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STATE OF THE GREAT LAKES 2017

1. Introduction

The Great Lakes contain one fifth of the world’s fresh surface water supply and are one of the most ecologically
diverse ecosystems on earth. They provide drinking water to tens of millions of Canadians and Americans and are
important to the economies of both Canada and the United States, supporting manufacturing, transportation,
farming, tourism, recreation, clean energy production, and other forms of economic growth.

2017 marks the 45th anniversary of the signing of the Great Lakes Water Quality Agreement (GLWQA) by the
Governments of Canada and the United States. The Agreement commits both countries to working cooperatively to
restore and protect the water quality and aquatic ecosystem health of the Great Lakes. Through the Agreement, the
Governments of Canada and the United States engage the provincial and state governments of Ontario, Illinois,
Indiana, Michigan, Minnesota, New York, Ohio, Pennsylvania, and Wisconsin, Tribes, First Nations, Métis,
municipal governments, watershed management agencies, other local public agencies, industry and the public in
actions to ensure that the Great Lakes remain an important and vibrant natural resource for the benefit and
enjoyment of this generation and those to come.

The 2012 GLWQA is organized as a series of Articles and Annexes. The Articles describe the general and specific
objectives of the Agreement, define principles and approaches, and lay out the structure and process for its
implementation.

Canada and the United States, the Parties to the GLWQA, have committed to work to attain nine general objectives.
The Waters of the Great Lakes should:

i. Be a source of safe, high-quality drinking water;
ii.  Allow for swimming and other recreational use, unrestricted by environmental quality concerns;

iii.  Allow for human consumption of fish and wildlife unrestricted by concerns due to harmful pollutants;

iv.  Be free from pollutants in quantities or concentrations that could be harmful to human health, wildlife
or organisms, through direct exposure or indirect exposure through the food chain;

V. Support healthy and productive wetlands and other habitats to sustain resilient populations of native
species;

vi. Be free from nutrients that directly or indirectly enter the water as a result of human activity, in
amounts that promote growth of algae and cyanobacteria that interfere with aquatic ecosystem health,
or human use of the ecosystem;

vii. Be free from the introduction and spread of aquatic invasive species and free from the introduction and
spread of terrestrial invasive species that adversely impact the quality of the Waters of the Great Lakes;
vill.  Be free from the harmful impacts of contaminated groundwater; and,

ix. Be free from other substances, materials or conditions that may negatively impact the chemical,

physical or biological integrity of the Waters of the Great Lakes.

The ten Annexes of the 2012 GLWQA, listed below, describe commitments on specific environmental issues that
can affect the quality of the waters of the Great Lakes:
1. Areas of Concern

2. Lakewide Management

3. Chemicals of Mutual Concern

4. Nutrients

5. Discharges from Vessels

6. Aquatic Invasive Species

7. Habitats and Species

8. Groundwater

9. Climate Change Impacts

10. Science
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The 2012 GLWQA recognizes that the effective implementation of management decisions, policies and programs
must be based on the best available science, research and knowledge. The Science Annex (Annex 10) of the 2012
GLWQA commits the United States and Canada to enhancing the coordination, integration, synthesis, and
assessment of science activities across all Annexes of the Agreement. Science provides the foundation for
management actions and policy decisions in support of meeting the objectives of the Agreement.

Annex 10 also commits the Parties to establishing science-based ecosystem indicators “to anticipate emerging
threats and to measure progress in relation to achievement of the General and Specific Objectives of the
[GLWQAT]”.

The Parties have also committed to issuing every three years a State of the Great Lakes report (SOGL) which
describes “basin-wide environmental trends and lake-specific conditions using ecosystem indicators”. Most of the
indicator work falls to the Ecosystem Indicator and Reporting (EI&R) Task Team under Annex 10.

Environment and Climate Change Canada and United States Environmental Protection Agency have been leading
the assessment of the state of the Great Lakes for the Parties since 1994 with the first State of the Great Lakes report
released in 1995. In 1998, a suite of indicators was introduced to allow for consistent and comprehensive
assessments with repeatability amongst the reporting cycles. Over time the indicator suite has been improved and
strengthened. The indicator suite currently includes nine high-level indicators supported by 44 sub-indicators. The
nine indicators are used to report on progress towards the General Objectives of the Great Lakes Water Quality
Agreement.

No one agency or organization has the jurisdiction or the capacity to monitor, manage, restore and protect an
ecosystem as large as the Great Lakes so assessing the environmental conditions of the Great Lakes using ecosystem
indicators involves hundreds of people from many agencies and organizations on both sides of the border. The
information in this document, State of the Great Lakes 2017 Technical Report, has been assembled with
involvement from more than 180 scientists and experts from the Great Lakes community within Canada and the
United States. These experts represent over 30 different agencies and organizations.

Assessments of the Great Lakes help governments to identify current, new and emerging challenges to Great Lakes
water quality and ecosystem health. Assessments also help governments to evaluate the effectiveness of programs
in place to address challenges, and help inform and engage others.

State of the Great Lakes 2017 Technical Report. This technical report contains the full sub-indicator reports as
prepared by the primary authors and contributors and the nine high-level indicator assessments. It also contains
detailed references to data sources. Sub-indicator reports provide the status and/or trend for the Great Lakes overall
and, where possible, on an individual lake basin scale.

State of the Great Lakes 2017 Highlights Report. The Highlights report is a synopsis of the ecosystem indicator
assessments prepared for the State of the Great Lakes 2017 Technical Report. This report highlights current
conditions in the “What are the Great Lakes Indicators Telling Us” section. A summary of the nine high-level
indicator assessments is included in the subsequent pages of the report including assessments of Drinking Water,
Beaches, Fish Consumption, Toxic Chemicals, Habitat and Species, Nutrients and Algae, Invasive Species,
Groundwater Quality and Watershed Impacts and Climate Trends.
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2. What Are the Great Lakes Indicators Telling Us?

Can we drink the water?
Yes. The Great Lakes remain a source of high quality drinking water.
Drinking Water Indicator — Status: Good, Trend: Unchanging

Can we swim at the beaches?
Yes. But some beaches are unsafe for swimming some of the time due to bacterial contamination.
Beaches Indicator — Status: Fair to Good; Trend: Unchanging

Can we eat the fish?

Yes. But contaminants in fish require limits to be placed on the amount of fish consumed in order to safe guard
human health

Fish Consumption Indicator — Status: Fair; Trend: Unchanging

Are the lakes free from pollutants at levels harmful to human health and the environment?

Generally, yes. But some pollutants in local areas, including in designated Areas of Concern, remain at problem
concentrations.

Toxic Chemicals Indicator — Status: Fair; Trend: Unchanging to Improving

Are the lakes supporting healthy wetlands and other habitats for native species?
In some instances, yes, and in others no. Results vary significantly from location to location.
Habitat and Species Indicator — Status: Fair; Trend: Unchanging

Are the lakes free from excess nutrients?

No. Nutrient loadings in Lake Erie and some nearshore areas of Lakes Huron, Michigan and Ontario are causing
severe impacts due to the formation of toxic and nuisance algae.

Nutrients and Algae Indicator — Status: Fair; Trend: Unchanging to Deteriorating

Are we winning the battle against aquatic invasive species?

No. While the introduction of new non-native species has declined, the spread and impacts of aquatic invasive
species already in the lakes continues.

Invasive Species Indicator — Status: Poor; Trend: Deteriorating

Is groundwater negatively affecting the water quality of the lakes?
Generally, no. But some localized areas of contamination exist.
Groundwater Quality Indicator — Status: Fair; Trend: Undetermined

Are land use changes impacting the lakes?
Yes. Growth, development and land-use activities stress the waters of the Great Lakes.
Watershed Impacts Indicator — Status: Fair; Trend: Unchanging

The overall assessment for ecosystem conditions in the Great Lakes is Fair and the trend is Unchanging since
the last assessment in 2011. While progress to restore the Great Lakes has been made, including the reduction of
toxic chemicals, challenges with issues such as invasive species and nutrients still remain. In addition, the ecosystem
is large and complex and it can take years to respond to restoration activities and policy changes.
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This overall assessment is based on the nine science-based indicators that assess water quality and ecosystem health.
The assessment also takes into consideration climate trends. There are 44 sub-indicators that feed into the nine high-
level indicators that will be used for state of the Great Lakes reporting and are used to measure progress against the
nine General Objectives of the Agreement. Status and Trend definitions can be found in Appendix 2.

Status:

Excerpt from GLWQA Objective Great Lakes Indicator Status and Trend

Be a source of safe drinking water Drinking Water

Allow for swimming and other recreational use Beaches

Allow for human consumption of fish and wildlife  Fish Consumption Status: Fair; Trend: Unchanging

Be free from pollutants Toxic Chemicals Status: Fair; Trend: Unchanging-Improving
Support healthy and productive wetlands and Habitat and Species Status: Fair; Trend: Unchanging

other habitats to support native species

Be free from nutrients in amounts that promote Nutrients and Algae Status: Fair; Trend: Unchanging-Deteriorating

growth of algae and cyanobacteria

Be free from the introduction and spread of Invasive Species
invasive species

Be free from contaminated groundwater Groundwater Status: Fair; Trend: Undetermined
Be free from other substances, materials or con-  Watershed Impacts and Climate Watershed Impacts:

ditions that negatively impact the waters of the Trends Status: Fair; Trend: Unchanging
Great Lakes

Lake Assessments

The indicator and sub-indicator information can also be Status:

used to determine an overall assessment for each Great Ess - [
Lake. Lake Superior is assessed as Good and -
Unchanging, and Lakes Michigan, Huron and Ontario are M

assessed as Fair and Unchanging. Lake Erie is assessed as
Poor and Deteriorating, although there are a mix of trends
happening in the Lake Erie basin.

