves a port or waterfront redevelopment project

IV. TASK RESULTS
This section summarizes the major elements of the three work tasks that were completed over the
period of the grant. Supporting screen captures from the LakeSuperiorStreams.org website are
included in the Appendices.
Task 1. Real Time Stream Monitoring: LakeSuperiorStreams.org (LSS) sentinel
watershed/stream monitoring network and website.
Subtask 1-1. Continuous data acquisition for flow and water quality continued throughout
Winter 2009/2010 with periodic interruptions due to instrument failure or ice conditions in
winter ( Amity, Tischer, Chester, Kingsbury, and Miller Creeks).
Poplar River @ Highway 61: The sensor connection to LSS was terminated on 8/26/08 just
before the start of this grant due to MPCA removing its stage height sensor and datalogger.
MDNR has now taken over flow gauging on the Poplar and so we provided a hyperlink to their
data site that began operation on 9/05/08 although there are no water quality sensors. Our unit
continued to log data until mid September 2008 but has now been completely removed due to
lack of funding for a new modem connection in addition to the lack of operating funds
previously provided by the MPCA. Automated hydrologic data is now collected by the
Minnesota DNR at a site downstream from Highway 61 and closer to the mouth of the stream at
Lake Superior (Station ID: 01063003) than was the MPCA monitoring site upstream from
Highway 61 that was operated since 2002. We had operated our real-time water quality sensors
at this site since 2006 but there is presently no support for continuing these data or their
transmission to the LakeSuperiorStreams.org website. Water quality sensor data from Aug-Oct
2008 was logged although the stage height (flow) monitoring was terminated by MPCA in
August. Unfortunately there has been no funding for manually collected water chemistry
sampling for this site although this will hopefully resume in the future in association with the
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Poplar River TMDL study. In concert with a different study of North Shore streams that did not
include the Poplar River (see SWA-NS description below), NRRI-UMD staff were able to
collect and freeze water from the original site on a number of dates in 2008, and perform a
limited number of field measurements.
Miller Creek @ Lake Superior College: This site was initially plagued with issues that were
eventually resolved. The equipment was purchased by Lake Superior College and installed by
NRRI-UMD in summer 2008 but had communication issues between the sensors and the
datalogger, communication issues between the datalogger and the modem, and communication
issues between the modem and the NRRI home base server. It is a difficult monitoring site due to
its location in a gorge with relatively poor solar exposure and intermittent cell phone signal.
Data collection in the fall will typically need to be terminated earlier than at other sites because
inadequate power prevents calling the modem although some data was collected in early 2009
under the ice (see below). Routine, frequent maintenance to clean and calibrate the sensors, and
assess data quality is also dependent upon the ability of Lake Superior College to share the costs
of field maintenance and sensor replacement in the future.
Subtask 1-2. We continued to collect water quality samples during base-flow and higher flow
events as per past years at all streams. Some data from North Shore streams are collected and
analyzed by the MPCA, and by the Flute Reed River Partnership; much additional North Shore
stream data was collected by NRRI with separate grant funding from MPCA via the MN Legacy
Act (Surface Water Assessment – North Shore “SWA-NS" project) and in addition to posting
these data in the MPCA EDA-STORET database, they were made available in more user-useful
Excel format on the LSS website in the STREAMS websection.
Subtask 1-3. Deliver automated stream data to the www.LakeSuperiorStreams.org website.
1-3a. WINTER DATA 2009 and 2010. The LSS data continues to be the only continuous water
quality data available for Superior trout streams during the ice season from mid-fall through
spring runoff. The 2009 and 2010 ice seasons were no exception. Five sites were operated to
varying degrees during mid-late winter 2009 and 2010. Although there are risks in terms of
instrumentation being damaged by streams freezing, the early and heavy snowfall from
November-Dec 2008 provided enough thermal insulation to allow us to “freeze-in” several of the
automated sensors and maintenance could be performed on occasion depending on ice thickness.
Data gaps were more frequent in the winter due to some electronic and mechanical failures but
overall a considerable amount of data was collected, some of which are highlighted below.
Amity Creek: MPCA adjusted settings on the data logger in Fall 2008 in a power saving effort
and the data was spotty in the early part of winter 2009.
Chester Creek: This site’s sonde is in the greatest danger of freezing to the bottom, an issue in
previous years. Ice formation prevented routine cleaning and re-calibration until late March
when the stream opened up.
Tischer Creek: This site also was completely functional much of the winter although a battery
failure in early December resulted in short periods of lost data. Data quality was very good
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because it remained accessible all winter and there is an excellent record of road salt release
during snow storms, spring thaws, (including rain-on-snow in March 2009) and then the major
snow melt runoff period.
Kingsbury Creek: This site suffered from a lack of attention in Fall 2008 due to the LSS funding
interruption. The conductivity sensor failed and data was lost for this period. The sonde was
removed in January 2009 but ice conditions led to a loss of data for several weeks. However
there is still considerable under-ice data as shown below – in particular during the major snow
melt runoff and “salt flush” in spring.
Miller Creek (@ Lake Superior College): Although we were unable to completely operate the
site, we fortunately were able to collect enough data to show that for at least a week in March
2009, salt levels exceeded the chronic toxicity criterion for brook trout (see below).
Screen captures from the LSS Dataviewer for Jan – Mar 2009 and 2010 illustrate these data:
WINTER 2009
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WINTER 2010 (Note – Miller Creek site not operated during this period)
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1-3b. SPRING & SUMMER DATA 2009. The LSS remote/automated real-time monitoring
network continued operation through all of the ice-free season in 2009 with several sites
collecting data throughout snow-melt runoff and the remainder during at least a portion of this
important hydrologic period. Our ability to collect these data depends on ice thickness, post-thaw
access conditions (including safety), and how well instrumentation functions if allowed to “overwinter” (including calibration issues). Website data update summaries are listed on the
DataViewer page at http://lakesuperiorstreams.org/streams/data/Java/SMUplotter.html. Five
sites operated to varying degrees during spring 2009. Overall, considerable data was collected
under ice in winter and then all units functioned throughout most of the spring as indicated by
the Mar-Jun 2009. Dataviewer plots for each of the 5 current stream sites are shown below:
SPRING & SUMMER 2009

1-3c. FALL 2009 and SPRING 2010. Automated data collection continued operation through
late winter 2009/10 and early spring 2010 with additional water sample collection and lab
analyses during the high flow spring runoff period that began unusually early in 2010. Four sites
were operated during this reporting period and data gaps were relatively uncommon. The Miller
Creek sensors were removed for the season in early November 2009 by Lake Superior College
which maintains the instrumentation and not re-installed until April 2010. Meetings were held
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with LSC staff that recommended improvements needed in their operation of the site, in
particular the frequency of sensor calibration and cleaning. The Chester Creek sensors were
inoperative from Nov 2009 until late February 2010 due to corrosion of the pins on the sonde
cable connector, however, this was the original unit first installed in September 2002. The unit
was repaired and re-deployed in time to record the main pulse of snowmelt runoff. The Amity,
Tischer, and Kingsbury stations operated throughout fall and winter with no instrumentation
problems. In particular, spring runoff was “captured” at the three operational sites although
excessive sedimentation in Amity Creek was likely responsible for a period of erroneously high
turbidity values under the ice when it was not possible to clean the sensors. This period of
Amity turbidity values will likely be deleted when our quality assurance of 2009 and 2010 data is
completed later this year.
FALL 2009 and SPRING 2010
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Subtask 1-4. DATA - Maintain LSS as web portal for users to retrieve additional stream
and watershed data, and related information from agencies and researchers.
A large amount of new information about North Shore streams and their watersheds was
generated during the period of this grant by various NRRI-UMD projects, and projects by other
UMD researchers, local and state agencies, and other organizations. The major additions are
listed below and may be found in the major STREAMS websection:
An additional 15 northshore trout streams were added to our Data INDEX table and stream websections, including GIS calculated watershed information and maps for 8 of them. These
STREAM web-sections (http://www.lakesuperiorstreams.org/streams/index.html) were
developed for trout streams
sampled by NRRI in 2008 and
2009 for its MPCA SWA-NS
project that did not already have
stream home pages (Baptism,
Beaver, Caribou, Cascade, East
Split Rock, Encampment,
Gooseberry, Split Rock); These
are complete websections with
GIS calculated watershed
information and maps with
appropriate links to data sources
and reports that can then be
easily downloaded from state
databases as they become
available. Stream habitat,
invertebrate (“bug”), and fish
data were also collected by NRRI staff for nearly 50 Superior Basin (MN) sites in 2008, 2009,
and 2010 via MPCA and EPA funding. These data have all been reported to MPCA for inclusion
in a new state-wide data base that will be available on-line, but is not yet finished. Links will be
made from each stream’s webpage and from the master Data Index tables at
http://www.lakesuperiorstreams.org/streams/stream_selector.html
o the Pigeon River, a larger stream with a USGS gauging station (limited to LINKS and
reports); Simian, Temperance, Onion, Palisade, Skunk, Blind Temperance, Little Knife, Two
Island3 were added to the DATA INDEX table with links to historical data compiled by NRRI
for MPCA and “new” data collected by NRRI for MPCA in 2008 and 2009;
o Merritt, Buckingham, Coffee, and Knowlton Creeks were designated as Trout Streams by the
MN DNR in November 2008. The website was amended in various places to note that Duluth
now has 16 designated trout streams, where 2 of the total are branches of streams- East branch
of Chester and East branch of Amity.
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o Regulatory status of each stream is now identified in the main data index table and on each
stream home page (e.g. impaired, not assessed, or assessed), with added links (generally to
MPCA) for more information.
o Oblique aerial photos of the north shore coastal zone have been included for each stream
section in the form of expandable thumbnails. These photos were made available by the MN
LSCP (Clint Little) and we intend to work with him in 2011 to use some of them that he has
previously used in presentations to illustrate poor and best land use management practices on
the website.
o When we are aware of existing data, reports, or current projects for these streams and their
watersheds, we add the information to the website. For example, our www.MNBeaches.org
website that is operated and maintained in partnership with MPCA-Duluth includes indicator
bacteria data for several years collected by WLSSD with help from City of Duluth Stormwater
staff for several of these streams. Also, Knowlton Creek is currently a focus for significant
restoration activities associated with its confluence with the St. Louis River. The MDNR has
made several “semi-public” presentations to technical audiences in recent months that might be
easily adapted for use in providing a current “snapshot” of issues in the Knowlton Creek
Watershed (in progress).
Subtask 1-5. Operation and maintenance of the LakeSuperiorStreams.org website functions:
Expand features and keep information current in collaboration with the current LSCP grant, LSS,
RSPT and Weber WSRI partners. 2008-2010 additions created with funding from this grant
include (website major sections shown in CAPS):
o LAKE SUPERIOR COMMUNITIES: Expanded COMMUNITY RESOURCES section for
Western Lake Superior Basin coastal counties (MN & WI) at
www.duluthstreams.org/general/resources.html);
o STREAMS: Information from TMDL studies being conducted in the Poplar, Knife, and Miller
watersheds. The LSS website is the designated web portal for Poplar River TMDL information.
Of particular note are Poplar River (2007), Knife River (2009), and Miller Creek (2010)
studies of macroinvertebrate communities performed by NRRI scientists V. Brady and D.
Breneman that provide comparative analyses of these data to those from previous and ongoing
North Shore streams data since 1997;
o STREAMS: Flute Reed Partnership meetings, reports, and storm-related photos, including a
set of photos associated with their 2008 tree-planting activities and a re-organized photos
section that illustrates the stream’s seasonality (our liaison has been Rick Schubert). The LSS
website has become a publicly accessible repository for these FRP materials;
o STORMWATER: The RSPT’s (MN LSCP funded) 34 page Water Quality Protection
Guidebook (2009) with details on fundraising and community service projects focused on
protecting water quality was made downloadable from the website in the RSPT section and
specific sections were integrated as hyperlinks into several relevant subsections within the
major CITIZEN websection;
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o STORMWATER: A slideshow presentation on the City of Duluth’s Infiltration & Inflow
(I&I) reduction program was added to the STORMWATER: Inflow & Infiltration section, and
to What’s New. It was created to help the City to educate the general public about the
environmental and economic issues that were the basis for the federal Consent Decree
negotiations that took place from about 2006-2010;
o STORMWATER & LAKE SUPERIOR COMMUNITIES: Stormwater Plan information was
re-organized for area townships (Midway, Duluth, Lakewood, and Rice) and colleges in order
to serve as the MPCA conduit for providing public access to these new stormwater plans. In
2009, Midway, Rice, and Duluth Township stormwater plans were developed, conditionally
approved by MPCA, and made available for public comment by posting them on the LSS
website at MPCA’s request. Normanna Township’s plan will be similarly posted when
available;
o STREAMS/Weber Stream
Restoration Initiative: New issues of
the Lester-Amity Watershed focused
STREAM-LINE newsletters were
published for Autumn 2008,
Spring/Summer 2009, and
Autumn/Winter 2009. Stories were
based on topical issues related to
regional water resources relevant to
Superior Basin water resources and the
Superior Regional Stormwater
Protection Team membership. Weber
Stream Restoration Initiative and
NRRI funding was used to mail issues
to virtually all businesses and residents
living in the Lester River and Amity
Creek watersheds;
o STREAMS/Weber Stream Restoration
Initiative: An annual report of stream
restoration related activities for 20092010 was developed and posted on the
website in June 2010;
o

STREAMS /Weber Stream
Restoration Initiative: A new section
was developed for the Lakeside
Stormwater Reduction Study,
funding by the EPA/MPCA 319
program (C.Kleist, V.Brady,
J.Schomberg, R.Axler, PIs) at
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http://lakesuperiorstreams.org/weber/projects.html . The project section of WSRI will be redesigned in early 2011 year to feature actual restoration and implementation projects such as
the Lakeside project, the Graves Rd Creek tributary to Amity restoration, and the Upper East
Branch Amity bank stabilization project scheduled for summer 2009.