@ DETERIORATING

See Appendix 3 for Tracking Progress: An Alternate
Perspective.
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3. Nine Great Lakes Indicators and 44 Sub-Indicators used to Assess and
Report on the State of the Great Lakes

GLWQA General Objectives Indicators Sub-Indicators
Objective 1: Be a source of safe, high-guality drinking water Drinking Water Treated Drinking Water
Objective 2: Allow for swimming and other recreational use,
by envi d quality Beaches Beach Advisories
Objective 3: Allow for human consumption of fish and wildlife
CareAiat b ecar die T varfil palkikanns Fish Consumption Contaminants in Edible Fish
Toxic Chemical C i
4: Be free from poll W ar Cole Toxic Chemicals in Sediment
that could be harmful to human health, wildlife, or aquatic organisms, Toxic Chemicals Toxic Ct in Great Lakes Whole Fish
through direct exposure or indirect exposure through the food chain Toxic Chemicals in Great Lakes Herring Gull Eggs
of Toxic Chemicals
Coastal Wetland Amphibians
Coastal Wetland Birds
Coastal Wetland Fish
Coastal Wetland Invertebrates
Coastal Wetland Plants
Coastal Wetlands: Extent and Ci ith
Aquatic Habitat Connectivity
Objective 5:Suppart healthy and productive wetlands and other Habitat and Specles eny

habitats to sustain resilient populations of native species

Walleye

Lake Trout

Fish Eating and Colonial Nesting Waterbirds

Objective 7:Be free from the introduction and spread of aquatic Invasive

Impacts of Aquatic Invasive Species

Dreissenid Mussels

Objective 9:Be free from other substances, materials or conditions that
may negatively impact the chemical, physical or biclogical integrity of the
Waters of the Great Lakes

Watershed Impacts and Climate Trends

species and free from the introd and spread of invasive Invasive Species
species that adversely impact the quality of the Waters of the Great Lakes Sea Lamprey
Terrestrial Invasive Species
Objective 8: Be free from the harmful impact of contaminated groundwater Groundwater Groundwater Quality
Forest Cover
Land Cover

Watershed Stressors

Hardened Shorelines

Tributary Flashiness

Human P

Precipitation Amounts

Surface Water

ke Cover

Water Levels

Baseflow Due to Groundwater
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4. Indicator Assessment Process

What is an Indicator?

An indicator is a piece of evidence, (e.g. data or measures) that informs about current conditions. Watching the
evidence over time gives an indication of trends. Doctors use specific measures such as blood pressure and
temperature to assess one’s health. To assess large, complex ecosystems such as the Great Lakes, environmental
indicators are a useful and accepted approach. Great Lakes indicators are used to:

Assess conditions and track changes in the ecosystem;

Understand existing and emerging issues;

Guide programs and policies needed to prevent or address harmful environmental problems; and,
Provide information to set priorities for research and program implementation.

Reporting on a suite of Great Lakes indicators produces a big picture perspective on the condition and trends of the
complex ecosystem. Indicators have been used to report on Great Lakes ecosystem components since the first State
of the Lakes Ecosystem Conference (SOLEC) in 1994.

Why Do We Assess?

When the region became industrialized, the Great Lakes bore the brunt of poor environmental management.
However, with the signing of the first GLWQA in 1972, much effort has been made to improve environmental
conditions resulting in many successes, but more work is needed. Policies, regulations and programs are in place to
address the complex problems that impact the lakes.

Tracking ecosystem conditions is valuable in order to determine if progress towards achieving environmental goals
and objectives for the Great Lakes has been made. Are management actions working? Are environmental conditions
getting better or worse? To answer questions like these, various components of the ecosystem must be monitored.
Using this information, Canada and the United States report on the state of the Great Lakes every three years as part
of a commitment under the GLWQA. It is important to remember that the ecosystem is large and complex and it can
sometimes take years for the lakes to respond to restoration activities.

How Do We Assess?

A suite of nine comprehensive, science-based ecosystem indicators, supported by 44 sub-indicators, are used to
assess how the Great Lakes are doing. Some indicators are supported by multiple sub-indicators while others are
supported by only one sub-indicator. Ecosystem indicators are rated in relation to status using terms of Good, Fair
and Poor; and trends using terms of Improving, Unchanging and Deteriorating. Each 3-year reporting cycle,
experts prepare assessments using data that in most cases comes from long-term monitoring programs. For this
report, the most current available data, generally from 2011 to 2014, have been added to the long-term data. Over
180 experts representing more than 30 different agencies and organizations from Canada and the U.S. contributed to
the preparation of the indicators. The State of the Great Lakes 2017 Highlights Report is a summary of the
information found in the sub-indicator reports which are included in their entirety in the State of the Great Lakes
2017 Technical Report. For more information on the assessment approach and definitions, refer to the section in this
report entitled, Example Assessments — How are they Done?

State of the Great Lakes Reporting — A Robust Process
The State of the Great Lakes reporting work is led by the EI&R Task Team under the Science Annex (Annex 10) of
the GLWQA.

The Great Lakes indicator suite has been reviewed and improved each reporting cycle in order to deliver an
improved, updated and representative indicator suite that reports on the state of the Great Lakes in a comprehensive,
understandable and scientific manner and allows for informed decision-making in the Great Lakes Basin. The
reviews also aim to build consensus on indicators among federal, state, provincial and local management
organizations. This consensus is necessary to ensure that all relevant data are being collected, analyzed, and reported
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in an effective manner as no single organization has the resources or mandate to examine the conditions of the entire
Great Lakes ecosystem.

A Robust Assessment Process

State of the
Great Lakes

Identify Indicator Develop 2017 Reports
Overall

Experts & Prepare
Draft Reports Assessments

(Jan-Dec 2015) (mid-2016)

Parties Confirm Technical Review Public Forum
Indicator Suite Webinars (Oct 2016)
(Jan 2015) (Feb/Mar 2016)

The State of the Great Lakes reporting cycle began in 2014 with a review of the indicators including consideration
of comments from various experts and organizations such as the International Joint Commission. In January of
2015, the Parties agreed to nine indicators of ecosystem health to report against the nine General Objectives of the
GLWQA. These sub-indicators are in turn supported by 44 sub-indicators.

Next, the sub-indicator authors were identified. Over 100 sub-indicator authors and 80 contributors, representing
over 30 agencies and organizations, prepared sub-indicator descriptions and draft assessment reports in 2015".

A series of scientific confirmation webinars were held in February and March 2016 to ensure scientific integrity and
confidence in the individual sub-indicator assessments and the draft overall indicator assessments.

! The EI&R Task Team asked scientists (federal, provincial, state, academia, and others) with knowledge of specific
Great Lakes issue areas or ecosystem components to draft or revise a description (the document that guides the
content for each sub-indicator report) and a report (assessment of status and trends and ecosystem condition) for
each of these sub-indicators. These descriptions and reports are reviewed or prepared by authors at the beginning
of each reporting cycle to ensure a comprehensive assessment of the conditions of the Great Lakes ecosystem. As
part of this process, future considerations and recommendations were included in the descriptions where possible,
i.e. reference to nearshore components, consideration of Chemicals of Mutual Concern, etc. IJC recommendations
from the Great Lakes Ecosystem Indicator Project Report (June 2014) and the Recommended Human Health
Indicators for Assessment of Progress on the GLWQA (June 2014), where feasible and appropriate, were also
considered in updating the descriptions.

Part of the review also included considering ways to streamline the suite of indicators for reporting on the state of
the Great Lakes. The “indicator categories” previously used are now referred to as “indicators”; prior reference to
“indicators” will now be referred to as “sub-indicators”. For this reporting cycle (2016-2017), there are 44 sub-
indicators that support the nine high-level indicators. These nine high-level indicators are aligned to the General
Objectives of the Agreement; however some General Objectives are broader than the current sub-indicators
aligned to them. Therefore, further refinement of these indicators may be necessary in the future.
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A series of scientific confirmation webinars were held in February and March 2016 to ensure scientific integrity and
confidence in the individual sub-indicator assessments and the draft overall indicator assessments.

The draft indicator assessments were presented at the Great Lakes Public Forum in October 2016. The Forum
provided an opportunity for the United States and Canada to discuss and seek public comment on the draft state of
the lakes assessments. The draft indicator and supporting sub-indicator assessments were then finalized and form the
basis of this technical report and the State of the Great Lakes 2017 Highlights Report. For more information on the

Forum visit: https://binational.net/2016/11/25/glpf-fpgl-2016-presentations-videos/.

Confidence in the Assessments

By involving hundreds of experts and the public from the Great Lakes community, there is high confidence in the
indicator assessments. Over 150 subject matter experts participated in the scientific confirmation webinars. These
webinars evaluated draft environmental sub-indicator reports used to assess the status of the Great Lakes Basin as
well as reviewed the compiling of the sub-indicators into overall indicator assessments. Draft status and trend
assessments for sub-indicators and indicators were prepared using binational readily available data and best
professireplacement onal judgment. For more information about data quality see Appendix 1.

In addition to the scientific confirmation review, hundreds of public participants saw the presentation of the draft
assessments at the Public Forum and via an online webinar. All the authors of the sub-indicator reports also had an
opportunity to complete a technical review of the draft Highlights report in December of 2016. A red-flag review,
the last step in the review process, was completed prior to releasing the State of the Great Lakes 2017 Highlights
Report to ensure there were no critical errors. This red-flag review was sent to GLWQA stakeholders and Great
Lakes experts.