o UNDERSTANDING
 2008 Drinking Analyses for Duluth were
posted; Superior, WI drinking water data
is not posted on the City’s website but
we will make it available on LSS.
 There has been no new information from
the Poplar, Knife and Miller TMDL
studies to report this quarter. However,
two brochures produced for explaining
the process to the public were identified
and are now available on LSS.
 The Understanding Watersheds section
now includes a description of how LSS
watershed statistics are calculated, as
well as links to pages summarizing the
data.
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o UNDERSTANDING (TMDLs) &
Individual Poplar R., Miller Cr., and
Knife R. websections: A new
TMDL websections for Miller Creek
was created for use as a public
bulletin board for notices, reports,
newsletters, and links to relevant
MPCA, EPA information, and the
South St. Louis Soil & Water
Conservation District websection as
the lead local agency responsible for
these studies. The Poplar TMDL
websection has been in operation
since 2007. A Knife River TMDL
related newsletter was posted, with a
link to the SSL SWCD’s website for
the most current publically available
notices and technical and nontechnical reports and related
information (see screen capture of
Miller Creek TMDL web page
below).
o CITIZENS & SCHOOLS: No major
changes were made during the grant
period although the rain garden and
rain barrel sections received minor
updates.
 In progress : sections on asphalt
sealant and bottled water issues
o WHAT’S NEW postings (bottom of every webpage):
 Jan-Jun 2010 – 18 News items
 Jan – Dec 2009 - 33 News items
 Sep –Dec 2008 - 7 News items
o ALL PAGES: The sitemap page was revised to include links to website features that had been
overlooked;
o WEBSITE PROGRAMMING CHANGES
 There have also been many changes behind the scenes. The website was migrated to a new
server, and although the changeover had been loosely planned, the switch was precipitated
by hardware failure in the old server. This server had worked well serving static webpages
for many years, but it was underpowered for some of the new features we are now adding
with dynamic content. The new server uses a faster processor, an updated operating system,
has more memory, and more storage space.
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Task 2: St. Louis River, Miller Creek, Knife River, and North Shore trout stream data
visualization, dissemination, and understanding
Major new accomplishments from the current grant include:
(1) Incorporation of historical St. Louis River water quality data into the LSS DataViewer
tool;
(2) Collecting and posting St. Louis River data taken at 15 minute intervals from the Duluth
shipping canal. We began monitoring at this location in 2002, but the monitoring was
stopped in 2005 due to lack of funding. Funding for purchase of a new set of water
quality sensors and for operation and maintenance of the site was acquired in 2009 in
collaboration with the Large Lakes Observatory at the University of Minnesota-Duluth
(LLO-UMD);
(3) Addition of a number of new data sets from automated stream gaging stations operated
and maintained by other organizations or by the LSS Team via non-LSCP funding (Knife
River TMDL stations and Miller Creek TMDL gaging stations);
(4) Posting in real-time and via the LSS DataViewer the temperature profile and
meteorological data collected by LLO-UMD from a nearshore Lake Superior site
approximately 1 km off the McQuade Safe Harbor;
(5) Incorporation of temperature data logger data from an NRRI study of the relationship
between urbanization and summer temperatures in regional streams. Additional data
logger data from North Shore streams collected by MDNR is intended to be uploaded
into the DataViewer and made available on the LSS website but this has not yet been
accomplished.
Each of these data sets is described in greater detail below.
Subtask 2-1. Collaborate with WLSSD and other agency partners to compile historical St. Louis
River water quality data to:
(i) Develop web-based, interactive on-line tools for visualizing and mapping changes in
bacteria counts, flow and climate data, over time, for sites along the St. Louis River-DS
Harbor and its tributaries. Data sources are from City of Duluth and WLSSD current and
historical monitoring, NOAA, USGS;
(ii) Create new websection for convenient public access to current/historical pathogenindicator bacteria data using the LSS data viewer and mapping utility tools.
2-1a. St. Louis River Water Quality Data:
Two new datasets were added from WLSSD for the St. Louis River Estuary:
• Historical data – 21 parameters, measured at monthly intervals at 18 sites from 1973 – 1996.
• Ongoing data – 6 parameters, measured at weekly intervals from 2004 – present.
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o

St. Louis River data plotter. This tool evolved from the Google Map based tool for accessing
and visualizing Lake Superior Beach Monitoring Program data (see figures below).
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Data from >10 stations during the period 04-Apr-1973 to 20-Nov-1996 has now been uploaded
to the data visualization tool which allows the user to “run” the data for a particular site over
time, or for all sites at a specified date. Up to 21 water quality parameters are included for each
site and date.

The static screen capture examples above illustrate the recovery of the SLR at the Fond du Lac
(Thomson) reservoir (site 207) and at the Burlington Northern Bridge in the lower portion of the
estuary (site 27) following the creation of the Western Lake Superior Sanitary District and its
various wastewater treatment upgrades. The main graph shows dissolved oxygen concentration
(DO) plotted over time from 1973 -1996 but with the color of the dots indication water
temperature and the diameter of the dots indicating total phosphorus. These plots are all
dynamic when viewed on-line where animations of the data can be run over full scale (graph
width) time periods ranging from 4 months to 32 years.
We developed this tool not only for display and analysis of the historical recovery of the St.
Louis River and harbor following the creation of the Western lake Superior Sanitary District and
its advanced wastewater treatment plant, but because new monitoring programs are expected to
be implemented in the estuary over the next few years in association with the creation of the
Superior National Estuarine Research Reserve (N.E.R.R.) and various Great Lakes Restoration
Initiative (GLRI) and Great Lakes Legacy Act projects. New data can be uploaded into the
DataViewer tool relatively easily as it becomes available.
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2-1b. Googlemotion chart (Trendalyzer) – The Trendalyzer tool offers a unique animated
graphing capability that was initially developed by Hans Rosling's Gapminder Foundation in
Sweden and acquired by Google Inc. in March 2006. We have been following its development
for the past 3+ years with the intent of developing a “front end” application to make it more
easily available to website users for integrating and visualizing multiple sets of environmental
and perhaps social data as well. The current beta version is a Flash application that is preloaded
with statistical and historical data about the development of the countries of the world and allows
users to customize the Flash-based Motion Chart for use with their own data. The two graphs
shown below were made using the historical St. Louis River data set to illustrate how data might
be visualized.

The somewhat confusing graph at
the right is intended to show one of
many possible ways of comparing
the 2 year water quality data set
collected by NRRI in 2008-2009 for
a set of north shore streams via
MPCA Surface Water Assessment
grant funding. We intend to explore
and develop this tool further in the
coming months since the tool offers
the potential for the user to easily
integrate multiple streams of data
for exploratory analysis in addition
to presentation.
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Subtask 2-2. St. Louis River Estuary @
Duluth Inlet: We are now once again
collecting and posting St. Louis River data
taken at 15 minute intervals from the
Duluth shipping canal. We began
monitoring at this location in 2002, but the
monitoring was stopped in 2005 due to a
lack of funding. Beginning in summer
2010, via a new collaborative project with
the Large Lakes Observatory at U. of
Minnesota-Duluth (LLO-UMD; R. Hecky
PI), the USGS-Middleton, WI, and Army
Corps of Engineers-Duluth, we installed a
new water quality sonde with sensors for temperature, turbidity, and EC25, that are compiled
with velocity/flow (USGS data) and made available in near-real time with 5 minute updates on
LSS. Data may be accessed via the DataViewer section at
http://www.lakesuperiorstreams.org/strea
ms/data/Java/index.html or via a direct
link Icon of the Duluth Aerial Lift Bridge
on the home page. A screen capture of
some of these data is shown to the left that
illustrates the suspended sediment
discharge from the SLRE into western
Lake Superior from rainstorms (as
indicated by turbidity) that is
superimposed to the back and forth
“sloshing” of the lake and the Duluth
Harbor due to seiche activity.

Subtask 2-3. Collaborate with MN DNR Fisheries staff to:
(i) Produce animated data visualizations of intensive (hourly or less) temperature data collected
by MN DNR using in situ data loggers at multiple sites in the Lester River, Amity Creek, and
Miller Creek since 2002; ancillary air temperature and other climate and water quality data will
be included if available and relevant and;
(ii) Develop web-site materials to help summarize and interpret these data in regard to the causes
of critical thermal exceedances (e.g., climate, riparian cover, flow, turbidity) and other stressors
that impact regional populations of rainbow, brown and brook trout. (e.g. O2, sediment,
turbidity, habitat, food web changes, etc). This tool will be developed to facilitate importing
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similar types of data from other sites and streams and for comparison with existing stream-sites
monitored by LSS and other agencies.
o Less progress has been made on this

sub-task than anticipated although
substantial work was accomplished
during the grant period. We previously
met with Duluth Area Fisheries staff
and received some of their temperature
data in addition to contributing similar
data collected by an NRRI-UMD
graduate student in 2007 and 2008 as
part of his MN Sea Grant funded
Masters Thesis research. Project
Manager R. Axler has discussed these
data with DNR-Duluth Area Fisheries
staff and we are waiting for them to
send us their prioritized set of data. In
the interim, NRRI data from Brian
Black’s M.S. thesis (L. Johnson Advisor; R. Axler and V. Brady M.S. Thesis Committee
members) has been uploaded as an exploratory tool for highlighting temperature pulses in
streams potentially due to stormwater runoff (see DataViewer graphic below). These data may
be made publicly available after the thesis is completed in early 2011 and submitted for
publication.
Interpretive information relating to thermal exceedances for brook trout are being developed by
our MN Sea Grant partner (Project Managers C. Hagley and J.Schomberg) as one of a series of
lessons from their View from the Lake (VFTL) program that are being developed for access via
the web within the next few months. LSS will link to the lesson and incorporate into several
sections of the LSS website at that time, including the UNDERSTANDING/Water Quality
Impacts section.
Subtask 2-4. Collaborate with the S St. Louis County SWCD to import and display automated
flow and stream water quality data from the Knife R. and Miller Cr. TMDL study efforts via the
Dataviewer to develop data vignettes as per Task 3 below.
2-4a. Knife & Miller TMDL sitesThe Knife River data set from 2004-2006 for all 4 TMDL sites is now available via the LSS
interactive, animated Dataviewer (http://duluthstreams.org/streams/data/Java/index.html; see
below). This includes water temperature, pH, dissolved oxygen, electrical conductivity, and
turbidity data taken from 3 years of continuous monitoring at 30 minute intervals from 4
locations on the Knife River by the SSLSWCD and the MPCA.
Knife River (

4 sites)

2004 - 2006
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The graphs below illustrate data from the Airport and Fishtrap sites during a period with a large a
fall rainstorm.

We now have 2006-2009 automated, intensive data for flow, temperature and EC25 from 2

o Miller Creek stations from 2007-2009 that were operated by SSL SWCD for the Miller Creek

TMDL study. There have been a number of delays in acquiring these data, mostly associated
with final QA/QC of the flow data by the MPCA-Duluth. The data have now been uploaded into
the DataViewer should be publicly available by January 2011.
o Miller Creek@ L.Superior College - The data sonde sensor package, funded by Lake

Superior College, was installed in July-August 2008. Responsibility for sensor maintenance (i.e.
QA/QC) rests with Lake Superior College and thus far we consider the data to be “provisional";
some data will later be edited from the database. Operation and maintenance issues for this site
were discussed previously under Task 1. We hope that funding can be maintained over the longterm because of the site’s location on the campus of Lake Superior College and the potential for
its data to be included in environmental curricula.
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Subtask 2-5. Lake Superior Nearshore
Lake Superior Nearshore Buoy –Large
Lakes Observatory Lake Superior Buoy 01
has been deployed the past three field
seasons during which LSS uploaded their
real-time data stream for depth profiles of
temperature and surface meteorology and
made them available for interactive
graphical viewing via 3 formats at
www.lakesuperiorstreams.org/streams/dat
a/Java/LLO2009.html . This application
represents a prototype for what might be
useful for the NOAA-GLOS (Great Lakes
Observing System) program (with funding
help from a seed grant from MN Sea
Grant. These tools provide a unique way
to visualize the large scale vertical and
horizontal hydrodynamics of the lake. The entire 2009 and 2010 data sets are show below in the
Depth x Time visualization tool.
o

The graphic images below illustrate how “Data Vignette” was developed from the temperature
profile and meteorological data to demonstrate how a North Shore upwelling event was triggered
by winds from a summer storm.
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As additional buoy data becomes
available, this data template will be used
for interactive display. Lake Superior
buoy data via the Superior N.E.R.R. and
LLO-UMD will be made available in the
future via links to the Global Great
Lakes Project website (see Home Page
screen capture at right).

Task 3: Web-based Data Utilities for Citizen and Student Monitoring and Data Vignettes
Subtask 3-1. Create an on-line mapping utility and a data viewer that builds on existing Lake
Superior Beach Monitoring Program (MNBeaches.org that the LSS team created), St. Louis
River Watch, MPCA-CSMP, and WI-WAV data bases and data presentation formats. These
would provide citizen scientist, students and teachers with tools to allow them to interactively
graph their stream data, including biological (“bug”) and habitat indices to allow them to look for
trends and comparisons to other sites.
This work has not yet been entirely completed largely because of programming limitations that
required a higher priority in order to adapt the website and its interactive visualizations tools to
an expanded MPCA Citizen Stream Monitoring Program and re-vitalization of the unfunded St.
Louis River Watch Program. The LSS Team continues to seek funding and partnerships with
Minnesota and Wisconsin citizen scientist programs that would make use of such utilities.
However, considerable progress has been made and is summarized below.
Preliminary programming to develop a Google Earth Web 2.0 “mashup” of the region began that
will ultimately link to multiple sources of water resource data. The images below show working
utilities for accessing regional citizen monitoring site data (left) and all Minnesota sites sampled
from 1998-2005 (right image).
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Wisconsin Citizen Volunteer Data

Protoyype DataViewer: NorthShore CSMP data

New programming techniques were needed and are being developed. The DataViewer was
developed over 10 years ago. The data structures were designed to be simple and as small as
possible to minimize download times. The coding emphasis was on small size, efficiency and
compatibility with the browsers of the time. This DataViewer code has forked in different
directions as features were added for special uses.
3-1a. Website Programming Updates
An essential overhaul of the code is now underway. To simplify maintenance, and make it easier
to make future improvements, the features that were added to various versions of the DataViewer
program are being combined into a single codebase. While small size is still important, it is no
longer an overriding issue; dial-up users now only account for 2% of current website usage.
The new emphasis is on improved usability, adding more features, such as the ability to combine
data from multiple datasets in one plot, and adding abilities to visualize data from other sources
by taking advantage of data interchange standards that have emerged since the code was
originally written. This remains a work in progress.
3-1b. Summary of Data Visualization Tools Usability Updates
o Near-real-time data are being posted to the website more frequently, with some sites being
updated hourly, and the Lake Superior site within minutes;
o

Users now have the ability to specify more of the initial plot settings, such as the starting date,
time span, and the plotted parameters, so that webpages can be created to illustrate specific
events while still having the plots remain interactive;

o

The computer code was revised to draw the scales on the plots to display fewer labeled tick
marks to improve the aesthetics of the plots;

o

Separate “by-stream” webpages for each of the streams with live data were created so that all
of the data for the given stream are available at once. Prior to this there was only a “by-year”
option –selecting the year and plotting data for all of the streams in that year;
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o