Example Assessments - How are they Done?

Status:

GOOD  FAR -

LAKE
SUPERIOR

LAKE
MICHIGAN

LAKE ERIE LAKE

ONTARIO

=

Sub-indicator A Unchanging.

Unchanging Improving Unchanging Unchanging

Sub-indicator B

P 8

Sub-indicator C Unchanging
High-Level

Indicator 1

No lake was assessed separately

-indi rD Improvi
SRR ok Great Lakes Basin assessment is Fair and Improving

Sub-indicator E

Sub-indicator F [

Undetermined  Undetermined Undetermined

Identifying binational assessments for each high-level indicator and General Objective is a multi-step process.

The authors are asked to assess a status and trend for the Great Lakes Basin as well as each lake for their respective
sub-indicators. In some cases, the author is unable to make a determination for each lake (see Sub-indicator D) and
may only be able to assess the whole Great Lakes Basin.

The status rankings are Good, Fair and Poor and are denoted by the colours green, yellow and red respectively.
There is one additional ranking for status called Undetermined and it is denoted by a grey colour.
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The trend rankings are Improving, Unchanging, Deteriorating and Undetermined - denoted by the words in each of
the coloured cells. See the Status and Trend definitions in Appendix 2.

The Great Lakes Basin assessment for each sub-indicator should correspond with an average, of sorts, of the five

individual lake assessments. Best professional judgement by the authors is also an important part of determining the
overall Great Lakes Basin assessment for each sub-indicator.

Status:

GOOD  FAIR -

INDICATOR SUB-INDICATOR LAKE LAKE LAKE ERIE LAKE
SUPERIOR | MICHIGAN ONTARIO

Sub-indicator A Unchanging Unchanging Improving Unchanging Unchanging Improving

Sub-indicator B Improving Improving Unchanging Unchanging

Sub-indicator C Unchanging Unchanging Unchanging

High-Level
Indicator 1

No lake was assessed separately

Sub-indicator D Improviny
il Great Lakes Basin assessmentis Fair and Improving

Sub-indicator E Improving Unchanging Unchanging Unchanging Improving Improving

Sub-indicator F Undetermined i Undetermined  Undetermined ~ Undetermined Undetermined

Overall Assessment = FAIR and UNCHANGING

An overall assessment for “High-Level Indicator 1” needs to be determined. This overall assessment is calculated by
using a simple tally method of all the lake assessments from the six sub-indicators.

In this example, there are 10 Good status assessments (the green boxes), 197 Fair assessments (the yellow boxes),
and 1 Poor assessment (the red box). There are 13’ Improving trends, 12 Unchanging trends, 0 Deteriorating trends
and 5 Undetermined trends. The Overall assessment for this high-level indicator would be Fair and Unchanging-
Improving, since there are equal or near equal trend determinations of Unchanging and Improving.

Undetermined status and/or trends are included in the determination of the assessments if data are insufficient to
make a status assessment or because of a variety of trends being seen. However, in the case where Undetermined
was used by the authors as a result of no data, then these “Undetermined” assessments are not used in the tallying
process.

% In the case where only an overall Great Lakes Basin sub-indicator assessment is provided by the authors, for the
purpose of calculating the overall indicator assessment, the Great Lakes Basin assessment is also applied to each
lake basin in the tallying exercise.
3 .

Ibid
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5. State of the Great Lakes
This chapter includes the nine high level indicator assessment followed by the supporting sub-indicator
assessments. These indicators are used to report on progress towards achieving the General Objectives of the Great
Lakes Water Quality Agreement.
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Drinking Water

Status: Good Trend: Unchanging

Nearly 30 million Americans and the
majority of the 11 million Canadians living
in the basin get their drinking water from
the Great Lakes.

Assessment Highlights

The Drinking Water indicator shows that the status of treated
drinking water in both Canada and the U.S. is Good and the
trend is Unchanging since the last report in 2011. This shows

that the Great Lakes continue to be a high-quality source of Percentage of Canadian Drinking Water Tests
drinking water; however, as with all source waters, water Meeting Standards

from the Great Lakes must be treated to make it safe to
drink.
Ontario and U.S. state agencies have different ways of

analyzing and reporting on the quality of treated drinking
water, however, both compare microbial, radiological and
chemical parameters in treated drinking water to health-

of the population gets their drinking water from the Great
Quality Standards 99.83% - 99.88% of the time from 2007
to 2014. In the U.S., 95 - 97% of the U.S. population living 050

based standards. In the Province of Ontario, almost 60%
Lakes and treated water tests met Ontario Drinking Water
within the Great Lakes Basin, or approximately 27 million OUOR ORS00 momoogemer oo

people, were serviced with drinking water that met all il
applicable health-based drinking water quality standards
from 2012 to 2014.

©
el
n

meeting standards
8
o

©
®
@

Percentage of drinking water tests

Sub-Indicators Supporting the Indicator Assessment

Sub-Indicator Lake Superior | Lake Michigan Lake Huron Lake Erie Lake Ontario
Treated Drinking Water
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Sub-Indicator: Treated Drinking Water

Overall Assessment

Status: Good

Trend: Unchanging

Rationale: The overall quality of source water and treated water in the Ontario portion of the Great Lakes
Basin is good. Throughout the period 2007 — 2014, Ontario’s source water monitoring network rarely found
source water chemical contaminant levels above Ontario drinking water quality standards (ODWQS), and
never found source water radiological contaminant levels above ODWQS. From 2005 — 2014, the percentage
of treated water test results that exceeded ODWQS was consistently low.

Overall, over 95% of the total human population living in the Great Lakes States of Illinois, Indiana, Michi-
gan, Minnesota, New York, Ohio, Pennsylvania and Wisconsin are served by compliant water supply systems
that met health-based drinking water quality standards for years 2012, 2013 and 2014. The trend is “un-
changing” with no significant increase or decrease in treated drinking water quality based on calculated indi-
ces of 98.6%0 (2012), 97.4% (2013) and 97.8% (2014) for the Great Lakes States.

Lake-by-Lake Assessment
Individual lake basin assessments were not prepared for this report.

Sub-Indicator Purpose

The purposes of this sub-indicator are to:
e Assess chemical, microbial and radiological contaminant levels in drinking water;
e Evaluate the potential for human exposure to drinking water contaminants; and,
o Evaluate the efficacy of policies and technologies to ensure safe drinking water.

Ecosystem Objective

Treated drinking water supplies should be free from harmful chemical, microbial and radiological contaminants and
be safe to drink.

This sub-indicator best supports work towards General Objective #1 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “be a source of safe, high-quality drinking water.

Ecological Condition

Even good quality source water requires treatment to make it safe to drink. To lower the risk of source water con-
tamination reaching consumers’ taps, and to keep drinking water treatment costs as low as possible, continual efforts
should be made to decrease microbial, chemical and radiological contamination of source water.

Ontario

The Ontario Ministry of the Environment and Climate Change provided the data for the Canadian component of this
report. The Ministry’s Drinking Water Surveillance Program (DWSP) provided source water data and the Ministry’s
Drinking Water Management Division provided treated drinking water data. DWSP is a scientific, voluntary pro-
gram run in partnership with municipalities and First Nations. Drinking Water Management Division has lead re-
sponsibility for program and operational activities related to the protection and provision of safe drinking water in
Ontario, from source to tap. The source water data is from select municipal residential and First Nation drinking
water systems. The treated water data is from all municipal residential drinking water systems, and therefore repre-
sents the vast majority of water consumed by Ontarians; note however that it does not include data from private wa-
ter systems and small non-municipal systems. Both the source water data and the treated water data are from sys-
tems whose sources include not only the Great Lakes, but also inland lakes, rivers and groundwater.

This report compares source water and drinking water sample results to the Ontario Drinking Water Quality Stand-
ards (ODWQS). The ODWQS are Ontario’s human health standards for microbial, chemical and radiological pa-
rameters in treated drinking water.
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Source Water

Good quality source water is an important part of the drinking water safety net. Drinking water sources in the Great
Lakes Basin include the Great Lakes, inland lakes, rivers and groundwater. Potential contaminants of drinking water
sources include microbes, chemicals and radioactive substances. Source water must be treated to make it safe to
drink. Generally, surface water requires more extensive treatment than groundwater.

Table 1 presents source water results from DWSP for thirteen parameters and a radiation screening test. The Ontario
portion of the sub-indicator report compares source water contaminant levels to treated water quality standards.The
first twelve parameters (arsenic to uranium) are chemical parameters. They were chosen because they have occurred
at high concentrations in source water in the U.S. or Canada, or because they represent a class of contaminants (atra-
zine for pesticides and microcystin-LR for algal toxins). The thirteenth parameter, tritium, is a radiological parame-
ter and was included to examine potential impacts from the nuclear power industry. The radiation screening test de-
termined whether any other radiological parameters exceeded ODWQS. Source water monitoring did not include
microbial parameters. In general, microbes account for a significant portion of all occurrences of parameter levels
above ODWQS.

The number of drinking water systems whose source water data is summarized in Table 1 ranged from 118 in 2007
(116 municipal residential systems and 2 First Nations systems) to 109 in 2014 (106 municipal residential systems
and 3 First Nations systems). In the period 2007 — 2014, the only parameters that had source water concentrations
greater than ODWQS were fluoride, lead, selenium, trichloroethene and nitrilotriacetic acid. Whenever high levels
of a given parameter occurred in more than one year, they were always repeat occurrences at the same one or two
drinking water systems. The high concentrations of fluoride, lead, selenium and trichloroethene occurred in ground-
water and the high concentrations of nitrilotriacetic acid occurred in surface water. The high fluoride, lead and sele-
nium concentrations were caused by naturally occurring geologic deposits. In total, from 2007 — 2014, seven drink-
ing water systems (6% of systems) had occurrences of source water concentrations greater than ODWQS. There are
no atrazine results for 2012 — 2014 because DWSP did not monitor pesticides in that period.