Several new date ranges were added such as 90 day plots to highlight the summer season, and
longer ranges were added when applicable to accommodate larger spans of data, such as the 24
year St. Louis River estuary dataset;

o

Plots now remains centered on the middle date when changing the date ranges which is the
more intuitive behavior;

o

Adjustments were made to the plot speed controller algorithms which result in smoother
movement when “auto-plotting” at slow speeds, and provide faster data traversal when “autoplotting” at high speeds. For example we now provide the ability to “auto-plot” the Large Lake
Observatory near-shore buoy data, which is taken at 10 minute intervals, at rates of about
1 second/day;

o More links were added to other real-time data sources, such as USGS, MNDNR , and MPCA

to the data index page;
o We are exploring new ways to create data vignettes using the data visualization tools. We

traditionally have used animated GIFs, but are moving to Flash, which allows users more
control such as the ability to pause and jump in the videos. The intent is to create a utility that
would allow on-line users to “capture” data animations of interest for their own uses. Target
groups include extension educators, teachers, agency professionals, and broadcast
meteorologists.
Subtask 3-2. Develop a library of data vignettes (data sequences woven into short "stories") as
web-based and downloadable short slideshows and/or handouts that integrate:
o real-time data animations from the dataviewer and mapping utilities
o weather imagery (satellite and radar images),
o landscape images, maps and GIS land use information featured on LSS for all streams, e.g.,
at www.duluthstreams.org/northshore/maps/poplarMaps.html ) links back to more detailed
and technical explanatory information from WOW, MPCA, WI-Extension and other
relevant sources
o Watershed and Stream UNDERSTANDING section information linked with action-oriented
pollution prevention and local BMP and mitigation activities showcased by the RSPT as
exemplary case studies
o easy to understand and visually engaging interpretive summaries
This task is ongoing. A new set of vignettes from 2009 and 2010 is now nearly completed by
MN Sea Grant that are being incorporated into their new View from the Lake (VFTL) website
section. Data vignette slides continue to be disseminated to extension educators and other users
when requested. An on-line library will be created in 2011 as part of the current LSCP grant to
the LSS Team.
Sub-task 3-3. Watershed data revisions and updates
Websites users likely do not realize that even published watershed GIS data is usually
provisional to some extent and that revisions occur, often without widespread notice. The
watershed data sets made available on www.LakeStreamStreams.org have been compiled from
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the best available sources, which resulted in our merging results of several studies into the maps
and on-line data. In 2010, we began incorporating the recent high-resolution watershed
classification developed for the Lake Superior basin (Host et al 2010), which has been the basis
for the environmental stressor analyses underway for the St. Louis River. We have rewritten and
reorganized the page that describes watersheds in general and ours in particular at
http://www.lakesuperiorstreams.org/understanding/watershed.html .
The watersheds used on the LSS website are a combination of several delineation efforts,
including the MN DNR Minor watersheds, and computer-generated watersheds derived from the
Soil Water Assessment Tool (Schomberg et al 2005) and a recent high-resolution ArcHydro
classification of the Lake Superior basin (Host et al 2010).
The MN DNR Minor watersheds (MN DNR 1999) were used as a base layer. The Miller Creek
watershed was digitized from the SWCD map and added to the DNR watersheds. Oregon Creek
was added to the DNR watersheds from a map developed by the consulting firm Camp Dresser
and McKee for the City of Duluth in 2001. The watershed delineation tool within the SWAT
(Soil & Water Assessment Tool) ArcView Extension was used to generate new watershed
boundaries to define the smaller nearshore watersheds - this discriminated among watersheds
aggregated together in the DNR database (Schomberg 2005). Boundaries of the MN DNR
watersheds, the Miller Creek and Oregon Creek watersheds were not altered by the SWAT
watershed results, but the subwatersheds we used for flow modeling. When generating these
watersheds, stream lines and elevation data from 30 m DEMs were used to define the drainage
patterns; the watersheds are thus limited in accuracy by the accuracy of the stream and elevation
data.
More recently, NRRI has completed a high resolution delineation of Lake Superior watersheds
using ArcHydro, a GIS tool for identifying fine-scale watersheds that maintains the connectivity
of one watershed to another (Host et al 2010). This work, based on 10 m DEMs, resulted in
approximately 131,000 subcatchments for the US and Canadian sides of the Lake Superior basin,
with an average catchment area of 93 ha (230 ac). The analysis ultimately identifies ~1750
streams entering Lake Superior (excluding streams draining from Isle Royale or into Lake
Nipigon). Maps created in this analysis can be viewed and downloaded at
www.nrri.umn.edu/lsgis2. The ArcHydro delineation formed the basis for the stressor analysis
conducted for the St. Louis River, the major US contributing watershed to Lake Superior.
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Sub-task 3-4. Oblique shoreline photos
We have provided means for users to view a series of oblique photos of the Minnesota Lake
Superior shoreline. The photos were collected in spring 2002 and 2007 by Community GIS
Services under funding through the Coastal Program, but to date, there has not been a convenient
method for the public to access these photos, outside of a direct request to the Coastal Program.
We have used these photos in several ways:
1) First, the oblique photos associated with stream mouths have been added to each stream page;
2) Second, we added the entire catalog of photos to our Internet map server. Points along the
shoreline are used to represent the 2002 or 2007 photos. By making the photos an “Active” layer,
the user can click on a point and view the corresponding photo
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3) Finally, we have developed a prototype viewer that allows a user to scan along the shoreline,
viewing photographs on either side of the selected. We expect that this viewer will be
incorporated into the site in the coming quarter.
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V. EVALUATION - MEASURES OF SUCCESS
Evaluating the performance of the LakeSuperiorStreams.org website project in terms of the
extent to which it has helped produce behavioral changes in individual (i.e. the general public),
and group actions (i.e. business practices) has been an ongoing challenge and has been difficult
without substantial funding to conduct a separate performance evaluation. Nevertheless, a
number of measures have been compiled over the past several years to demonstrate its utility to a
broad range of user groups and documentation was provided to Minnesota’s Lake Superior
Coastal Program in 2007 in the form of website usage summary, letters of support from partner
agencies, lists of regional and national awards, and products created for various user groups.
Some of these performance measures since the 2007 portfolio was compiled will be reviewed
below.
LSS relies heavily on information provided by members of the Western Lake Superior Regional
Stormwater Protection Team (RSPT) which evolved from DuluthStreams, with a mission of
developing a common set of educational materials for the region and promoting joint activities to
achieve its goals. This group now includes >25 member organizations including Minnesota and
Wisconsin agencies, local governments, and organizations (including NEMO, Sea Grant-UMD,
NRRI-UMD, Facilities Management-UMD, UW-Superior Extension, Lake Superior College,
townships, cities, counties, the MN Department of Transportation, nonprofits, Soil and
Water Conservation Districts, and others) which serve a continued role in the evolution of the
website and its materials. The RSPT uses the website as a vehicle for disseminating information
to its wide audience, makes use of presentation materials using real-time water quality and GIS
data developed by the academic team, and in turn provides technical expertise on stormwater
engineering and construction, regulatory, and planning issues. RSPT partners in turn provide
information for i) developing local case studies, ii) estimating realistic costs for BMPs, and
restoration projects, iii) collaborating to offer training workshops for contractors, consultants,
and agency staff and iv) providing a critical link between academic scientists and educators and
decision makers. Enhancing this synergy is a continuing goal of the LSS Project. The RSPT
Visioning process carried out in 2009-2010 re-affirmed the central role of the LSS website in the
educational and information dissemination mission of the RSPT.
While not intended to be an exhaustive compilation of measures of LSS performance since
February 2007, highlights are summarized below.
1. Awards






LakeSuperiorStreams.org and the RSPT were jointly a Finalist for the Minnesota
Environmental Initiative 2007 Education Award – a statewide competition. The award
was presented in Minneapolis on May 17, 2007.
LakeSuperiorStreams.org received the 2007 Environmental Stewardship Award in the
Community/Organization category for the United States from the Lake Superior
Binational Forum. The award was presented on July 15, 2007 - Lake Superior Day.
The Weber Stream Restoration Initiative, a multi--agency partnership led by NRRI-UMD
that evolved from the LSS-RSPT partnerships was given the organization Environmental
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Stewardship award for 2010 by the Lake Superior Binational, from the U.S. and Canada,
July 22, 2010.
2. Website Usage – website use has shown continued growth
The users of LSS end-products comprise a wide audience in addition to the general public that
includes local, state, and federal resource agencies, communities, teachers and schools, students
(Grades 5-12, and colleges and universities), businesses, consultants, and contractors not only in
the Superior Basin but throughout the Great Lakes Basin. LSS.org is one of 5 cross-linked data-rich,
educational/public access websites at NRRI that receive >2 million requests/month of which LSS
represents about 20-25%. The LSS website continues to grow and peak in May and October every year,
presumably in part due to student/teacher usage cycles. Overall website activity from 2008 to 2009 totaled
5.27 million requests (similar to “hits”) and 1.21 million page requests; as of June 17, 2010, LSS had
received 24,002,017 successful server requests and 5,201,608 page requests. It averages ~500,000

requests (hits)/month and >100,000 page requests/month.
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3. Website Usage – geographical
An analysis of website usage from 2008-2010 using Google Analytics software indicates that
~85% of visitors are from the US with 30% of these from MN, and 5% from WI. Canada is the
2nd highest user country with 4.5% of visits. Overall, the website has received page requests
from more than 120 countries to date; it is likely that this wide range is due in part to the wide
popularity of our parent project WaterontheWeb.org which continues to receive more than 4
times the activity of LakeSuperiorStreams.org. It is also of interest that although website usage
continues to grow steadily from year to year, there is a pronounced increase in Spring and Fall
and a large decrease every summer. This strongly suggests use by students and teachers.
The images below show user distribution by city in the US and Canada during the period
9/1/2009 - 8/31/2010.

4. University of Minnesota Sea Grant Extension usage 2008-2010 (compiled by C. Hagley)
4-1 Engagement Involving LakeSuperiorStreams.org
 Invited presenter and panelist: Water Symposium sponsored by the Science Museum
and the Center for Science, Technology, and Public Policy at the Humphrey Institute,
April 20 and 21st. Minnesota state water issues working group.


Interviewed about regional stormwater pollution prevention,
LakeSuperiorStreams.org, and the Regional Stormwater Protection Team for
Teaming Up to Address Stormwater, an article in Coastal Services, Vol 12(2):
March/April 2009.

4-2 Extension Teaching Using LakeSuperiorStreams.org
 View From The Lake – 13 Minnesota trips. Developed curriculum with theme of
sustainability and water quality (~ 210 participants). Supervised 1 intern. Used
LakeSuperiorStreams.org materials for part of it.


GLOS (Great Lakes Observing System) – Conducted series of mapping and data
workshops with Dr. David Hart from WI Sea Grant for a variety of user groups,
ranging from educators to charter captains to local, state, and federal agency staff,
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businesses, and academia. The last three workshops were accompanied by an evening
session for teachers. All used LakeSuperiorStreams.org for part of the instruction and
examples, including data visualization tools. 96 participants.
o Lake Ontario: Kingston, ON, Canada, June 18, 2009.
o Lake Superior: Web Mash-Ups 2.0. Assisted A.J. Wortley and D. Hart with
this ½ day workshop at the MN GIS/LIS Conference, October 21-23, 2009,
Duluth, MN.
o Lake Michigan South: Chicago, IL on October 6, 2009
o Lake Huron: Great Lakes Observing System Mapping Workshop, held in
Alpena, MI on November 9, 2009.
o Lake Michigan North: Great Lakes Observing System Mapping Workshop,
held in Traverse City, MI on November 11, 2009.
o Lake Erie: Great Lakes Observing System Mapping Workshop, held in
Buffalo, NY on April 8, 2010


COSEE (Centers for Ocean Sciences Education Excellence) Great Lakes
o Shipboard and Shoreline Science on the R/V Lake Guardian. Week-long
workshop for 15 teachers and multiple presenters and scientists Taught during
cruise using LakeSuperiorStreams.org data tools and materials.



University for Seniors, August 17, 2009. Two-hour presentation about Lake Superior.



University for Seniors , Feb 22, 2010. Two hour presentation about Superior Basin
streams, Lake Superior and stormwater impacts (note: R.Axler)
Shoreland Education, Realtor workshop, April 16, Hackensack, MN.




Minnesota Science Teachers Association Spring conference, Duluth, MN. A
Watershed Moment. Presented two lessons developed based on
LakeSuperiorStreams.org and View From the Lake curriculum.



Introduction to Stormwater, Lakeside Stormwater Project Student Workers, May 5,
2008.



U-Lead Advisory Academy, July 2008.



Introduction to Entrepreneurship guest lecture. MgtS 4472. Fall, 2008. Issues with
respect to Lake Superior. Sept 9. Invited.



Methodist church auxiliary talk. United Methodist Women. May 3rd Asbury United
Methodist Church. 80 participants. Great Lakes, Great Challenges: The Future of the
Great Lakes (LSS animations and materials)



A View from the Lake: Providing a new perspective on lake superior stewardship.
NMEA, Savannah GA, 2008.
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5. University of Minnesota – NRRI publications in 2010 (see Appendix with manuscripts cited
below):
Ruzycki, E.R., R.P. Axler, G.E. Host, J.R. Henneck and N. Will. 2010. Estimating sediment and
nutrient concentrations and loads in three Western Lake Superior streams: Continuous
turbidity monitoring versus spot sampling and modeling. Internal reviews completed; to be
submitted to the Journal of the American Water Resources Association in December 2010.
Ruzycki, E.R., R.P. Axler, J. R. Henneck, N. Will, and G. E. Host. 2010 (In Review). Estimating
mercury concentrations and loads from four western Lake Superior watersheds using
continuous in-stream turbidity monitoring. Submitted to Aquatic Ecosystem Health and
Management Society (AEHMS). Also presented at Ecology of Lake Superior Conference,
Duluth, MN, May 3-5, 2010.
6. Use of LSS data and website by NorthsNewsCenter in 2010
Two broadcasts were developed by NorthlandsNewsCenter meteorologist Jeff Edmonson in
collaboration with the LSS Team in August 2010. We continue to communicate with NNC
meteorologists Jeff Edmonson and George Kessler regarding packaging stream data visualization
for integration with weather summaries. This project was funded by a grant to George Host and
Richard Axler at NRRI-UMD from NOAA via Minnesota Sea Grant in 2009.
1). Your Green Life: Protecting Our Local Streams )

(www.northlandsnewscenter.com/lifestyle/your-green-life/Protecting-Our-Local-Streams-98596209.html)
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2). Your Green Life: "Keeping our Streams Clean"

(www.northlandsnewscenter.com/lifestyle/your-green-life/Keeping-our-Stream-Clean-98595069.html)

35

7. Use of LSS data and website for the Lakeside Stormwater Reduction Project (2008-10).
This project was funded by the EPA/MPCA 319 program in 2007 and includes a significant
community education
component which has made use
of LSS stormwater education
materials. The project is
directed by Chris Kleist,
Duluth Stormwater Utilities
and Dr. Valerie Brady, Natural
Resources Research Institute
and Minnesota Sea Grant.
Intensive automated gaging of
stormwater flows and water
quality from treatment and
reference stormwater
infrastructure will be made
available via the LSS
DataViewer on the LSS
website in 2011.