In summary, the percentage of drinking water systems with source water chemical concentrations greater than
ODWQS was low in the period 2007-2014. No radiological parameters were found at levels above ODWQS. Ontar-
i0’s source water quality is good.

Treated Water

Figure 1 presents treated water test results for the period 2004 — 2014. Results are from all of Ontario’s municipal
residential drinking water systems. The number of municipal residential systems in Ontario ranged from 729 in 2004
to 665 in 2014, due mainly to amalgamation of systems. Since 2005-06, the percentage of tests meeting ODWQS
has remained steady in the range 99.83% - 99.88%. Ontario’s treated drinking water quality is good.

Table 2 presents a breakdown by parameter type of the percentage of test results from municipal residential sys-
tems meeting ODWQS. The percentage of tests that met standards was higher for microbial parameters than for
chemical parameters. All radiological tests met standards. Disinfection byproducts are included in the chemical pa-
rameter category. A significant percentage of the chemical parameter exceedances of ODWQS (disinfection by-
products for example) were caused by water treatment, and are not a reflection of the ecological health of source
water.

United States
The information provided by the United States for this report focuses on finished, or treated, drinking water. In the
United States, the Safe Drinking Water Act Reauthorization of 1996 requires all drinking water utilities to provide
yearly water quality information to their consumers. To satisfy this obligation, U.S. water utilities produce an annual
Consumer Confidence/Water Quality Report (CC/WQR). These reports provide information regarding source water
type (i.e., surface water, groundwater); the availability of source water assessments; and, a brief summary of drink-
ing water systems’ susceptibility to:

e Potential sources of contamination;

e The water treatment process;

e Contaminants detected in finished drinking water;

e Violations that occurred; and,

e  Other relevant information.
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Records of the number and type of health-based violations are also recorded in the nationwide U.S. EPA Safe Drink-
ing Water Information System (SDWIS). Health-based violations in the U.S. include violations of: a Maximum
Contaminant Level (MCL) (the highest level of a contaminant that is allowed in drinking water); a Maximum Re-
sidual Disinfectant Level (MRDL) (the highest level of a disinfectant allowed in drinking water); and, Treatment
Technique (TT) (a required process intended to reduce the level of contaminants in drinking water). (SOGL 2011
Report, Drinking Water Quality, Pg. 235)

In 2012, the total human population living in Great Lakes Basin counties in the States of Illinois, Indiana, Michigan,
Minnesota, New York, Ohio, Pennsylvania and Wisconsin was 26,857,596 and was served by a total of 4,292 water
supply systems. It is important to note that not everyone living in a boarder county in which the Great Lakes Basin
boundary goes through gets Great Lakes water, therefore, these population numbers are not representative of the
number of people who draw their drinking water from the Great Lakes.

97.1% of the total population had drinking water meeting all applicable health-based drinking water quality stand-
ards with 94.2% of the water supply systems in compliance with drinking water quality regulations.

The overall treated drinking water index was 98.6%.

The range of calculated indices for treated drinking water quality was 95.9% (Wisconsin) and 99.4% (Indiana). The
overall calculated index of 98.6% corresponds to a status of “Good” because at least 95% of person months for all
health-based standards for drinking water were met for 2012.

Similarly in 2013, the total human population living in the Great Lakes Basin counties of the eight Great Lakes
States was 26,319,447 and was served by a total of 4,238 water supply systems. 95.7% of the total population had
drinking water meeting all health-based drinking water quality standards with 94% of the water supply systems in
compliance with drinking water quality regulations.

The range of calculated indices was between 93.9% (lllinois) and 99.8% (Minnesota and Pennsylvania) for 2013.
The overall treated drinking water index of 97.4%, calculated in “person-month violations” relative to “person-
months” with no violations, corresponds to a status of “Good” for 2013.

In 2014, the total human population living in the Great Lakes Basin counties of the eight Great Lakes States is
26,672,882 and is served by a total of 4,148 water supply systems. 95.4% of the total population had drinking water
that met all health-based drinking water quality standards with 93.8% of the water supply systems in compliance
with drinking water regulations.

The range of calculated indices was between 94% (Ohio) and 99.8% (Pennsylvania) for 2014. The overall calculated
index is 97.8% with a status of “Good” for treated drinking water quality in Great Lakes States in 2014.

Figure 2 shows overall person-months minus the sum of person-month violations/overall person months. Figure 3
shows the average % that community drinking water systems and population did not have any health based viola-
tions in U.S. Great Lakes counties.

Conversely, Figure 4 is a comparative breakdown by Great Lakes States of the total number of human population
impacted by drinking water quality exceedances in Great Lakes states in 2012, 2013, and 2014. On average, 255 or
6% of the total water supply systems in the Great Lakes states incurred health-based system violations that are
caused by exceedances in either chemical, microbiological, radiological, disinfection-by-products, and treatment
technique parameters in years 2012, 2013, and 2014. Figure 5 is a percentage breakdown by type of drinking water
quality exceedances resulting in water supply system violations for years 2012, 2013 and 2014 in Great Lakes
States.

Linkages

Following is a brief discussion of other Great Lakes sub-indicators that can influence drinking water quality. In gen-
eral, the quality of treated drinking water can be linked with other sub-indicators and may be negatively impacted by
the demands of an ever increasing human population.

The Groundwater Quality sub-indicator is important because many municipalities obtain their drinking water from
groundwater. Water Quality in Tributaries is important because some municipalities use tributaries as their drinking
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water source and because tributaries are the main route by which contaminants reach the Great Lakes. Related to this
sub-indicator are the sub-indicators Precipitation Amounts in the Great Lakes Basin, Watershed Stressors, Forest
Cover, Land Cover and Tributary Flashiness because these sub-indicators influence the potential for contaminants to
wash into tributaries and to reach drinking water intakes in tributaries and in the Great Lakes. Harmful Algal
Blooms can cause algal toxin contamination of drinking water sources, and by extension the related sub-indicators
of Nutrients in Lakes and Surface Water Temperature are important to drinking water quality. Atmospheric Deposi-
tion of Toxic Chemicals and Toxic Chemical Concentrations (Open Water) can influence toxics concentrations at
drinking water intakes.

This sub-indicator also links directly to the other human health related sub-indicators including Beach Advisories
and Contaminants in Edible Fish.

Comments from the Author(s)

It would be beneficial for both the United States and Canada to continue efforts in arriving at an agreed-upon and
standardized methodology in assessing drinking water quality in the Great Lakes for comparability of metrics.
Assessment of drinking water quality status and trend is the same as previous reporting.

Assessing Data Quality (Ontario)

Strongly Neutral or Strongly Not

Data Characteristics Agree Disagree
Agree g Unknown g

1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization

2. Data are traceable to original sources

3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin

5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Assessing Data Quality (U.S.)

Strongl Neutral or . Strongl Not
gy Agree Disagree gy

Data Characteristics
Agree Unknown

1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization

2. Data are traceable to original sources

3. The source of the data is a known,

reliable and respected generator of data X
4. Geographic coverage and scale of data X
are appropriate to the Great Lakes Basin
5. Data obtained from sources within the
U.S. are comparable to those from X

Canada
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6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Clarifying Notes:
* = U.S. EPA is aware of inaccuracies and underreporting of some data in the U.S. EPA Safe Drinking Water Information System.
U.S. EPA is working with the states to improve the quality of the data.
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2007 2008 2009 2010 2011 2012 2013 2014
Arsenic 100% 100% 100% 100% 100% 100% 100% 100%
Atrazine 100% 100% 100% 100% 100%
Barium 100% 100% 100% 100% 100% 100% 100% 100%
Fluoride 99% 99% 99% 99% 99% 99% 99% 99%
Lead 99% 99% 100% 100% 99% 100% 100% 100%
Microcystin-LR 100% 100% 100% 100% 100% 100% 100% 100%
Nitrilotriacetic acid 100% 98% 100% 100% 100% 100% 100% 100%
Nitrate 100% 100% 100% 100% 100% 100% 100% 100%
Nitrite 100% 100% 100% 100% 100% 100% 100% 100%
Selenium 99% 99% 99% 99% 99% 99% 99% 99%
Trichloroethene 97% 99% 98% 98% 98% 98% 98% 99%
Uranium 100% 100% 100% 100% 100% 100% 100% 100%
Tritium 100% 100% 100% 100% 100% 100% 100% 100%
Other radiological 100% 100% 100% 100% 100% 100% 100% 100%

Table 1. Percentage of drinking water systems where DWSP source water results for select parameters met Ontario
Drinking Water Quality Standards.

Source: Ontario Ministry of the Environment and Climate Change, Drinking Water Information Management
System

Parameter

Type 2010-11 2011-12 2012-13 2013-14
Microbial 99.90% 99.89% 99.90% 99.85%
Chemical 99.67% 99.69% 99.76% 99.68%
Radiological 100.00% 100.00% 100.00% 100.00%
Total 99.87% 99.87% 99.88% 99.83%

Table 2. Breakdown by parameter type and year of the percentage of drinking water test results from municipal
residential systems meeting Ontario Drinking Water Quality Standards.

Sources:

Ontario Ministry of the Environment and Climate Change, Chief Drinking Water Inspector Annual Report, 2013 —
2014, https://archive.org/details/annualreport201200onta22405 201508

Ontario Ministry of the Environment and Climate Change, Chief Drinking Water Inspector Annual Report, 2012 —
2013, https://archive.org/details/annualreport2012000nta22405
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Figure 1. Trend in percentage of treated drinking water tests meeting Ontario Drinking Water Quality Standards,

for municipal residential drinking water systems.

Sources:

Ontario Ministry of the Environment and Climate Change, Chief Drinking Water Inspector Annual Report, 2013 —
2014, https://archive.org/details/annualreport2012000nta22405_201508

Ontario Ministry of the Environment and Climate Change, Chief Drinking Water Inspector Annual Report, 2010 —
2011, https://archive.org/details/annualreport201000snsn21683
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Figure 2. Overall person-months minus the sum of person-month violations/overall person months
Source: U.S. EPA Safe Drinking Water Information System
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Figure 3. Average % community drinking water systems and population that did not have any health based
violations in U.S. Great Lakes counties.
Source: U.S. EPA Safe Drinking Water Information System
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Figure 4. Comparative breakdown of total number of human population living in Great Lakes States impacted by
drinking water quality exceedances in 2012, 2013 and 2014.
Source: U.S. EPA Safe Drinking Water Information System
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Figure 5. Percentage of health based exceedances caused by chemical, microbiological, radiological, disinfection
by-products and treatment technique parameters.
Source: U.S. EPA Safe Drinking Water Information System
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Beaches
Status: Fair to Good Trend: Unchanging

Great Lakes beaches are enjoyed by millions of
residents and tourists each year and contribute
significantly to local economies; however, some
beaches are closed at times due to bacterial
contamination caused by overflow of sewage
treatment systems, stormwater runoff and other
sources.

Assessment High"ghts runoff from the land after a heavy rainfall, improperly
The overall status of Beaches is Fair to Good and the trend working septic systems, and even large flocks of gulls.
is Unchanging since 2011. The Beaches indicator shows

that many monitored beaches in the Great Lakes are safe

for swimming and recreational use throughout most of U.S. Great Lakes Beaches: Percent of

the swimming season. Season Open By Lake

The U.S. and Canada use different bacterial standards 0%

or criteria to determine when a beach is unsafe for L

swimming or other recreational activities. The Ontario §§ o

standards are more stringent and therefore Ontario often g5 oo

has more beach health advisories issued. Approximately §: o

1,000 beaches along the Great Lakes shoreline are §& st

monitored for the fecal bacteria indicator E. coli each year. | 2 iﬂl l

Over the 2011 to 2014 time period, the percentage of °%‘3 s g[gl%‘g‘a‘s[g g‘g‘s‘s@ H\ 5[5z \H EEEEEE
days that monitored Canadian Great Lakes beaches met Lake Superior Lake Michigan Lake Horn Lake Erie LakeOnww
Ontario bacterial standards for swimming averaged 78%. [ 100% 0% - <100% [ 50% - <80% M<50%

The U.S. Great Lakes beaches monitored during this same

time period were open and safe for swimming 96% of the
time on average. However, the status of Lake Erie beaches
in Canada and the U.S. has deteriorated from the previous
2008 to 2010 reporting period. Sources of E. coli for all of
the Great Lakes can include wastewater treatment plants,

Sub-Indicators Supporting the Indicator Assessment

Sub-Indicator Lake Superior | Lake Michigan Lake Huron Lake Erie Lake Ontario
Beach Advisories

o [ G000 RO ONGEENED
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Sub-Indicator: Beach Advisories

Overall Assessment

Status: Fair-Good

Trend: Unchanging

Rationale: The percentage of days that monitored U.S. Great Lakes beaches that were open and safe for
swimming during 2011-2014 is an average of 96% of the swimming season. The trend shows slightly deterio-
rating conditions from 97% in 2008-2010. The percentage of days that monitored Canadian Great Lakes
beaches met Ontario bacterial standards for swimming during the 2011--2014 period is an average of 78%.
Differences in the percentage of open and posted beaches between the U.S. and Canada may reflect differing
posting criteria.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Unchanging

Rationale: During 2011 through 2014, the percentage of days that U.S. Lake Superior monitored beaches were open
and safe for swimming is an average of 98% of the swimming season. The trend shows slightly deteriorating condi-
tions from 99% in 2008-2010. Efforts to identify and remediate sources of contamination continue to be conducted
at Lake Superior beaches. In Canada, during 2011 through 2014, the percentage of days that monitored Lake Supe-
rior beaches were open and safe for swimming is an average of 89% of the swimming season. The trend shows
slightly improving conditions, from 88% in 2008-2010.

Lake Michigan

Status: Good

Trend: Unchanging

Rationale: During 2011 through 2014, on average, the percentage of days that Lake Michigan monitored beaches
were open and safe for swimming is an average of 97% of the swimming season. The trend shows unchanging con-
ditions from 97% in 2008-2010. Efforts to identify and remediate sources of contamination continue to be conduct-
ed at Lake Michigan beaches.

Lake Huron

Status: Good

Trend: Unchanging

Rationale: During 2011 through 2014, the percentage of days that U.S. monitored Lake Huron beaches were open
and safe for swimming is an average of 99% of the swimming season. The trend shows unchanging conditions from
99% in 2008-2010. Efforts to identify and remediate sources of contamination continue to be conducted at Lake
Huron beaches. In Canada, during 2011 through 2014, the percentage of days that monitored Lake Huron beaches
were open and safe for swimming is an average of 82% of the swimming season. The trend appears to be slightly
deteriorating from 83% in 2008-2010.

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: During 2011 through 2014, the percentage of days that U.S. monitored Lake Erie beaches that were open
and safe for swimming is an average of 75% of the swimming season. The trend shows deteriorating conditions
from 85% in 2008-2010. Efforts continue to be conducted to identify and remediate sources of contamination at
Lake Erie beaches. In Canada, during 2010 through 2014, the percentage of days that Lake Erie monitored beaches
were open and safe for swimming is an average of 69% of the swimming season. The trend appears to be deterio-
rating from 78% in 2008-2010.
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Lake Ontario

Status: Fair-Good

Trend: Unchanging

Rationale: During 2011 through 2014, the percentage of days that U.S. monitored Lake Ontario beaches were open
and safe for swimming is an average of 94% of the swimming season. The trend shows slightly improving condi-
tions from 93% in 2008-2010. Efforts continue to be conducted to identify and remediate sources of contamination
at Lake Ontario beaches. In Canada, during 2011 through 2014, the percentage of days that Lake Ontario monitored
beaches were open and safe for swimming is an average of 77% of the swimming season. The trend appears to be
improving from 75% in 2008 — 2010.

Sub-Indicator Purpose
e To assess the number of days that Great Lakes beaches are open and safe for swimming by assessing the
health-
related swimming posting (advisories or closings) days for recreational areas (beaches).
e To infer potential harm from pathogens to human health through body contact with nearshore recreational
waters.

Ecosystem Obijective

Waters should be safe for recreational use. Waters used for recreational activities involving body contact should be
substantially free from pathogens, including bacteria, parasites, and viruses, that may harm human health. This indi-
cator supports Annexes 1 and 2 of the GLWQA (2012).

Ecological Condition
Measure

Please note that for consistency, all results from 1999-2006 for Great Lakes beaches have been recalculated and re-
assessed based on the new beach sub-indicator reporting method presented in the last 2011 report. Beach advisories
are now calculated based on the number of days a monitored beach is open and safe for swimming during the sum-
mer season rather than assessing the percentage of monitored and non-monitored beaches that are open 95% of the
swimming season. Only those beaches that are monitored by beach safety programs are included in the analysis. It
should also be noted that the statistics have changed from the 2011 State of the Great Lakes report due to the new
reporting methods used in this report, i.e. previous reports may have shown a higher percentage of beaches that were
open for swimming and meeting bacterial standards.

The measure is the percentage of days in the beach season that monitored Great Lakes beaches are open and safe for
swimming. For example, a sentence stating “93% of beaches were open and safe for swimming” does not indicate
that the beaches were open 93 days of the season; it indicates that the beaches were, on average, open and safe for
swimming 104 days out of the 112 days in the swimming season (i.e. 93%). The beach season is generally from the
Memorial Day/Victoria Day weekend to Labor Day; however, some health units/counties vary so all beach days that
are reported on by counties and health units will be used.

Endpoint

For each Canadian lake basin, the status will be considered GOOD if 80% or more of the beach season for moni-
tored Great Lakes beaches are open and safe for swimming. If only 70-79.9% of beaches are open and safe for
swimming during the Canadian beach season, then the status will be considered FAIR; if less than 70% of beaches
are open and safe for swimming during the Canadian beach season, then the status will be considered POOR.

For each U.S. lake basin, the status will be considered good if 90% or more of the monitored Great Lakes beaches
are open and safe for swimming. If only 80 — 89% of beaches are open and safe for swimming, then the status will
be considered FAIR; if less than 80% of beaches are open and safe for swimming, then the status will be considered
POOR.
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Background

Beach monitoring is conducted primarily to detect bacteria that indicate the possible presence of disease-causing
microbes (pathogens) from fecal pollution. People swimming in water contaminated with pathogens can contract
diseases of the gastrointestinal tract, eyes, ears, skin, and upper respiratory tract. WWhen monitoring results reveal
elevated levels of indicator bacteria, the state or local government/health units issue a beach advisory or closure no-
tice until further sampling shows that the water quality is meeting the applicable water quality standards.