VI. CONCLUSIONS AND SUMMARY EVALUATION
The project has generated water quality data needed to assess, model and manage threatened
trout streams as well as the coastal zone of Lake Superior. It provides the data needed to allow
resource agencies to better estimate seasonal, year-to-year and stream-to-stream variability in
water quality and contribute to regulatory work plans for addressing impairments. It has also
produced data visualization and GIS landuse and land cover mapping and analytical tools that are
publically available at no cost to users, and a wide variety of informational and educational
resources. The project funded by this Coastal Program grant built on pre-existing partnerships LakeSuperiorStreams, the RSPT, and the Weber Stream Restoration Initiative with significant
in-kind effort and funding from MPCA, WLSSD, City of Duluth Stormwater Utility, and the
University of Minnesota-Duluth (NRRI and MN Sea Grant). Additional collaborators included
the South St Louis SWCD, the MN DNR Duluth Region Fisheries Office, UMD- Facilities
Management, staff from Minnesota’s Lake Superior Coastal Program (MDNR-Two Harbors,
C.Little and A. Westerbur), and U. of Wisconsin-Extension. Objectives evolved from discussions
over the past 10-15 years between LSS, RSPT and WSRI partners, and between NRRI, MN Sea
Grant, MPCA, MDNR and EPA-MED (Duluth) aquatic scientists studying Superior Basin
watersheds, surface waters, and biological communities.
Effective monitoring of seasonal pollutant levels and loading rates are also important elements of
the Superior Basin Plan and are essential to track trends, estimate background, and evaluate the
performance of BMPs for mitigation and restoration projects. This and many other studies in the
peer-reviewed literature have shown that the use of real-time, intensive stream data allows for
more accurate measurements of water quality changes across entire annual and event stream
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hydrographs- prohibitively expensive using manually collected data. This real-time monitoring
will provide a better understanding of how landuse changes and potentially, restoration efforts,
affect stream water quality and habitat (e.g Magner and Brooks 2008). Success also requires
informed citizens and decision makers who then set appropriate management policies. Additional
information is best found by examining http://lakesuperiorstreams.org.
.
The LakeSuperiorStreams website has continued to receive awards for its science-based, creative
linking of environmental education to real-time data to inform citizens, teachers, students,
contractors, development interests, agencies and scientists about the connections between land
activities and the condition of surface waters. It has strived to provide positive messages about
personal actions to mitigate nonpoint source pollution. Future innovative elements will involve
applying our data visualization utilities to additional agency bacteria, water quality, thermal, and
climate data and piloting QA’ed citizen monitoring data for assessment and trend evaluation. It
is hoped that the tools developed by the LSS project can be useful to the new Superior National
Estuarine Research Reserve (N.E.R.R.) program and to the many new restoration projects in the
St. Louis River Estuary and AOC.
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APPENDIX: Data for Discovery and Decision-Making: LakeSuperiorStreams.org
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Internal reviews completed; to be submitted to the Journal of the American Water
Resources Association in December 2010.
Estimating sediment and nutrient concentrations and loads in three Western Lake Superior
streams: Continuous turbidity monitoring versus spot sampling and modeling.
Ruzycki, E.R., R.P. Axler, G.E. Host, J.R. Henneck and N. Will. Natural Resources Research
Institute, University of Minnesota-Duluth, 5013 Miller Trunk Highway, Duluth, MN 55811. ph.
218.720.4337, fax 218.720.4328, eruzycki@nrri.umn.edu.

Urbanization and rural development are placing increased pressure on streams in Duluth, MN,
including its 16 designated trout streams. Urbanization often results in stormwater flows that are
higher in volume and peak flows, contaminant load and temperature. These can affect stream
hydrology, ecology and morphology, causing habitat degradation and increased pollutant loads
into oligotrophic Lake Superior. DuluthStreams (now www.lakesuperiorstreams.org ) began in
2002 as a partnership between the University of Minnesota-Duluth’s Natural Resources Research
Institute and Sea Grant Programs and the City of Duluth Stormwater Utility. Three designated
trout streams, Chester, Tischer and Kingsbury Creeks, were selected as sites for in-stream
monitoring based on usage, geographic coverage of the city, and varieties of watershed land-uses.
In-stream sensors measured specific conductivity, turbidity, temperature and flow (via stage
height) every 15 minutes, and transmitted the data to the website daily for display via a unique
data visualization and animation tool. Samples were also collected manually for a variety of water
quality parameters ~20 times/yr emphasizing snowmelt runoff and major stormwater events. The
accuracy of using the continuous, in situ, turbidity values as a surrogate for total suspended
sediment concentration (TSS) has been assessed for each stream throughout the year. Regression
models were developed relating continuous turbidity data to spot values for suspended sediments
and nutrients during differing flow regimes. Comparisons were also being made between these
load estimates and those using FLUX software, a standard assessment technique developed by the
US Army Corps of Engineers.
Keywords: streams, total suspended sediment, turbidity, surrogate, urban runoff
Introduction
Nationwide, sediments are listed among the top ten leading impairments in assessed rivers and
streams (Water Quality Report to Congress EPA 2004; www.epa.gov/owow/305b/) and turbidity
is the leading cause of impairment of Minnesota’s rivers and streams (EPA, 2008). Turbidity
measurements are based on the optical properties of water and these are directly influenced by
suspended particles and generally to a lesser extent by dissolved color (Gippel, 1989). Methods
relating sediment and turbidity in streams may provide rapid and cost-effective ways to assess
sediment concentrations and loads to receiving waters. Sediment concentrations (TSS) are often
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poorly related to discharge (Q) but the use of streamflow data to estimate TSS is still commonly
practiced because Q is more easily and accurately measured than suspended sediment. In many
systems, concentrations are different at the same Q on the rising and falling limbs of the
hydrograph, an effect called hysteresis. Measurements of in-stream turbidity can account for any
hysteresis during runoff events because it is often closely associated with suspended particle
concentrations and particularly useful during high flow events when manual sampling is difficult,
or during non-Q triggered events like bank slumps and illegal sediment discharges (Gordon et al.,
2004).
A number of researchers have assessed the use of continuous, in-stream turbidity as a
surrogate for total suspended solids (TSS) and/or suspended sediment concentration (SSC)
(Gippel, 1989; Packman et al., 1989; Lewis, 1996; Christensen et al., 2001; Dana et al., 2004;

Jastrum et al., 2007). Lewis (1996) found the turbidity/SSC relationship has a number of
shortcomings but suggested that the high frequency data from turbidity sensors can overcome the
imperfections that exist in the surrogate/constituent relationship. Due to the many factors that can
compound the errors in turbidity vs. SSC, or TSS, (e.g. discharge, color, particle size, sediment
concentrations, and organic matter) the relationship is site specific and must be calibrated for
each site. Turbidity is highly sensitive to the variability in particle size distribution and
composition, but once calibrated with a sufficient number of SSC measurements is a useful tool
to assess both sediment concentrations and loads. Christensen et al. (2001) used in-stream
measures of specific conductivity (EC@25), pH, temperature, turbidity, and dissolved oxygen to
estimate total dissolved solids (TDS), sodium, chloride, fecal coliforms as well as sediment. Dana
et al. (2004) estimated suspended sediments in the Truckee River, California, using multiple
linear regressions of four in-stream parameters including turbidity, Q, temperature and EC.
However, using a number of variables is problematic because it leaves one open to a loss of
predictive capability if one or more of the sensors malfunctions (Lewis, 1996).
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Sediment transport in streams can be separated into three components; the dissolved load,
the bed-material load, and the wash load. The dissolved component consists of materials in
solution. Bed-material loads are made up of the materials present in the stream bed that are
generally > 0.062 mm (Knighton, 1998). Wash load is made up of fine particles (< 0.062 mm)
that come into the stream from the watershed and are moved readily in suspension and do not
interact with the stream bed. In this discussion the term sediment, refers to wash load and
suspended load.
The amount of sediment carried by a stream depends on two factors (Gordon et al.,
2004):
1. Sediment eroded from upland sources that are transported into the stream.
2. The ability of the stream to carry the washed-in sediments and to erode and transport instream bed and bank materials.
Sediment yield is the total amount of material carried by a stream over a specified period of time
and requires measures of both flow and concentration presumably from the entire range of flows
experienced during that time. However, while continuous flow measurements are more common,
hydrograph data for small flashy, relatively undeveloped (unimpacted) streams are uncommon
and continuous water quality concentrations are even more difficult to obtain. To overcome this
lack of data several methods for load calculations have been developed and include:
•

Sediment rating curves

•

Geographical information systems (GIS) based models; including BASINS and GCLAS

•

FLUX stream load computations model

•

Turbidity surrogate - continuous high frequency, in-situ turbidity as a surrogate for other
particulate associated water quality parameters
Sediment rating curves are empirical models based on the relationship between discharge

and sediment concentration. The relationships are better defined in large, stable rivers with long-
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term datasets (Gordon et al., 2004). GIS models typically relate sediment loads to watershed land
use, land cover, and watershed characteristics.
FLUX Stream Load Computations (V 5.1, current version FLUX32; Software for Load
Estimation) is used to estimate annual and event loads using average daily flow data and discrete
water quality samples. The FLUX model developed by William Walker is available from the US
Army Corps of Engineers (http://el.erdc.usace.army.mil/elmodels/emiinfo.html). The model maps
the flow-concentration relationship developed from the sample record to estimate total mass
discharge. FLUX, based on six models - three ratio methods and three regression methods, is used
by the Minnesota Pollution Control Agency (MPCA, 2003) and the Metropolitan Council (Hedlin
et al., 2006) to generate load estimates for a number of streams across the state.

Phosphorus has long been known to be associated with particulates (e.g. Novotny and
Olem, 1994) and concentrations have been shown to increase during runoff and erosion events
(Leonard et al., 1979; Grayson et al., 1996; Christensen et al., 2000; Hatch, et al., 2001).
Phosphorus analyses are even more expensive and more limited than suspended sediment
measurements and so the use of turbidity as a surrogate could be cost-effective.
The goal of this study was first to determine if continuous in-stream turbidity data when
used as a surrogate measure of total suspended solids (TSS) and total phosphorus (TP) can
generate accurate estimates of both these constituents. The second goal was to evaluate potential
differences between the sediment and phosphorus load estimates generated by the turbidity-TSS
model to those obtained from the FLUX model.

Study Area
Four Minnesota DNR designated trout streams, Amity, Chester, Tischer and Kingsbury Creeks,
were selected as sites for in-stream monitoring based on usage, geographic coverage of the city,
and varieties of watershed land-uses. Further details regarding the LakeSuperiorStreams.org
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project that provided the basis for the analyses presented in this paper can be found in Axler et al.
(2004, 2006), Lonsdale et al. (2004, 2006) and at http://www.lakesuperiorstreams.org/, accessed

14 Dec 10.
Methods
Automated Sensors
We deployed water quality sensors or stream monitoring units (SMUs) in four streams within the
Duluthcity limits. The SMUs were located at representative measurement points in the stream
cross-section with allowances made for protecting the units from vandalism, debris and
sedimentation (Figure 2.1). Automated sensors, measuring temperature, EC@25, turbidity, depth
(for flow estimation) were checked approximately at one to three week intervals for cleaning
and/or re-calibration by comparison to a YSI 85 or 556 multi-probe water quality analyzer.
Probes (Table 2.1) were inspected, calibrated, and maintained following the manufacturers
recommendations in addition to following USGS (2004, 2006) procedures (see also
www.lakesuperiorstreams.org/streams/QA_QC.html).
Table 2.1. Types of sondes and turbidity sensors deployed in each of the streams. Units
as per USGS (2004).

Stream
Amity
Chester
Kingsbury
Tischer

Sonde
Hydrolab MS5
YSI 6900
YSI 6820
YSI 6900

Turbidity probes
Hydrolab
YSI 6136
YSI 6136
YSI 6136

5

Turbidity units
FNU
FNU
FNU
FNU

Figure 1.1. A stream monitoring unit (SMU) as deployed in Chester Creek. Sondes were placed parallel
to stream flow with the sensors pointed downstream always in a pool with sufficient depth during base
flow.