A health-related advisory day is one that is based upon elevated levels of E. coli, or other indicator organisms, as
reported by county health departments (U.S.), Boards of Health (Ontario), or municipal health departments in the
Great Lakes Basin.  E. coli, Enterococci, and other microorganisms are measured in beach water samples because
they act as indicators for the potential presence of pathogens which could harm human health through body contact
with nearshore recreational waters.

The Ontario provincial standard is 100 E. coli colony forming units (cfu) per 100 mL, based on the geometric mean
(GM) of a minimum of one sample per week from each of at least 5 sampling sites per beach (Recreational Water
Protocol, 2014). The Beach Management Protocol states that beaches of 1000 meters of length or greater require one
sampling site per 200 meters, with a minimum of 5 samples taken at each site (Beach Management Guidance Doc-
ument, 2014). In some cases local Health Units in Ontario have implemented a more frequent sampling procedure
than is outlined by the provincial government. When E. coli levels exceed the standard, beach waters are posted as
unsafe for the health of bathers until further sampling shows that the water quality is meeting the applicable water
quality standards. The average swimming season in Ontario begins at the end of May and continues until the first
weekend in September, but some health units may have a longer or shorter season than the norm. The difference in
the swimming season length, the number of beaches sampled each season, as well as the frequency of sampling are
all factors that may skew the final result of the percent of beaches open and safe for swimming throughout the sea-
son.

In the U.S., the U.S. Environmental Protection Agency (U.S. EPA) suggests the use of a Beach Action Value (BAV)
to make beach advisory or closure decisions. Any single sample above the BAV could trigger a beach notification
until another sample below the BAV is collected. U.S. EPA’s recommended BAVs are outlined in U.S. EPA’s Rec-
reational Water Quality Criteria (RWQC) which were revised in December, 2012, in accordance with the Beaches
Environmental Assessment and Coastal Health (BEACH) Act. The revised criteria reflect the latest scientific
knowledge and are designed to protect the public from exposure to harmful levels of pathogens while participating
in water-contact activities.

U.S. EPA’s revised RWQC correspond to two different illness rates that states must select and apply at their inland
and coastal recreation waters. U.S. EPA suggests that a state’s chosen criterion illness rate be used to determine the
corresponding BAV. Based on an estimated illness rate of 36 per 1,000 primary contact recreators, EPA recom-
mends a BAV of 235 E. coli cfu per 100 mL or 70 Enterococci cfu per 100 mL. Based on an estimated illness rate
of 32 per 1,000 primary contact recreators, EPA recommends a BAV of 190 E. coli cfu per 100 mL or 60 Entero-
cocci cfu per 100 mL (U.S. EPA Recreational Water Quality Criteria 2012). The State of Michigan uses 130 E. coli
cfu per 100 mL as a 30-day GM, and a maximum of 300 E. coli cfu per 100 mL based on the GM of three or more
samples taken during the same sampling event at representative locations within a defined sampling area, to make
beach notification decisions.

U.S. EPA is authorized by the BEACH Act to award grants to coastal and Great Lakes states, territories and eligible
tribes to help local authorities monitor their coastal and Great Lakes beaches and notify the public of water quality
conditions that may be unsafe for swimming. Great Lakes beach managers are able to regularly monitor beach wa-
ter quality and advise bathers of potential risks to human health when water quality standards for bacteria are ex-
ceeded. When levels of fecal indicator bacteria exceed a state’s BAV, swimming at beaches is prohibited or adviso-
ries are issued to inform beachgoers that swimming may be unsafe. The swimming season starts Memorial Day
weekend and ends on Labor Day. The U.S. EPA provides publicly-accessible data about beach closings and adviso-
ries for U.S. coastal beaches at its Beach Advisory and Closing On-line Notification (BEACON) system at:
http://www2.epa.gov/waterdata/beacon-20-beach-advisory-and-closing-online-notification (U.S. EPA BEACON).
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Status of Great Lakes Beach Advisories

Since the last reporting period, the percentage of U.S. Great Lakes beaches open and safe for swimming has deterio-
rated slightly (Figure 1). Overall, the percentage of monitored Great Lakes beaches that were open and safe for
swimming during 2011-2014 was an average of 96% (percent of beach days open and not under an action). The
trend appears to be slightly deteriorating from 97% in 2008-2010.

The percentage of U.S. beaches open the entire swimming season (100% of the time) during 2011 to 2014 was 64%
(Figure 3). This shows a deteriorating trend from 70% in 2008-2010. The percentage of U.S. Great Lakes beaches
open 80% or more of the swimming season during 2011-2014 was 92% overall. This shows a slightly deteriorating
trend from 94% during the 2008 — 2010 reporting cycle.

The percentage of Lake Superior U.S. beaches open the entire (100%) swimming season from 2011-2014 was 73%
(Figure 5). This shows a decreasing trend from 83% in 2008-2010. The percentage of U.S. Lake Superior beaches
open 80% or more of the swimming season during 2011-2014 was 97% overall. This shows a slightly deteriorating
trend from 99% during the 2008 — 2010 reporting cycle.

The percentage of Lake Michigan beaches open the entire (100%) swimming season from 2011-2014 was 64%
(Figure 7). This shows a decreasing trend from 70% in 2008-2010. The percentage of Lake Michigan beaches open
80% or more of the swimming season during 2011-2014 was 96% overall. This shows an unchanging trend from
96% during the 2008-2010 reporting cycle.

The percentage of Lake Huron U.S. beaches open the entire (100%) swimming season from 2011-2014 was 83%
(Figure 8). This shows a decreasing trend from 86% in 2008-2010. The percentage of U.S. Lake Huron beaches
open 80% or more of the swimming season during 2011-2014 was 99% overall. This shows a slightly improving
trend from 98% during the 2008 — 2010 reporting cycle.

The percentage of Lake Erie U.S. beaches open the entire (100%) swimming season from 2011-2014 was 9% (Fig-
ure 10). This shows a deteriorating trend from 14% in 2008-2010. The percentage of U.S. Lake Erie beaches open
80% or more of the swimming season during 2011-2014 was 50% overall. This shows a deteriorating trend from
68% during the 2008 — 2010 reporting cycle.

The percentage of Lake Ontario U.S. beaches open the entire (100%) swimming season from 2011-2014 was 61%
(Figure 12). This shows an improving trend from 53% in 2008-2010. The percentage of U.S. Lake Ontario beaches
open 80% or more of the swimming season during 2011-2014 was 90% overall. This shows an improving trend
from 86% during the 2008 — 2010 reporting cycle.

The percentage of days that monitored Canadian Great Lakes beaches met bacterial standards for swimming during
the 2011--2014 period is an average of 78%. The trend appears to be slightly deteriorating from 79% in 2008-2010
(Figure 2). This analysis is based on the number of days within a swimming season that beaches are open and safe to
swim. Note that this report focuses on the actual number of days that a beach is open AND safe to swim, so results
are slightly different than the overall health unit reports. Due to a delay in receiving results from beach water sam-
pling, beaches are sometimes not posted by health units on days that a beach would actually be unsafe to swim at.
Since the E .coli geometric data is viewed after the season is complete, this report focuses on those beach days in a
swimming season that are actually safe to swim over the entire swimming season. The target for this sub-indicator
report for each lake basin, and for the entire Great Lakes Basin, is that the aggregate of monitored beaches will meet
bacteria standards for swimming 95% or greater of the available beach days in the U.S. and 80% or greater of the
available beach days in Canada.This distinction better reflects the difference in standards for issuing beach adviso-
ries/posting between the U.S. and Canada. The number of days that each beach was open and safe to swim at was
calculated based on this standard to provide a consistent analysis with the past State of the Great Lakes (previously
known as SOLEC) report. All data prior to 2008 has been recalculated and reassessed based on the Ontario Public
Health standards used in this report to provide consistency. The original data set included only those beaches moni-
tored throughout the beach season; therefore there has been no change in the type of reporting for Canadian beaches.
All Canadian health units with beaches residing on the Great Lakes provided their 2011-2014 beach data for this
report.
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The percentage of all Canadian beaches open the entire (100%) swimming season from 2011-2014 was 26% (Figure
4). This shows a slightly improving trend from 25% in 2008-2010. The percentage of Canadian Great Lakes beach-
es open 80% or more of the swimming season during 2011-2014 was 58% overall. This shows a deteriorating trend
from 61% during the 2008 — 2010 reporting cycle. Note that beach posting data from 3 health units was missing in
the 2008-2011 analysis for the 2011 SOLEC report, but has now been added to the overall database, which could
reflect different statistics from the prior 2011 report.

The percentage of Lake Superior Canadian beaches open the entire (100%) swimming season from 2011-2014 was
51% (Figure 6). This shows a decreasing trend from 56% in 2008-2010. The percentage of Canadian Lake Superior
beaches open 80% or more of the swimming season during 2011-2014 was 76% overall. This shows a slightly dete-
riorating trend from 77% during the 2008 — 2010 reporting cycle. The number of beaches monitored in along Lake
Superior on the Canadian side has been reduced in 2013 and 2014 which may be part of the reason for deteriorating
beach conditions.

The percentage of Lake Huron Canadian beaches open the entire (100%) swimming season from 2011-2014 was
36% (Figure 9). This shows an improving trend from 32% in 2008-2010. The percentage of Canadian Lake Huron
beaches open 80% or more of the swimming season during 2011-2014 was 65% overall. This shows a deteriorating
trend from 71% during the 2008 — 2010 reporting cycle.

The percentage of Lake Erie Canadian beaches open the entire (100%) swimming season from 2011-2014 was 9%
(Figure 11). This shows a deteriorating trend from 20% in 2008-2010. The percentage of Canadian Lake Erie
beaches open 80% or more of the swimming season during 2011-2014 was 36% overall. This shows a deteriorating
trend from 59% during the 2008 — 2010 reporting cycle.

The percentage of Lake Ontario Canadian beaches open the entire (100%) swimming season from 2011-2014 was
17% (Figure 13). This shows an improving trend from 13% in 2008-2010. The percentage of Canadian Lake Ontar-
io beaches open 80% or more of the swimming season during 2011-2014 was 56% overall. This shows an improv-
ing trend from 48% during the 2008 — 2010 reporting cycle.

Annual variability in weather, the number of beaches monitored, and the length of the swimming season may affect
the variability in days open and safe to swim during each swimming season. Comparisons of the frequency of beach
postings between Canada and the U.S. will be limited due to the use of different water quality criteria in the Great
Lakes.

Linkages

Beach postings may be the result of pressures including bacterial loadings from tributaries and extreme precipitation
events. Improved wastewater treatment in response to these pressures may reduce the number of beach postings.
Implementation of best management practices and green infrastructure to reduce the volume of storm water runoff
may also decrease the number of beach advisories.

Currently, it is difficult to report on beach advisories as they related to Harmful Algal Blooms (HABS). It is quite
expensive to test for toxic cyanobacteria. Some health units are noting that a bloom is present while testing for E.
coli; however, without specialized tests, it would be difficult to determine if the algae is toxic. Beach adviso-
ries/closures as a result of HABs/algal blooms may be a future component of this report but for this sub-indicator it
will track the percentage of days that beaches are open and safe for swimming during the beach season based on E.
coli levels.

Comments from the Author(s)

Annual variability in the data may result from the variability in monitoring frequencies among beach management
entities and variations in reporting, and may not be solely attributable to actual increases or decreases in levels of
bacterial indicators. In addition, annual variability of weather may affect the variability in bacterial counts.

Additional point and non-point source pollution at coastal areas due to population growth and increased land use
may result in additional beach postings, particularly during wet weather conditions. Unless contaminant sources are
reduced or removed (or new sources introduced), Great Lakes beach sample results generally contain similar bacte-
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ria levels after events with similar meteorological conditions (primarily wind direction and the volume and duration
of rainfall). If episodes of poor recreational water quality can be associated with specific events (such as meteoro-
logical events of a certain threshold), then forecasting for episodes of elevated bacterial counts may become more
accurate.

Recent genomics research from Dr. Tom Edge at Environment Canada may also become an increasingly important
technique in the beach analysis area. Ongoing research with the Genomics Research and Development Initiative
(GRDI) has found genomic techniques which can be used to discover new DNA markers for bacteria found in the
gut of seagulls (Environment Canada, 2015). This is a promising cost-effective and targeted solution to measure
seagull fecal contamination in water samples in the near future and then better target the sources of E. coli in the
Great Lakes.

There may be new indicators and new detection methods available through current research efforts occurring
binationally in both public and private sectors and academia. Although currently a concern in recreational waters,
viruses and parasites are difficult to isolate and quantify, and feasible measurement techniques have yet to be im-
plemented. Although considered reliable indicators of potential harm to human health, the presence of E. coli and/or
Enterococcus may not necessarily be related to fecal contamination.

New rapid detection methods are beginning to be used at several Great Lakes locations to provide the public with
real time beach water quality information. The City of Racine Health Department is using the rapid quantitative
Polymerase Chain Reaction (qPCR) method for E. coli at North Beach, along with the 18 hour culture method
(Colilert), to validate the method. Racine was the first entity in the Great Lakes to use the rapid g°PCR method for E.
coli. The Wilmette, Illinois Water Utility and Milwaukee, Wisconsin Health Department have also done some cul-
ture/gPCR comparative testing for E. coli at some of their beaches. Various entities in Michigan are also beginning
to use the rapid gPCR method for E. coli along with Colilert. EPA’s Office of Research and Development in Cin-
cinnati, Ohio has assisted Michigan Department of Environmental Quality (MDEQ) by providing training to multi-
ple health departments in the state. Although this approach is feasible for beach water quality monitoring, it is very
expensive.

This sub-indicator was updated in 2015 to more closely reflect the impacts to human health. Non-monitored beach-
es will no longer be included in the measure for this sub-indicator as they had been in the U.S. prior to 2011. Non-
monitored beaches were originally entered into U.S. databases as open and safe for swimming for 100% of the
beach season because the lack of monitoring resulted in no postings. This assumption that non-monitored beaches
were always safe for swimming may have resulted in an overstatement of the safety of Great Lakes beaches in
SOLEC reports prior to 2011.

Assessing Data Quality

Strongly Neutral or Strongly Not

Data Characteristics Agree Disagree ] .
Agree g Unknown g Disagree | Applicable

1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization

2. Data are traceable to original sources

3. The source of the data is a known,

reliable and respected generator of data X

4. Geographic coverage and scale of data X

are appropriate to the Great Lakes Basin

5. Data obtained from sources within the

U.S. are comparable to those from X

Canada
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6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Clarifying Notes:
Although data obtained from the U.S. and Canada are comparable in terms of quality of data from the source (#5), the data is NOT
comparable in terms of actual beach postings since each country uses different posting criteria.
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Figure 1. Overview of U.S. beaches open and safe to swim during the swimming season 2000-2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 2. Overview of beach days that Canadian monitored Great Lakes beaches are open and safe for swimming
from 2006-2014.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Figure 3. Overview of beach days that U.S. beaches were open and safe to swim between 2000-2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 4. Overview of beach days that Canadian beaches were open and safe to swim between 2006—2014 within
each lake basin swimming season.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Figure 5. Overview of Lake Superior U.S. beach days where beaches were open and safe to swim during the swim-
ming season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 6. Overview of Lake Superior Canadian beach days where beaches were open and safe to swim during the
swimming season between 2005 — 2014 *Insufficient data prior to 2005.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Figure 7. Overview of Lake Michigan beach days where beaches were open and safe to swim during the swimming
season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 8. Overview of Lake Huron U.S. beach days where beaches were open and safe to swim during the swim-
ming season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 9. Overview of Lake Huron Canadian beach days where beaches were open and safe to swim during the
swimming season between 1999 — 2014.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Figure 10. Overview of Lake Erie U.S. beach days where beaches were open and safe to swim during the swimming
season between 2000 — 2014,

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 11. Overview of Lake Erie Canadian beach days where beaches were open and safe to swim during the
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swimming season between 1999 — 2014.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Figure 12. Overview of Lake Ontario U.S. beach days where beaches were open and safe to swim during the
swimming season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.

Figure 13. Overview of Lake Ontario Canadian beach days where beaches were open and safe to swim during the

swimming season between 1999 — 2014.
Last Updated

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
State of the Great Lakes 2017 Technical Report
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Figure 1. Percentage of beach days that U.S. monitored Great Lakes beaches are open and safe for swimming from
2000-2014.

Green represents the percentage of beaches that were open 100% of the swimming season; blue represents the per-
centage of beaches that were open between 80-<100%% of the swimming season; yellow represents the percentage
of beaches that were open 50-<80% of the swimming season; and red represents the percentage of beaches that were
open less than 50% of the swimming season.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 2. Overview of Canadian beach days where beaches were open and safe to swim between 2006 — 2014 with-
in each lake basin swimming season.

Green represents the percentage of beaches that were open 100% of the swimming season; blue represents the per-
centage of beaches that were open between 80-<100% of the swimming season; yellow represents the percentage of
beaches that were open 50-<80% of the swimming season; and red represents the percentage of beaches that were
open less than 50% of the swimming season.

For example, in 2014, in Lake Ontario, 11% of monitored beaches were open 100% of the swimming season, which
is approximately 7 monitored beaches.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in infor-
mation source section), 2015.
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Figure 3. Percentage of beach days that U.S. monitored Great Lakes beaches are open and safe for swimming from
2000-2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 4. Percentage of beach days that Canadian monitored Great Lakes beaches are open and safe for swimming

from 2006-2014.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in infor-

mation source section), 2015.
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Figure 5. Overview of Lake Superior U.S. beach days where beaches were open and safe to swim during the swim-
ming season between 2000 — 2014,

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 6. Overview of Lake Superior Canadian beach days where beaches were open and safe to swim during the
swimming season between 2005 — 2014 *Insufficient data prior to 2005.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.
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Figure 7. Overview of Lake Michigan beach days where beaches were open and safe to swim during the swimming
season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 8. Overview of Lake Huron U.S. beach days where beaches were open and safe to swim during the swim-
ming season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 9. Overview of Lake Huron Canadian beach days where beaches were open and safe to swim during the

swimming season between 1999 — 2014.
Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in

information source section), 2015.
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Figure 10. Overview of Lake Erie U.S. beach days where beaches were open and safe to swim during the swim-
ming season between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 11. Overview of Lake Erie Canadian beach days where beaches were open and safe to swim during the
swimming season between 1999 — 2014.

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.
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Figure 12. Overview of Lake Ontario U.S. beach days where beaches were open and safe during the swimming sea-
son between 2000 — 2014.

Source: Data collected from U.S. states and reported to U.S. EPA’s Beach Advisory and Closing On-Line Notifica-
tion (BEACON) system.
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Figure 13. Overview of Lake Ontario Canadian beach days where beaches were open and safe during the swimming
season between 1999 — 2014,

Source: Data collected from Ontario Health Units located along the Great Lakes (see Health Units listed in
information source section), 2015.

Page 43



Fish Consumption
Trend: Unchaging

Status: Fair

The Great Lakes support commercial,
recreational and subsistence fisheries;
however; some chemicals present in the
Great Lakes, including PCBs, mercury and
dioxins, accumulate in fish tissues and
may reach concentrations which could
harm human health.