The SMU control modules (Campbell Scientific Co. CR10X and sensors) were programmed to
collect data at 15-minute intervals, which is relevant to the time-scale of storms. Stream discharge
in Amity Creek was measured by the Minnesota Pollution Control Agency (MPCA) via an
ultrasonic distance sensor and flow calculated from USGS-derived rating curve.
Data Importing (initial data screening)

Each SMU was called daily and data collected since the last call was downloaded. These new
data files were stored on the base station computer as comma-delimited ASCII text files. A data
importing program rejects specific data if it is outside a pre-defined range for the given
parameter. Stage height data were automatically rejected if negative readings were reported. For
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turbidity, data < - 5 or > 2000 FNU were rejected, and values from - 5 to 0 FNU were set equal to
zero. If the data importer encountered a value outside of the range, it generated an appropriate
error message in the log file, and disregarded the value. This helped eliminate invalid readings
that could be caused by sensor drift or SMU hardware problems. After all of the new data files
had been imported the data importer triggered the appropriate programs to create and send
updated reports and data-visualization files to the website.
Stream Discharge
Stream discharge (Q) was determined from stage-height per Anderson et al. (2000, 2003) and
USGS (2006) with rating curves developed and subsequently used to calibrate Q. Stream depth in
Tischer, Chester and Kingsbury was measured remotely using vented pressure transducers with
+/- 3 mm accuracy. Discharge was determined using rating curves based upon a set of crosssectional in-stream velocity measurements made with a Marsh-McBirney stream velocity meter
over a wide range of discharge conditions. Due to equipment limitations, the greatest depth at
which velocity was measured was 1.0 m, which approximates bankfull depth in these streams.
Possible implications from this limitation include inaccurate discharge estimates at higher flows.
To minimize the potential errors we generated flow estimates made using stream morphometric
measures including, slope, roughness, cross-sectional area, and bankfull depth measured at each
SMU location using techniques from Harrelson et al. (1994) with discharge calculations made
using Manning’s equation. These model derived discharge estimates provided a means to verify
those generated by the depth sensors (http://www.lakesuperiorstreams.org/streams/QA_QC.html).
Stream depth at Amity was measured by an MPCA owned/operated/maintained ultrasonic
distance sensor, and discharge calculated from USGS derived flow rating curves determined by
Minnesota USGS and MPCA staff (J. Maygar, MPCA, Duluth, MN 55802).
The Richards-Baker flashiness index (R-B Index) was calculated for each stream using
the equation (Baker et al., 2004):
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where q hr is average hourly discharge and q i is average daily discharge.
Field and water chemistry
Ancillary water quality analyses were collected as per Anderson et al. (2003) in order to
directly compare our methods to those used by the MPCA to estimate nutrient and sediment loads
from Minnesota’s north shore streams into Lake Superior. We collected at least 20 discrete water
samples per year during base-flow, spring snowmelt runoff and rainstorm events, as per MPCA
protocols, attempting to balance the number of high and low flow observations. Typically, 1.2 cm
of rain during a < 24 hr period was used to define an event. Grab samples were collected near the
SMU, mid-stream or centroid during low to medium flows, but ~ 1.5 m from the stream bank
using a sampling pole with attached 1L bottle during high flows due to safety issues. Samples
were collected using a sampling pole with attached 1L bottle that had been pre-rinsed 3X with
ambient water before sample collection. Discrete water samples were initially collected at
Kingsbury Creek at various points along the hydrograph using an ISCO 6712 slaved to the YSI
6820 stream elevation sensor.
Water samples were analyzed for total phosphorus (TP), total nitrogen (TN), ammoniumnitrogen (NH 4 -N), nitrate/nitrite-nitrogen (NO 3 /NO 2 -N) by FIA/colorimetry using a Lachat
autoanalyzer; the anions Cl-, and SO 4 - by ion chromatography; True color was determined
spectrophotometrically (440 nm wavelength) calibrated against Pt-Co standards. Nephelometric
turbidity was measured using a HACH 2100P calibrated with Formazin standards (nephelometric
turbidity units or NTRU) (APHA, 199;, Ameel et al., 1998; USGS, 2005).
The TSS method was used instead of the USGS suspended sediment concentration (SSC)
method (Gray et al., 2000). TSS and SSC are both gravimetric determinations that involve
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filtering a known sample volume through a glass fiber filter and drying the material collected on
the filter to a constant weight. Experience has shown that filter type is important. APHA Standard
Methods (1995) specifically lists both Whatman 934-AH and Gelman A/E as acceptable glass
fiber filters. The NRRI Central Analytical Laboratory has traditionally used Whatman GF/C
filters and has passed performance evaluation testing using those filters. However, from these
data, it is important that filter type be recorded during any extended study and that the type not be
changed during the study.
The TSS method uses a sub-sample while SSC involves filtering the entire volume.
Direct comparisons between the two methods have determined that TSS can underestimate
sediment concentrations if composed of coarser particles (e.g. sand) but tend to be comparable for
finer suspended sediments (Gray et al., 2000). In this study we chose the TSS method for several
reasons. First, TSS data are more easily integrated into the long-term data already collected in this
region by WLSSD, MPCA, the US Environmental Protection Agency Mid-Continent Ecology
Laboratory, and several University of Minnesota Duluth researchers. Second, the high clay
content in this region often results in prohibitively long processing times for SSC measures (i.e.
multiple filters), that can be logistically prohibitive unless resorting to small sample size that in
turn magnifies sampling errors. Lastly, the majority of particles causing increased turbidity in
these streams is due to smaller, clay-sized particles, and therefore, our best professional judgment
was to use TSS, with careful attention paid to sample mixing during the filtration process, as the
best way to estimate the suspended sediment concentration.
Data Summaries
Continuous turbidity sensor data were processed to exclude anomalous readings due to sensor
bio-fouling, probe malfunctions, and sediment deposition within the SMU housing (details at
http://www.lakesuperiorstreams.org/streams/QA_QC.html). Use of the data visualization tool
(DVT) available on the website allowed data assessment in context with the other measured
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parameters. Once anomalous readings were excluded, the data were summarized as hourly and
daily means, minimum, maximum, median, and standard deviations. A standard deviation of +/- 3
NTRUs prompted a review of the measured values. Data were generally not excluded unless a
known problem existed and in most instances the high variability reflected the flashy nature of
these streams with turbidity and Q responding quickly to rain events. Average hourly rather than
instantaneous sensor turbidity data were used in the comparison between in-stream and laboratory
turbidity. Hourly averages help overcome the variability inherent in instantaneous measures of
this parameter.
Load determinations
Linear regression analyses were performed on the manually collected data using STATISICA (V.
7) to generate the predictive model for turbidity versus TSS. Stream –specific regressions were
based on TSS and turbidity samples collected from 2002-2006 (n = 80 to 116). Both natural log
(Ln) and Log
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transformations were used to normalize the data. A transformation-bias-

correction procedure (Helsel and Hirsch, 2002; Jastrum et al., 2009) was applied to the retransformed estimates of TSS. This procedure uses the mean of the re-transformed residuals and
essentially “smears” the average error estimate over all estimates.
Suspended sediment loads were determined by summing the products of average daily
flow and turbidity-derived TSS concentration according to each stream turbidity vs. TSS
relationship:
TSS = Σ [a + b × turbidity (t)] × Δt × Δ volume;
where a + b x turbidity is the concentration regression line to transform turbidity into TSS
and t = time.
The lower and higher predicated values based on the 95% confidence interval were
plotted, and the line equations derived for both the upper and lower limits. The predicted TSS
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values were then back-transformed into mg per L-1 to provide both and lower and upper 95%
confidence intervals for predicted values.
FLUX Stream Load Computations (V 5.1) was used to estimate annual and event loads
using average daily flow data and discrete water quality samples using the models and coefficient
of variance criteria used by the MPCA (J. Anderson pers. comm.; Anderson et al., 2003).

Results
The exact location of each SMU within a watershed was chosen based upon considerations of
security, stability regarding anticipated road and bridge construction activities, and on upstream
land use characteristics, resulting in the Chester and Tischer units being placed higher up within
the watershed above the escarpment. Streams generally flow perpendicular to Lake Superior
flowing from headwater altitudes of 550 m, over the escarpment of the Duluth Gabbro Complex,
a large sill that extends 240 km northeast from Duluth (Taylor, 1964) then down to the lake at
235 m. The Amity and Kingsbury stations were located below the escarpment. Because of this,
summary interpretations as to water quality differences between streams must be done with
caution although in all cases the watershed area above each SMU was > 90% of the total
watershed area (Table 2.2). Although located within the Duluth city limits these watersheds
range from only 2% to 29% urban land cover. Amity Creek, the largest watershed, is 71%
forested and even the most urbanized, Tischer Creek, is 53% forested.
Table 2.2. Percent land cover characteristics for the Duluth-area watersheds (Fitzpatrick et al., 2006,
Anderson et al., 2003) and watershed area above the stream monitoring units (Minnesota DNR, 1999).

Stream
Amity
Chester
Kingsbury
Tischer

Forest
71
49
36
53

Grass
19
10
18
6

Urban
2
22
18
29

Shrub
2
12
19
3

Open
water
1.0
0.3
0.4
0.5

Developed
rural
2
2
2
5
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Wet
land
3
5
7
4

Total
area
(km2)
43.3
17.4
23.3
18.9

%
impervious
2003
6
7
16
13

Area
above
sensors
(km2)
42.5
15.6
22.6
18.4

Area
above
sensors as
% total
watershed
area
98
90
98
98

Annual hydrographs for the two study years (Figure 2.3) show similar average daily
flows for all but Chester Creek, the smallest watershed. Total annual precipitation was 89 cm in
2005 and 72 cm in 2006. Snowmelt runoff occurred during late March through early April in both
2005 and 2006 with about 0.6 m and 0.3 m of snow pack at the beginning of the spring thaw in
each year respectively. Significant events included a very wet June 2005 (14 cm) and a 10 cm
rainfall over a three-day period in early October 2005.
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Figure 2.3. Average daily flows (m3 s-1) for the four Duluth streams during 2005 (dashed line) and 2006 (solid line).
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Stream flashiness describes how quickly flow changes from one condition to another. The R-B
Flashiness index was calculated for each stream during the 2005 season. This unitless index is based on
the total path length of flow divided by the sum of the average daily flow and provides a way to compare
flow patterns between streams. Tischer Creek had an index of 2.2, Kingsbury 1.2, Chester 1.0, and Amity
0.9 in 2005. Baker et al. (2004) reported values ranging from 0.54 to 1.2 in Midwestern US streams.
Total Suspended Sediment (TSS) Estimation
Manually collected data from mid-2002 through 2006 were used to establish the turbidity/TSS model. We
assumed no major watershed changes occurred during this period. Data gaps resulted from various
equipment failures and sometimes loss. The Amity Creek sensor was lost during snow runoff in MarchApril 2006 and the Kingsbury station was struck by lightning in 2005 resulting in loss of the landline and
modem. The Tischer and Chester stations were moved short distances one to three times respectively, for
bridge removal and channel modifications. Some turbidity data were lost early in the project because the
YSI self-cleaning probes malfunctioned. Sensor data were most complete for all streams (except Amity
which was not installed until late 2006) during 2005 and 2006 and these data were used for load
calculations.
Another important element of the study involved establishing that the in-stream sensor data were
comparable to the manually-collected grab sample data. Figure 2.4 shows relatively good agreement for
all streams, particularly when turbidity is <40. This comparison confirmed that measurements made along
the stream bottom where the sensors were located, were very similar to vertically integrated grab samples
collected from the water column near mid-channel.
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Figure 2.4. Grab sample vs. in-stream turbidity for four streams. The left panels are plots of < 40 NTRU data and
the right panels include the full range of turbidity values. The dotted line represents the 1:1 ratio. Note that
scales differ between streams to better illustrate the individual data points.
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Summary statistics for measures of turbidity, TSS, volatile suspended sediments (VSS), and total
phosphorus (TP) in the four streams from 2002-2006 are shown in Table 2.3. Though the data are highly
variable there are some apparent differences between the streams. Amity Creek suspended sediments
appear to consist of more inorganic than organic particles. Also, Chester Creek turbidity and TSS
concentrations were generally lower that the other three streams. The high variability of these data
illustrates the importance of collecting data during a wide range of flow conditions.

Table 2.3. Mean ± standard deviation and median results from grab samples collected from 2002 to 2006 in four
Duluth, MN trout streams. NTRU turbidity refers to laboratory measures.

Parameter

Amity

Chester

Kingsbury

Tischer

Total suspended
solids
(mg L-1)

38 ± 82
13.2
n = 91

15 ±18
9
n = 76

85±134
34
n = 116

67 ±99
35
n =80

Total phosphorus
(µg L-1)

68 ± 67
45
n = 87

66 ± 69
50
n = 78

120 ± 134
81
n = 86

154 ±152
90
n = 76

Turbidity
(NTRU)

35 ± 69
13
n = 98

17 ± 25
10
n = 82

83 ±100
42
n = 118

83 ±162
28
n = 80

Continuous flow and sonde turbidity plots from the Tischer site during a spring rainfall event (Figure 2.5)
illustrate how turbidity and flow are often asynchronous with turbidity peaks often occurring before peaks
in discharge.
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Figure 2.5. Average hourly flow and sonde turbidity data in Tischer Creek during a spring 2005 rain event that illustrates the often asynchronous
relationship between the two variables.
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average hourly sonde turbidity (FNU)

120

Typically, many small streams show an early pulse of sediment on the rising limb before
the flow peak reflecting fine-particle resuspension that may differ from the falling hydrograph for
the same flow (hysteresis). In this situation, the turbidity may not track suspended sediment as
well (i.e. the turbidity:SS ratio has changed from one side of peak flow to the other) thus
discharge is often not a good predictor of sediment concentrations. Ideally, a comparison of
samples taken both on the rising and falling limb of the hydrograph would illustrate any
differences in the relationship that exists over a wide range of flows. Due to the flashy nature of
these streams, it was very difficult to collect water samples for TSS during the rising limb. The
ISCO sampler on Kingsbury did provide data for a few events collecting discrete samples every
two hours once the trigger point, stage height, was reached. TSS mirrored the in-stream turbidity
during a rainfall event in May 2005 and both measures tracked flow closely (Figure 2.6). This
lack of hysteresis was not uncommon, but overall there was an asynchrony between discharge
and suspended sediment measures. Antecedent conditions as well as precipitation intensity and
duration appear to influence flow and sediment hysteresis in these streams. Unfortunately, the
loss of the Kingsbury communications line during an electrical storm prevented further eventbased sampling.
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Figure 2.6. Continuous flow and turbidity and grab sample total suspended solids collected using an
ISCO sampler during a spring rain event in Kingsbury Creek.
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Grab sample data from 2002-2006 were used in regressions of the turbidity-TSS relationships
with the assumption that no major changes occurred in the watershed over this time. Multiple
linear regression analyses using other continuous data (flow, temperature, and specific electrical
conductivity) did not result in a better fit of the models. The regression plots for all four streams
showed similar slopes of close to 1:1 except for Chester, which was 0.63 (Figure 2.7). This
underscored the importance of developing stream-specific models.
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Figure 2.7. Regression plots of continuous in-stream turbidity versus total suspended solid
concentrations in the four streams with 95% confidence intervals (dashed lines).

All data, regardless of season or flow regime, were included in each stream model.
Natural log transformations provided the best fit for these data.
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8

Phosphorus
Total suspended solids and phosphorus plots showed an approximately 1:2 slope with relatively
good correlations with r2 from 0.49 to 0.76; p<0.001 (Figure 2.8) indicating a strong relationship
between these two variables. Stepwise multiple linear regressions that included the continuously
measured variables of Q, EC25, temperature, and turbidity did not improve the model
significantly, so a simple regression model was used. Chester Creek was again most different
from the other three streams in terms of TP/TSS (slope) being about 20% lower (i.e. less TP per
unit TSS) and higher variability.

3.0

3.0

Tischer Creek

log total phosphorus

Kingsbury

log TP = 0.51(log TSS) + 1.26;
r ²=0.76

2.5

2.0

2.0

1.5

1.5

1.0

1.0

0.5
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.0

0.5
-0.5

log total phosphorus

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.0

Amity Creek

Chester Creek
2.5

log TP = 0.57(log TSS) + 1.1;
r ²=0.640

2.5

log TP = 0.42(log TSS) + 1.33;
r ²=0.49

2.5

2.0

2.0

1.5

1.5

1.0

1.0

0.5
-0.5

log TP = 0.55(log TSS) + 1.12;
r ²=0.75

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

log total suspended sediments (mg/l)

log total suspended sediments

Figure 2.8. Total suspended sediments vs. total phosphorus for each of the streams with 95%
confidence intervals (dashed lines).

The log transformed TP versus turbidity relationships were less robust but still significant (p <
0.001; Figure 2.9). These models were used to estimate TP concentrations and loads. As with
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TP/TSS, Chester Creek had the lowest slope for TP/turbidity suggesting lower TP per unit
turbidity. In addition Chester Creek TSS concentrations were much lower (15 ± 18 mg L-1) than
the other streams. Chester TSS ranged from 0 to 80 mg L-1 while the other streams often
experienced concentrations > 100 mg L-1).
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Figure 2.9. Log turbidity versus log total phosphorus plots from Tischer, Kingsbury and Chester Creeks
with 95% confidence intervals (dashed lines).

Load Calculations
To correct for the underestimation of the predicted values following back-transformation, we
used a smearing estimator as described in Helsel and Hirsch (2002). The smearing estimator
“smears” the magnitude of the residuals across the range of x. The result is a slightly higher
predicted value across the range of values (Figure 2.10).
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Figure 2.10. Graph plotting in-stream turbidity against TSS from Kingsbury Creek with the regression
plots for both the corrected and uncorrected back transformed data.

A correction factor for each regression model was applied to the calculated TSS and resulting
load estimates for both Kingsbury (correction factor = 1.13) and Tischer (correction factor =
1.01). The correction factor for Chester (0.22) was much lower than Kingsbury and Tischer most
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likely because of the low range of TSS and turbidity values. Amity also had too few data to apply
this technique. Therefore, corrected sediment load estimates were only made for the Kingsbury
and Tischer Creek.
Table 2.4 compares the results from the surrogate-derived loads to those derived using
the FLUX model for 2005 and 2006. In all cases FLUX estimates exceeded those derived using
the turbidity surrogate with relative percent differences from + 53 to + 354. FLUX results for the
Duluth Streams data were made using models 2 and 3, the ratio estimator models. While FLUX is
a good tool for using a limited amount of grab sample data to estimate constituent loads for an
entire year, it appears to overestimate loads in these small, flashy streams. One reason may be the
lack of data collected from the rising and falling limbs of hydrographs. FLUX, if not provided
enough TSS data, assumes a linear correlation between Q and sediment concentration. However,
due to hysteresis and/or lack of data, FLUX cannot account for potentially higher sediment
concentrations prior to the occurrence of peak flow. This is not a problem per se with the models
but rather a problem due to lack of measured sediment concentrations across a wide range of
flows. Sampling often occurs past peak flows in these flashy streams due to their short duration,
with some peak flows only lasting four hours. FLUX results might be improved by including
samples from both the rising and falling limbs of event hydrographs. FLUX provides a measure
of model precision, the coefficient of variance (CV). An acceptable CV for a specific model run
is <0.1 (though values 0.1 to 0.2 are acceptable) and our FLUX result CVs ranged from 0.06 to
0.21.
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Table 2.4. Estimated basin yields and annual loadings of suspended sediments from continuous in-stream turbidity data (hourly means) and FLUX model. RPD =
[(FLUX- surrogate)/surrogate] x 100. The low to high TSS loads are based on the lower and upper 95% confidence intervals. Note that Amity sensor data was not
available for 2005 and 2006 surrogate estimates are based on 52% of annual data and that the Kingsbury surrogate predicted estimates for 2005 are based on
just 60% of the year due to loss of data. FLUX derived loads for Amity Creek were made by J. Anderson (MPCA, pers. comm.). The flow weighted mean
concentration (FWMC) is calculated by dividing the total load of a pollutant by the total flow, for the entire year.
Turbidity-derived

% year

Total
Volume
(HM3)

Stream

TSS load
(low – high)
(kg yr-1)

FLUX-derived

TSS yield
(105kg km2
yr-1)

FWMC
(mg L-1)

TSS load
(kg yr-1)

TSS Yield (105kg
km-2yr-1)

FWMC
(mg L-1)

Load
RPD

Amity

2005
2006

52

4.0

162,437
(95,468 – 253,260)

0.04

41

251,492
167,844

0.06
0.04

25
26

+3

Chester

2005

94

3.4

0.01

6

92,026

0.06

26

+354

2006

100

2.3

20,283
(15,528-27,012)
14,670
(11,221-19,535)

0.01

6

23,130

0.01

10

+58

2005

60

13.0

0.14

25

671,367

0.30

51

+107

2006

93

7.9

323,831
(322,224 - 610,006)
110,238
(107,181-201,774)

0.05

14

174,389

0.08

22

+58

2005

96

5.1

0.04

14

263,830

0.14

52

+260

2006

93

6.2

73,209
(49,453-105,000)
109,561
(82,432-174,740)

0.06

18

377,749

0.21

61

+245

Kingsbury

Tischer
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Phosphorus loads were also compared using the two methods and the surrogate-derived
loads were again much lower than those from FLUX. All FLUX model runs for TP loads had
adequate CVs (i.e. < 0.1). Compared to the TSS results, the surrogate-derived TP loads (Table
2.5) showed better agreement with the FLUX estimates though in all but one case (Kingsbury
2006) the FLUX results were higher. Watershed yields of TP ranged from 8 to 39 kg km-2 yr-1 in
2005 and 6 to 25 kg km-2 yr-1 yr in 2006.
Table 2.5. A comparison of total phosphorus loads estimated using the turbidity surrogate and the FLUX model.
The Amity FLUX loads were provided by J. Anderson (MPCA, pers. comm.). No surrogate-derived TP were made
for Amity due to the lack of sensor data. RPD = [(FLUX- surrogate)/surrogate] x 100.

Chester

2005
2006

Turbidity –derived
TP (kg yr-1
135
94

FLUX
TP (kg yr-1)
226
102

Load RPD

Kingsbury

2005
2006

882
375

960
306

+9
-18

Tischer

2005
2006

310
467

580
686

+87
+47

Amity

2005
2006

-

652
423

-

+67
+9

Table 2.6 shows several examples of the importance of acquiring high frequency
turbidity data during very short term storm events and during spring snow melt runoff. In June
2005 the Duluth area received cumulatively over 13 cm of rain during five events. During
October of that year a three-day rain event totaled 11 cm. The 2006 snow melt was particularly
short but intense with approximately 30 cm of snow melting over a nine-day period. The instream sensors are extremely useful during runoff events when collecting frequent grab samples
is potentially dangerous, as well as expensive in terms of labor.
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Table 2.6. Event based estimates of discharge, sediment and phosphorus loads with percent of annual for
selected events in 2005 and 2006. The percent of annual loading per event could not be determined for Amity
because turbidity data were not available for much of 2005 and 2006.
Total volume
(HM3)

% annual

TSS load
(kg/event)

% annual

% annual
loading

TP load (kg/event)

2006 snowmelt
Kingsbury
Tischer
Chester

3.4
2.3
0.8

43
37
35

64,475
63,474
5,396

58
58
37

179
215
33

48
46
35

June 2005 rain
event
Kingsbury
Tischer
Chester

1.8
0.9
0.5

14
18
14

62,505
15,339
3,541

19
21
17

136
71
21

15
23
16

Oct 2005 rain
event
Kingsbury
Tischer
Chester
Amity

2.9
1.0
0.5
0.9

22
20
14
9

175,755
22,097
3,947
106,917

54
30
19
-

297
76
21
151

34
25
16
-

Spring snow melt discharge accounted for 37 to 58% of the TSS loads and 35 - 48% of
the TP loads from these streams. The 2006 snow melt period lasted approximately 30 days or 8%
of the year. These results support an old adage ‘90% of the transport takes place during 10% of
the time' (Horowitz, 2008).
We did not assess particle size distribution during this study and there is the possibility
that the relationship to TSS changes with particle size. Particle size can affect scattering, with
smaller particles being much more effective (Gippel, 1989). Larger particles scatter less light than
an equivalent (by weight) amount of smaller particles. Certainly, a broader range and frequency
of TSS data to calibrate the turbidity surrogate model would improve the accuracy of the
estimated TSS concentrations and loads across the year.

Conclusions
Turbidity in these four streams is highly dynamic and using in-stream sensors provides a means
to assess these fluctuations over a wide range of flows. When coupled with gauged Q the
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turbidity surrogate gave a good estimation of TSS and TP and a more accurate estimate of
FWMC and annual loads of TSS and TP than FLUX. Also, individual streams have different
TSS/turbidity, TP/turbidity, and TP/TSS ratios in grab samples of water. These ratios may also
vary for a particular stream for different hydrologic regimes, and even a particular event. To
adequately assess sediment and related nutrient concentrations and determine loads, data from a
wide range of flows are required. The turbidity regression model is based on a relatively small
number of grab samples but the load estimate is “refined” by 10,000s of turbidity measurements.
We were able to determine relationships between in-stream measurements and subsequently
estimate sediment and phosphorus loads for major portions of 2003-2006 including all of 2006
for Tischer, Chester, and Kingsbury Creeks. Surrogate-derived suspended sediment load
estimates were 1.5 – 4.6 times lower than those derived using the FLUX Model. Much better
agreement was seen between the surrogate and the FLUX estimated TP.
Determining accurate annual loads fundamentally requires an annual hydrograph.
Measuring stage height in these northern climates is difficult if not impossible at times due to ice
cover. One of the biggest challenges was deploying the sensors during the important spring runoff
period in these higher gradient streams. Very little discharge and water quality data exist for
spring runoff periods in Minnesota streams. Winter sonde use is risky but provides data during
the period of highest loads. We were relatively successful in these efforts, particularly during
those years when flow and ice conditions allowed us to continue sensor deployment under the ice.
In 2006 for example, we were able to collect an entire year’s worth of data for Chester, Tischer
and Kingsbury Creeks. Unfortunately, the Amity Creek sensors were washed out and severely
damaged by debris and ice after an ice dam broke suddenly during the late March 2006 snowmelt,
although the sonde was repaired and replaced by summer. In 2003 and 2007, thick ice conditions
and resulting lack of flow required us to remove the sensors during the winter prior to ice-out to
prevent damage to the sensors.
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There is a need for accurate and representative suspended sediment and nutrient data for
Minnesota north shore streams. Particular data types and needs include:
•

Annual and high flow, suspended sediments and nutrient loading and flow
weighted concentration data,

•

Frequency distributions and ranges of suspended sediment and nutrient
concentrations,

•

Relationships between electronic sensor parameters and other water quality
parameters e.g. total phosphorus and nitrogen, dissolved nutrients, salts, metal
(mercury), and pathogens.

Collection of these data will provide baseline condition status and subsequently enable
trend analyses to guide management decisions. They could also help refine regulatory
assessments by providing a sound scientific basis for setting suspended sediment related criteria
and standards for sensitive trout streams. These data could also fill gaps in the suspended
sediment, nutrient, and carbon and particle-associated heavy metal budgets of Lake Superior and
in the long term help us to better understand the relationships between watershed characteristics,
water quality and climate variables.
Acknowledgments
The authors thank MN Sea Grant for providing primary funding for this project (contribution
# xxx); and additional support provided under the Coastal Zone Management Act, by NOAA’s
Office of Ocean and Coastal Resource Management in cooperation with Minnesota’s Lake
Superior Coastal Program (Project No. 306-09-10 to RA), the Natural Resources Research
Institute, and the city of Duluth, Minnesota Stormwater Utility. Todd Carlson of city of Duluth's
Public Works and Utilities Department provided valuable technical assistance and advice. This is
contribution number xxx from the Center for Water and the Environment, Natural Resources
Research Institute, University of Minnesota Duluth.

28

Literature Cited
Ameel, J.J. Ruzycki, E.R. Owen, C.J. Axler, R.P., 1998 (revised 2008). Analytical chemistry and
quality assurance procedures for natural water, wastewater, and sediment samples. NRRI/TR98/28.
Anderson, J. M. Evenson, T. Estabrooks, and B. Wilson, 2003. An Assessment of Representative
Lake Superior Basin Tributaries 2002. Stream Water Quality Assessment Technical Report,
August 2003
Anderson, J., T. Estabrooks, and J. McDonnell, 2000. Duluth Metroploitan Area Streams
Snowmelt Runoff Study. Stream Water Quality Assessment Technical Report, March 2000
Ankcorn, P.D., 2003. Clarifying Turbidity- The potential and limitations of turbidity as a
surrogate for water quality monitoring. Proceedings of the 2003 Georgia Water Resources
Conference, April 23-24, 2003.
APHA, 1995. Standard Methods for the Examination of Water and Wastewater, 2120- B. 19th Ed.
1995. American Public Health Association, Washington DC.
Axler, R., M.Lonsdale, J.Reed, C.Hagley, J.Schomberg, J.Henneck, G.Host, N.Will, E.Ruzycki,
G.Sjerven, C.Richards and B.Munson, 2004. DuluthStreams.org: Community partnerships for
understanding urban stormwater and water quality issues at the head of the Great Lakes. NRRI
Technical Report NRRI/TR-2004/34, December 2004. Natural Resources Research Institute,
University of Minnesota, Duluth, MN 55811.
Axler, R., C.Hagley, G.Host and J.Schomberg, 2006. LakeSuperiorStreams.org: Making
stormwater and stream data come alive for citizens, students, teachers, contractors, resource
agencies, decision-makers and scientists. Proceedings U.S. Department of the Interior, U.S.
Geological Survey 5th National Water Quality Monitoring Conference, San Jose, CA May 7-11,
2006.
Christensen, V.G., 2001, Characterization of Surface-Water Quality Based on Real-Time
Monitoring and Regression Analysis, Quivira National Wildlife Refuge, South-Central Kansas,
December 1998 Through June 2001: U.S. Geological Survey Water-Resources Investigations
Report 01-4248, 28 p.
Christensen, V.G., J. Xiaodong, and A.C. Ziegler, 2000. Regression analysis and real-time water
quality monitoring to estimate constituent concentrations, loads, and yields in the Little Arkansas
River, South-Central Kansas, 1995-99. USGS Water Resources Investigations Report 00-4126.
Dana, Gayle L. et al. 2004, Suspended sediments and turbidity patterns in the Middle Truckee
River, California for the period 2002-2003. Publication No. 41196. Division of Hydrologic
sciences, Desert Research Institute, Reno, NV
(www.truckee.dri.edu/tmdl/sedimentPatternsMiddleTruckeeDRI2004.pdf)
Fitzpatrick, F.A., M.C. Peppler, M.M. DePhilip, and K.E. Lee, 2006. Geomorphic characteristics
and classification of Duluth-Area streams, Minnesota. USGS SIR 2006-5029.

30

Gippel, C.J., 1989. The use of turbidimeters in suspended sediment research. Hydrobiologia,
176/177: 465-480.
Gordon, N.D., T.A. McMahon, B.L. Finlayson, C.J. Gippel, and R.J. Nathan, 2004. Stream
Hydrology: An Introduction for Ecologists. John Wiley and Sons Hoboken, NJ, 429 pp.
Gray, J.R., Glysson, G.D., Turcios, and G.E. Schwartz, 2000. Comparability of suspendedsediment concentration and total suspended solids data. US Geological Survey Water-Resources
Investigations Report 00-4191, Reston, VA.
Grayson R.B., B.L. Finlayson, C.J. Gippel, and B.T. Hart, 1996. The potential of field turbidity
measurements for the computation of total phosphorus and suspended solids loads. J
Environmental Management 47, 257-267.

Harrelson, C.R., C.L. Rawlins, and J.P. Potyondy, 1994. Stream channel reference sites: an
illustrated guide to field technique. Gen. Tech. Rep. RM-245. Fort Collins, CO. US Forest
Service, Rocky Mountain Forest and Range Experiment Station, 61 p.
Hatch, L.K., J.E. Rueter, and C.R. Goldman, 2001. Stream phosphorus transport in the Lake
Tahoe Basin, 1989-1996. Environ. Monitoring Assessment 69:63-83.
Hedlin, H., J. Reiners, P. Schulte, A. Trap II, M. Tuerk, and S. Wood, 2006. Estimating non-point
source load and measuring uncertainty.
http://www.metrocouncil.org/environment/RiversLakes/documents/StOlafAbstract.pdf; accessed
5/27/2010)
Helsel, D.R. and R.M. Hirsch, 1992. Statistical methods in water resources: New York, Elsevier,
522p.
Horowitz, Arthur J., 2008. Determining annual suspended sediment and sediment-associated trace
element and nutrient fluxes. Sci. Total Environ. 400:315-343.
Jastrum, J.D., D.L. Moyer, and K.E. Hyer, 2007. A comparison of turbidity-based and streamflow
estimates of suspended sediment concentrations in three Chesapeake Bay Tributaries. US Dept
Interior and US Geological Service. SIR 2009-5165.
Leonard, R.L., L.A. Kaplan, J.F. Elder, R.N. Coates and C.R. Goldman, 1979. Nutrient
Transport in Surface Runoff from a Subalpine Watershed, Lake Tahoe Basin, California.
Ecol. Monographs 49(3): 281-310.
Lewis, Jack, 1996. Turbidity-controlled suspended sediment sampling for runoff-event sampling.
Water Resources Research, 32(7):2299-2310.
Lonsdale, M., T.Carlson, R.Axler, J.Walker, C.Hagley, J.Schomberg, M.Granley and G.Host,
Linking data, public outreach and education: The City of Duluth Stream Outreach Program www.lakesuperiorstreams.org. Water Environment Federation Proceedings of Annual Meeting:
WEFTEC.06 - The Water Quality Event, 79th Annual Conference and Exhibition, Oct 21-25,
2006, Dallas, Texas USA
(http://www.lakesuperiorstreams.org/general/articles/Data_Outreach_Education_2006.pdf).

31

Mecklenburg, D., 2004. Reference Reach Spreadsheet for Channel Survey Data Management
Ver. 4.0L. Ohio Department of Natural Resources.
Novotny, V. and H. Olem, 1994. Water Quality: Prevention, identification, and management of
diffuse pollution. Van Nostrand Reinhold, New York, NY
Packman, J.J., K.J. Comings, and D.K. Booth, 1999. Using turbidity to determine total suspended
solids in urbanizing streams in the Puget Lowlands. College Forest Resources, U Washington,
Seattle, WA 206/543-5506. (depts.washington.edu/cuwrm/research/tssturb.pdf)
Rose, W.J., 1993. Water and phosphorus budgets and trophic state, Balsam Lake, northwestern
Wisconsin, 1987-89; U.S. Geological Survey Water Resources Investigations Report 91-4125, 28
p.
US Environmental Protection Agency (EPA). 2008. Assessed Waters of United States
at http://iaspub.epa.gov/waters10/attains_nation_cy.control; accessed 5/18/2010.
US Environmental Protection Agency (EPA). 2008. Minnesota 2008 Water Quality
Assessment Report at http://iaspub.epa.gov/waters10/attains_index.control?p_area=MN,
accessed 5/18/2010.
US Geological Survey, 2004. Turbidity (version 2): U.S. Geological Survey Techniques of
Water-Resources Investigations, book 9, chap. A6, section 6.7, accessed August 02, 2006, at
http://water.usgs.gov/owq/FieldManual/Chapter6/6.7_contents.html

32

Submitted 10/29/2010 to Aquatic Ecosystem Health and Management Society (AEHMS)
Estimating mercury concentrations and loads from four western Lake Superior watersheds using
continuous in-stream turbidity monitoring

Elaine M. Ruzycki ∗, Richard P. Axler, Jerald R. Henneck, Norman Will, George E. Host

Natural Resources Research Institute, University of Minnesota Duluth, 5013 Miller Trunk Highway
Duluth, Minnesota 55811-1442, USA

∗

Corresponding author: eruzycki@nrri.umn.edu, fax 218.720.4328

1

Many streams along the Minnesota coast of Lake Superior have been listed as impaired from either
high turbidity or high fish mercury concentrations or both. Both turbidity and total mercury have been
shown to be strongly correlated to total suspended sediment in many disturbed watersheds. Turbidity and
total mercury concentrations and loads were estimated in four western Lake Superior watersheds from
2005-2006 using automated in-stream turbidity measurements. Regression models were developed
relating this near-continuous turbidity data to grab sample measures of mercury during differing flow
regimes. Total mercury values ranged from 1 to 28 ng L-1 throughout the open water season and showed
a close relationship to total suspended sediment (r2 = 0.82, n = 23; p < 0.05) and a less robust but still
significant relationship with turbidity (r2 = 0.40, n = 34; p <0.001) for all four streams. Mercury loads to
Lake Superior were estimated to range from 10 to 85 g yr-1 with watershed yields ranging from 0.6 to 3.8
µg m-2 yr-1. Continuous turbidity monitoring appears to be a reasonable surrogate for both suspended
sediment and total mercury concentration, providing information when manual sample collection is costprohibitive or logistically difficult, and across a wide range of flows.
Keywords: streams, total suspended sediment, turbidity, surrogate, mercury, urban runoff
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Introduction
Two-thirds of the surface waters on Minnesota’s 2008 Impaired Waters List are listed for high
mercury levels in fish and water (Minnesota Pollution Control Agency [MPCA] Statewide Mercury
TMDL, March 2007 found at http://www.pca.state.mn.us/water/tmdl/tmdl-mercuryplan.html, accessed

26 Oct 10). Mercury in fish was the leading cause of impairment in Minnesota’s surface waters while
mercury in the water also ranked among the leading causes of impairment
(http://iaspub.epa.gov/tmdl/w305b_report_v6.state?p_state=MN&p_cycle=2006, accessed 26 Oct 10).
Ninety-nine percent of the mercury load to Minnesota’s lakes and streams is from atmospheric deposition,
with 70 percent originating from anthropogenic sources and the remaining 30 percent from natural
sources. Minnesota’s goal is a 93 percent reduction in overall anthropogenic mercury emissions from
1990 levels (MPCA, 2009).
Although mercury emissions in the U.S. have declined in recent years, background levels in soils and
sediments have remained well above natural levels even in remote regions of the Upper Midwest (Weiner
et al., 2006; Engstrom et al., 2007). There is increasing evidence that this legacy (“old mercury”) mercury
is transported to lakes, reservoirs and wetlands by streams and groundwater flows (Krabbenhoft and
Babiarz, 1992; Swain et al., 1992; Balogh et al., 1997; Mason and Sullivan, 1998; Brigham et al., 2009).
Harris et al. (2007) suggested that hysteresis could affect how contaminated lakes will respond to
decreased emissions of mercury (Hg) with recovery slowed by the release of legacy Hg. Conversion of
the inorganic mercury from atmospheric deposition to the more toxic and bioaccumulative methylmercury occurs within aquatic ecosystems and understanding how much terrestrial mercury is being
delivered to these systems is critical to determining how watersheds will respond to reduced mercury
emissions (Mason and Sullivan, 1998; Munthe et al., 2007).
Atmospheric deposition of Hg is the primary mode of input to northern MN watersheds and occurs
as dry and wet deposition. Dry deposition of mercury is much more important in forested than open areas
because of the large surface area presented by foliage (Grigal, 2002). Wet deposition is monitored
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nationally through the Mercury Deposition Network but measuring dry deposition is difficult (St. Louis et
al., 2001) and estimates are primarily made using models (Brigham et al., 2009). Forests, in particular,
appear to facilitate the delivery of atmospheric mercury to watersheds by both scavenging mercury from
the atmosphere from dry deposition and stomatic uptake of gaseous Hg. Delivery of Hg to the soils occurs
via direct precipitation, throughfall and litterfall. Once deposited, onto watershed Hg enters aquatic
systems in two major ways: (1) interflow (infiltrated precipitation flowing above the ground water table);
and (2) in overland flow (runoff). Direct precipitation into waterbodies plays a relatively small role
because much less of a watershed’s area is usually surface water. Interflow contributes Hg enriched
hydrophobic organic matter from the soil. Runoff may be enriched with mercury from both atmospheric
deposition and from particulate matter washed off surfaces. Terrestrial systems have been estimated to
contribute from 62 to 80 percent of all Hg that enters fluvial systems (Swain et al., 1992; Kolka et. al.,
1999).
Forest soils have been shown to be a significant sink for atmospherically deposited mercury (St.
Louis. et al., 2001; Grigal, 2002). Soils form a major pool for Hg that is closely bound to its organic
matter and the release of Hg from this pool is controlled both by the decomposition of the soil organic
matter and erosion since Hg readily binds to organic particulates. Wiener et al. (2006) found that
concentrations of total mercury in A-horizon soils were highly correlated to organic carbon content in
heavily forested Voyageurs National Park in northern Minnesota (MN). Total mercury (THg)
concentrations in mineral soils along the MN north shore of Lake Superior has previously been reported
as 42.8 ng g -1 and 363 ng g -1 in mineral and organic forest floor material, respectively (Nater and Grigal,
2002) while 20 - 50 ng g -1 have been observed in agricultural soils in southern Minnesota (Engstrom et
al., 2007).
Mercury mass balance studies in forested areas have shown that most atmospherically deposited
mercury is retained within the watershed with estimates from 10-30 percent of this mercury being
exported in runoff (Hurley et al., 1995; Grigal, 2002). Brigham et al. (2009) found that annual fluvial THg
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export was less than 50 percent of the annual atmospheric input in watersheds across the U.S. In pristine
watersheds <20 percent export has been reported (Swain, 1992; Engstrom, 2007). Major factors affecting
the transport of mercury to rivers and streams include watershed characteristics such as watershed size,
slope, land use and cover, soil types and erosion rates. Kolka et al. (1999) found that watershed geometry,
including the amount of upland and peatland present and water sources had the greatest affect on organic
carbon and associated Hg transport. Watershed size plays a role in the amount of THg transported into
surface waters (Grigal, 2002; Balogh et al., 2005; Engstrom et al., 2007). Areal THg yields generally
decrease as watershed size increases and variances in water yield do not account for the difference
suggesting that the THg transport processes were less efficient and loss mechanisms such as
sedimentation and volatilization are larger in larger watersheds (Grigal, 2002). There is also evidence that
legacy mercury is processed differently than newly deposited mercury though the processes are not fully
understood (Hintelmann, et al., 2002; Munthie et al., 2007).
Land use practices that disturb soils, including forest harvest (Sorensen et al., 2009) and agriculture
(Balogh et al., 2005), have the potential to deliver more Hg bound to sediments to receiving waters while
more natural or pristine watersheds that slow water velocity (including wetlands) may deliver more
methyl mercury (MeHg). Urban development may increase THg yields because of increased connectivity
between urban streams and their watersheds. Brigham et al. (2009) measured export of atmospherically
deposited Hg exported from the basin as fluvial Hg from two forested and one urban watershed in
Wisconsin at 3-8 percent and 12-22 percent, respectively.
Seasonal dynamics such as major runoff events from spring snow melt and intense rainfall events are
also important. Hurley et al. (1998) estimated that rivers and streams within the Lake Superior basin
contributed approximately 33 percent of the annual load of mercury to Lake Superior with the occurring
during spring snowmelt. Many other studies have found elevated concentrations of THg during periods of
high flow (e.g., Iverfeldt and Johansson, 1988; Scherbatskay et al., 1998; Anderson et al., 2003; Mast et
al., 2005; Balogh et al., 2003; Bushey et al., 2008; Schuster et al., 2008; Shanley et al., 2008; Dittman et
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al., 2010). Sampling during high flow events is crucial primarily because of the high inorganic and
organic particulate loads during these periods and the mercury associated with those particles (Balogh,
1997; Mason and Sullivan, 1998; Grigal, 2002; Wall et al., 2005; Dittman et al., 2010). Balogh et al.
(2003, 2005) Balogh (1997), and Anderson et al. (2003) showed a strong relationship between THg and
total suspended sediments (TSS) in several Minnesota streams, particularly during high flow events.
Similar results have been observed for urban streams and stormwater. For example, Fulkerson et al.
(2007) and Mason and Sullivan (1998) concluded that stormwater particulates were the main form of
MeHg in runoff in Orlando, Fl and in an urban Washington, D.C. river, respectively. Whyte and Kirchner
(2000) used the strong correlation between suspended sediment concentration (SSC) and particulate Hg to
estimate Hg flux in runoff from an abandoned mine in northern California using continuous in-stream
turbidity as a surrogate for SSC.
The Brule, Poplar, Beaver, Knife, Lester, and St. Louis Rivers in the north shore region of western
Lake Superior have been listed as impaired due to Hg in fish tissue, presumably derived mostly from
watershed sources of anthropogenic mercury. Knowing current conditions to use as a base-line
benchmark as well as understanding when mercury flux is greatest would aid in TMDL development for
these watersheds. In addition, very little mercury loading data exist for Lake Superior basin tributaries
(Jeremiason et al., 2009). Because THg is closely associated with particulates, turbidity, measured via in
situ data-logging sensors, could potentially be used to predict THg concentrations during events when
manually sampling for mercury is cost-prohibitive, or logistically not feasible.
Therefore, the objectives for this study were (1) accurately and precisely determine if in situ, nearcontinuous turbidity data could be used to predict particulate-bound mercury concentrations; and (2) if (1)
was possible, to use these predicted mercury concentrations to estimate watershed export into Lake
Superior. Of primary interest was to quantify how urban and rural development, with associated increased
imperviousness and soil disturbance, facilitates the export of mercury into receiving waters.
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Methods
Four Minnesota Department of Natural Resources (MDNR) designated trout streams (Amity,
Chester, Tischer, and Kingsbury Creeks) were selected as sites for in-stream monitoring based on usage,
geographic coverage of the city, and varieties of watershed land-uses. Further details regarding the
LakeSuperiorStreams.org project that provided the basis for the analyses presented in this paper can be
found in Axler et al. (2004, 2006) and at http://www.LakeSuperiorStreams.org. We deployed flow and
water quality sensors or stream monitoring units in each of the four streams within the Duluth, MN city
limits. The stream monitoring unites were located at representative measurement points in the stream
cross-section with allowances made for protecting the units from debris, sedimentation (Figure 1), and
vandalism.
Automated sensors, YSI (Model 6800 series) and Hydrolab (MS5) measuring temperature, EC25,
turbidity (FNU as per USGS 2005), depth (for flow estimation) were checked approximately weekly for
cleaning and/or re-calibration by comparison to an YSI 85 or 556 multi-probe water quality analyzer and
bench-measured turbidity with a Hach 2100P. Sensors were inspected, calibrated, and maintained
following the manufacturers’ recommendations and following US Geological Survey (USGS) (2006)
procedures.

Field and water chemistry
Samples for ancillary water quality analyses were collected near the SMU, mid-stream at the point of
greatest flow. Samples were collected using a sampling pole with attached 1L bottle that was pre-rinsed
with ambient water before collection. Water chemistry analyses followed American Public Health
Association (APHA) (1995) and Ameel et al. (1998) and were preformed in the Minnesota Department of
Health certified NRRI-UMD laboratory. Water samples were analyzed for the anions Cl-, and SO 4 - by ion
chromatography; True color was determined spectrophotometrically (440 nm wavelength) calibrated
against Pt-Co standards ; particulate organic matter was measured as loss upon ignition at 550o C
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(AFDW; dissolved organic carbon was analyzed using the persulfate-ultraviolet oxidation method
(Dohrman Carbon Analyzer); total suspended sediment was filtered onto GF/C filters and dried to a
constant weight at 103-105o C; and laboratory nephelometric turbidity using a HACH 2100P calibrated
with Formazin standards (NTRU) as per USGS (2006).
Ultra-clean mercury sampling and analytical techniques (clean hands/dirty hands into acid-leached
glass bottles) were used to collect total (THg), filtered (FHg), and methyl-mercury (MeHg) from four
Duluth area streams during both runoff and base flow from 2004 - 2006. Samples from 2004 were
collected by personnel from the Western Lake Superior Sanitary District (WLSSD) using similar
techniques. Manual samples for total suspended sediment, sulfate, dissolved and particulate organic
carbon, chloride, and pH were collected concurrently. Analytical methods for mercury followed Methods
1630 and 1631 (US Environmental Protection Agency [US EPA, 2002; US EPA, 2001]). The sample
bottles were transported to and from the sampling locations in double, sealed bags. Samples were
analyzed for total mercury (THg) and filtered mercury (FHg) using the cold vapor atomic fluorescence
technique by North Shore Analytical, Inc. (Duluth, MN). Methylmercury was determined in the distilled
samples using aqueous phase ethylation/gas chromatography with atomic fluorescence detection by the
Metropolitan Council Environmental Services Laboratory in Minneapolis, MN (Balogh et al., 2005).

Data Analyses
Continuous turbidity sensor data were screened to exclude anomalous readings from sensor biofouling, malfunctions, and sediment deposition. Use of the data visualization tools to view sonde data at
http://www.lakesuperiorstreams.org/streams/data/Java/index.html allowed data assessment in the context
of other measured parameters including precipitation. Once anomalous readings were excluded, the data
were summarized into hourly and daily means, minimum, maximum, median, and standard deviations.
Linear and multiple regression analyses were performed on the manually collected data using Microsoft
Excel and STATISICA to generate the predictive model for THg. Log 10 transformations were necessary
8

to normalize some of the data. Predicted daily loads of THg were summed over the entire year to provide
estimated annual loads (g yr-1). Estimated annual yields were calculated by dividing the annual loads (g
yr-1) by the watershed area (km2). Flow-weighted mean concentrations (FWMC) were calculated by
dividing the annual loads by the total annual discharge volumes (g m-1). Distribution coefficients (K d ) for
THg in the water column used to determine the distribution of Hg between filtered (FTHg) and particulate
(PTHg) forms were calculated as: Log 10 Kd =

[ PTHg ] /[TSS ]
[ FTHg ]
, in L kg -1

Where PTHg (ng L-1) = THg (ng L-1) – FTHg (ng L-1) and TSS in kg L-1.

Results and Discussion
Watershed characteristics for the 4 streams are shown in Table 1. Though located within the Duluth
city limits, the streams are all primarily forested. The watershed area above the sensor location
represented >95 percent of the total area. Measured mercury and ancillary water quality parameters did
not vary greatly between these four watersheds. Figure 2 shows the mean and median values for all
mercury and ancillary water chemistry measured in each of the four Duluth area trout streams during late
2004 through spring of 2006. All THg values (9-10 samples from each stream in 2004-2006) exceeded
the Minnesota Pollution Control Agency mercury standard of 1.3 ng L-1 to protect aquatic wildlife health.
Average MeHg concentrations were 1 percent of THg.
Mercury concentrations varied throughout 2004 to 2006 in response to climatological and
hydrological conditions. The lowest total mercury (THg) values were observed during summer base flow
and the highest occurred during an intense June rain in 2005. Figure 3 shows measured THg
concentrations grouped by flow regime: base flow, rain event or spring snowmelt for samples collected in
2004-2006.
Total Hg concentrations found in the Duluth streams were generally similar to those reported for
predominately forested watersheds (Table 2).
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In the Duluth streams both THg and PHg (THg less filtered Hg) concentrations were strongly
correlated with TSS (Figure 4).
Distribution coefficients, Log K d s, were calculated for each sample (Table 3). Higher K d s suggest a
higher affinity of Hg to the particulate phase (Babiarz et al., 1998) and the values observed in the Duluth
area streams supported our hypothesis that most of the THg is associated with particles.
Bushey et al. (2008) while targeting Hg species flux during rainfall events in the Adirondack
Mountains, New York, did not find a significant correlation between THg and TSS. However, their two
study watersheds were very pristine with TSS values less than 10.5 mg L-1and they did not analyze spring
snow melt runoff events.
Based on previous work relating in-stream turbidity to TSS we developed a model predicting THg
concentrations from continuous in-stream turbidity (Figure 5). A single model was developed that
combined data from all streams because the individual stream regression coefficients were not
significantly different from each other. Stepwise multiple linear regressions that included the
continuously measured variables of flow, EC25, temperature, and turbidity did not improve the model
significantly, so a simple natural log regression model was used:
Log THg = 0.256 (Log turbidity) + 0.469
A “smearing” bias-correction (Helsel and Hirsch, 2002) factor of 0.99 was applied to the
retransformed regression equation to account for the bias introduced when back transforming from natural
log to original concentration units. The poorer relationship between THg and turbidity relative to TSS
when data from the streams were pooled is due to the variance in the slopes of the TSS vs. turbidity
relationship between streams.
THg load calculations (Table 4) were made by summing estimated daily loads (g L-1 day-1) for each
period of interest and flow weighted mean concentrations (FWMC) were calculated by dividing average
annual concentrations by total annual volume. The annual fluxes estimated for these watersheds, 0.6 to
3.8 µg m-2 year-1, fall within the range of fluxes summarized by Grigal (2002) where 75 percent of
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literature reported fluxes ranged from 1 to 3 µg m-2 yr-1. Brigham et al. (2009) measured fluxes of 0.90
and 0.87 µg m-2 y-1 in two forested northern Wisconsin streams while Dittman et al. (2010) measured
annual fluxes in four northeastern U.S. watersheds ranging from 1.6 to 6.5 µg m-2 y-1.
Turbidity data were available for >90 percent of the year for all streams except Kingsbury in 2005
and Amity Creek for both 2005 and 2006. Kingsbury sensor data was lost due to a lightning strike in July
2005 so the Kingsbury load estimates for 2005 are based on 60 percent of that year. The Amity Creek
sensors were not in place until September 2005 and in the spring of 2006 they were washed out and
severely damaged by debris and ice. Annual THg loads from the four streams ranged from 10 to 85 g y-1.
Annual total mercury surrogate-derived FWMCs all exceed the MPCA standard of 1.3 ng L-1 for the Lake
Superior basin.
The continuous turbidity and Q data also were used to estimate concentration and load data for major
precipitation and runoff events. Table 5 shows several examples of the importance of acquiring high
frequency turbidity data during very short term storm events and during spring snow melt runoff. In June
2005 the Duluth area received over 13 cm of rain during five events. During October of that year a threeday rain event totaled 11 centimetres. The 2006 snow melt was particularly short but intense with
approximately 30 centimetres of snow melting over a nine-day period. The in-stream sensors are
extremely useful during runoff events when collecting frequent grab samples is difficult. The 2006 spring
snow melt period contributed 37 to 48 percent and 36 to 46 percent of the estimated annual TSS and THg
loads respectively and the October 2005 rain event also delivered a large percentage of the total annual
loads estimated for that year.
Estimates of five to 25 percent of atmospheric Hg deposited on the terrestrial portion of the
watershed have been shown to reach associated lakes (Grigal, 2002) and less than 50 percent in all cases
in eight streams across the U.S. (Brigham et al., 2009). To our knowledge there are not good estimates of
stream THg loads into Lake Superior from its tributaries. For this study we estimated how much of the
total mercury deposited onto these watersheds is potentially removed from these watersheds annually.
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This comparison assumes that there is an unknown release rate of legacy THg from prior years of
deposition. Mercury Deposition Network (http://nadp.sws.uiuc.edu/mdn/) concentrations during the
period of 2004-2006 were reported from a station 120 kilometres northeast of Duluth (MN16) and one 72
kilometres to the west (W108). Monthly concentrations were averaged for both stations for the period
2005 to 2006. Concentrations ranged from a minimum of 2.2 ng L-1 to a maximum of 110 ng L-1 with an
overall mean of 12.6 ng L-1 (sd = 15.7 ng L-1). These stations record wet deposition in open areas so dry
deposition and mercury scavenged by forests is not accounted for. We averaged data from the two
stations to derive annual areal loading for each of the watersheds because. Total mercury deposited (ng m2

) with precipitation during 2005 and 2006 is shown in Figure 6.
From these Mercury Deposition Network data assuming dry deposition to be 50 percent of wet, we

estimated atmospheric deposition of THg to be approximately 8.8 µg m-2 yr -1 for both 2005 and 2006.
Dividing areal THg annual loads (µg m-2yr-1) by areal loading results in percentage of THg deposition
removed though runoff to these streams (Table 6). This of course does not account for mercury removal
through other cycling processes or the movement of legacy mercury from the watershed into the streams.
Total yield for all four streams in 2006 was 4.8 µg m-2 for a total yield (total of ~ 99 km2) of 0.5 kg yr-1.
Annual loads to Lake Superior were estimated in 2000 to be 280 kg yr-1 (Rolfus et al., 2003).
Most of the Duluth streams fall within the 5-25 percent THg (Grigal, 2002) being delivered annually
from terrestrial watersheds to receiving waters during runoff events. Even with legacy mercury in these
watersheds these results suggest that most of the Hg deposited annually does not end up in Lake Superior.
The 2005 Kingsbury THg yield exceeded that range; possibly because this estimate is based on only 60
percent of the year and/or that the Kingsbury watershed contains other sources of Hg. In fact, this
watershed is in a historically more industrialized area. This estimate also does not account for dry
deposition of inorganic mercury that accumulates on surfaces within the watershed and can be delivered
via litterfall and throughfall or legacy mercury within soils. In addition, watershed Hg burdens have been
presumably been increasing over the past 150 years. It is conceivable that if soils are disturbed by
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inadequately mitigated development, this legacy mercury may be delivered to the streams during runoff
events.

Conclusions
If a tight relationship exists between total Hg and suspended sediments and turbidity, then
continuous, in-stream turbidity can be used as a low cost surrogate for detecting seasonal and annual Hg
loads. Near-continuous surrogate data (i.e. ~ 15 minute periods) can lead to a better understanding of the
episodic nature of Hg export from these watersheds and combined with concurrent measures of DOC,
TSS and discharge data can help identify streams likely to have high Hg concentrations and define
periods of high Hg transport. However, this conclusion is based upon a relatively small number of
measured THg values and accuracy would improve if samples from both the rising and falling limb of the
hydrograph were collected and analyzed for THg. As with the TSS/turbidity relationships, the
THg/turbidity model may be stream specific and these results should be cautiously extrapolated to other
NE Minnesota and Lake Superior basin streams.
These results provide the first attempt to estimate the delivery of mercury from these small
watersheds to Lake Superior. The data presented here do not allow us to directly determine the source of
particle bound mercury; whether it is primarily, bank derived and/or bedload (within stream sources) or
delivered via runoff from the watershed (washload). They also do not allow us to determine if transported
Hg is from recent deposition as opposed to geologic or legacy Hg. However, the mercury-suspended
sediment relationship emphasizes the importance of establishing effective watershed management
techniques to prevent erosion that will release mercury. Delivery of inorganic mercury from upland areas
to riparian zones increases the potential for it to be converted to the more toxic and bioaccumulative
methyl-mercury though much is still unknown about the details of these processes in streams, wetlands
and groundwater. Climate change, with predicted increases in rainfall intensities (e.g. Novotny and
Stefan, 2007) and potential increased erosion rates, therefore, has the potential to increase Hg loads from
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these sensitive watersheds, even if mercury emissions to the atmosphere and subsequent wet and dry
deposition rates are reduced. This highlights the multiple benefits derived from improvements in land use
and land cover management in the Lake Superior basin, without which the reduced atmospheric loads of
mercury will likely take much longer to be realized in streams and lakes.
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