The 2012 Great Lakes Water Quality Agreement states that “the Waters of the Great Lakes should allow for human
consumption of fish and wildlife unrestricted by concerns due to harmful pollutants”

Assessment Highlights

The Fish Consumption indicator reveals that in all the

Great Lakes contaminants in edible portions of fish have
declined over time. However, in Lakes Erie and Huron, recent
concentrations of PCBs and mercury are stable or slightly
increasing. The status of contaminants in edible portions of
fish is assessed as Fair and the trend is Unchanging since last
reported in 2011.

Contaminants causing consumption restrictions of Great
Lakes fish typically include PCBs, mercury, and dioxins.
PCBs drive the majority of fish consumption advice in

both the U.S. and Canada. PCB levels in edible portions

of fish tissue have decreased by 90% in some cases, but
are still above consumption benchmarks. Mercury levels
have generally declined over the last four decades and,
depending on the fish species and lake, are lower than most
fish consumption advisory benchmarks. However, in Lakes
Erie and Huron, PCBs and mercury have remained stable
or are slightly increasing. Non-legacy contaminants, such
as Perfluorooctanesulfonic acid or PFOS (a stain repellent),
continue to be a monitoring priority and will be included
in future State of the Great Lakes reporting as necessary.
Additional stressors such as warming waters and invasive

species will likely continue to complicate the cycling of
contaminants in the Great Lakes and may impact the levels
of contaminants in fish.

PCB:s in Edible Fish Tissue Have Declined
But Are Still Above Guidelines
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Sub-Indicator: Contaminants in Edible Fish

Overall Assessment

Status: Fair

Trend: Unchanging

Rationale: Concentrations of major contaminants responsible for fish consumption advisories (PCB and Hg)
in the edible portions of Great Lakes fish are generally either decreasing or have been stable in recent years.
PCB:s are responsible for the majority of fish consumption advice in all of the Great Lakes. PCB levels appear
to have declined in Lakes Ontario and Michigan fish in recent years; however, they appear to be stable in
Lake Huron and Lake Superior fish, and slightly increasing in Lake Erie fish. Overall, PCB levels in edible
portion of Great Lakes fish have declined substantially (more than 90%o in some cases) since its ban in the
late 1970s. However, their current levels are still above certain advisory benchmarks. A slowdown in declines
and oscillating pattern in temporal trends of fish contaminant levels are normal and further decreases in PCB
levels in coming years can be expected. Depending on fish species and lake, mercury levels are declining, sta-
ble or weakly increasing; however, they are lower than most fish consumption advisory benchmarks and do
not appear to be of major concern. Recent levels of any other legacy contaminant or known contaminants of
emerging concern typically do not result in restrictions on fish consumption. Other stressors, such as invasive
species, can alter food web structure and contaminant dynamics by recycling historically deposited contami-
nants which may affect future fish contaminant trends. The overall status and trend for this indicator is a
mix of both short and longer time scales. The status is assessed through a comparison of current concentra-
tions to an advice category while the trend is assessed by the long term data set and the statistical significance
of that trend.

Lake-by-Lake Assessment

Lake Superior

Status: Fair

Trend: Unchanging

Rationale: There have been substantial improvements in PCB and mercury levels in Lake Superior fish over time;
however, the levels appear to be stable in the recent years. Toxaphene is still present in some Lake Superior fish,
albeit cause only a few, minor restrictions (between 1 and 4 meals per month). About 41.5% of the advisories for
the Canadian waters of the Great Lakes are still restrictive (<8 meals per month) (OMOECC 2015).

Lake Michigan

Status: Fair

Trend: Improving

Rationale: Historically, PCB levels in fish from Lake Michigan were the worst among the Great Lakes. However,
substantial declines over time have resulted in levels close or near to the other lakes in more recent years. Both
PCBs and mercury appear to be mostly declining and continue to be the contaminants most responsible for driving
fish consumption advisories.

Lake Huron

Status: Fair

Trend: Unchanging

Rationale: Lake Huron fish experienced declines in both PCBs and mercury during the 1970s and 1980s; however,
levels of mercury and, to a certain extent, PCBs appear to be stable since that time. Disturbances in the food web
structure of Lake Huron due to invasive species may have contributed to the slower declines in the recent years.
About 42% of the advisories for the Canadian waters of the Great Lakes are still restrictive (<8 meals per month)
(OMOECC 2015).

Lake Erie

Status: Fair

Trend: Deteriorating

Rationale: Concentrations of PCBs and mercury have been historically lower in Lake Erie fish compared to the
other Great Lakes. However, there appears to be slightly increasing trends, specifically for mercury and PCBs,
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which have been confirmed through detailed statistical analyses of the monitoring data (Bhavsar et al. 2010, Azim et
al. 2011, French et al. 2011, Sadraddini et al. 2011). Alteration of the Lake Erie food web by invasive species, such
as dreissenid mussels and round goby, has likely impacted the contaminant levels in Lake Erie fish. About 60% of
the advisories for the Canadian waters of the Great Lakes are still restrictive (< 8 meals per month) (OMOECC
2015).

Lake Ontario

Status: Fair

Trend: Improving

Rationale: Similarly to Lake Michigan, PCB levels in fish from Lake Ontario were historically among the worst in
the Great Lakes. However, substantial declines over time have resulted in almost similar or, in some cases, lower
levels compared to the other lakes in the recent times. Both PCBs and mercury appear to be mostly declining.
About 58.4% of the advisories for the Canadian waters of the Great Lakes are still restrictive (< 8 meals per month)
(OMOECC 2015).

Sub-Indicator Purpose

e  The purpose of this sub-indicator is to assess levels of compounds that pose a risk to human health and in-
fer the potential harm through the consumption of Great Lakes fish. Special emphasis will be paid to com-
pounds that are incorporated into fish consumption advisories such as persistent, bioaccumulative, and tox-
ic (PBT) compounds including mercury and polychlorinated biphenyls (PCBs) in fillets of Great Lakes
fish.

Ecosystem Objective
Fish in the Great Lakes ecosystem should be safe to eat. Consumption should not be limited by contaminants origi-
nated from human activities.

This sub-indicator best supports work towards General Objective #3 of the 2012 Great Lakes Water Quality Agree-
ment (GLWQA) which states that the waters of the Great Lakes should “allow for human consumption of fish and
wildlife unrestricted by concerns due to harmful pollutants”

History and Background

Both the U.S. and Canadian agencies monitor contaminants in edible portions of Great Lakes fish to provide advice
on safe consumption. This sub-indicator assesses the status of the ecosystem by comparing contaminant concentra-
tions in fish to levels that result in consumption advice. The outcome is then used to relate the ecosystem status to
General Objective #3 of the GLWQA.

Fish contaminant monitoring data included in this assessment include those produced annually by Ontario’s Fish
Contaminant Monitoring Program, individual State monitoring programs, and results of the 2010 Great Lakes Hu-
man Health Fish Tissue Study. In 2009, U.S. EPA’s Great Lakes National Program Office’s Great Lakes Fish Mon-
itoring and Surveillance Program eliminated the edible fish analysis portion of its program, refocused its efforts on
identifying emerging contaminants in whole fish, and therefore, could not contribute new data to this sub-indicator.
The analysis for this sub-indicator was limited to fish species that are of interest for human consumption as well as
are good indicators of contaminants of concern (i.e., PCB and mercury). Five selected fish species were Lake Trout,
Walleye, Lake Whitefish, Coho Salmon, and Chinook Salmon. Fish contaminant levels can be influenced by age,
and thereby size, of fish. To prepare spatial and temporal trends, narrow size ranges of 55-65 cm for Lake Trout,
Coho Salmon and Chinook Salmon, and 45-55 cm for Walleye and Lake Whitefish were considered. Samples in-
cluded in the analysis for this sub-indicator were selected to provide the widest temporal and spatial scale for results.
This broad scale approach was accomplished by soliciting data generated by the Province of Ontario, the 8 Great
Lakes State monitoring programs, and U.S. EPA’s 2010 Great Lakes Human Health Fish Fillet Tissue Study.

Ontario’s Fish Contaminant Monitoring Program
Ontario started monitoring contaminants in fish in the late 1960s. Ontario’s Fish Contaminant Monitoring Program

was formally established in 1976, and the first fish consumption advisories were issued in 1977. Staff from the On-
tario Ministry of Natural Resources and Forestry and Ministry of the Environment and Climate Change collect the
fish, which are then analyzed by the Ministry of the Environment and Climate Change for a variety of substances,
including mercury, PCBs, mirex, DDT, dioxins, and contaminants of emerging concern (e.g., polybrominated di-
phenyl ethers (PBDEs), perfluoroalkyl acids (PFAAs)). The results are used to develop the Guide to Eating Ontario
Fish, which give size-specific consumption advice for each species and location tested. The 2015-2016 edition of the
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Guide to Eating Ontario Fish gives advice to anglers, subsistence fishers and their families, and First Nations and

Métis communities in determining which fish species and what size caught from Ontario water bodies can be con-
sumed to minimize exposure to toxins. The Guide compiles information for more than 2,300 locations around the

Province of Ontario, including about 60 regions covering the Canadian waters of the Great Lakes.

Great Lakes Human Health Fish Tissue Study
U.S. EPA’s Office of Water, Great Lakes National Program Office, and Office of Research and Development are

collaborating to conduct the Great Lakes Human Health Fish Tissue Study. The Great Lakes Human Health Fish
Tissue Study was initiated in 2010 under the Agency’s National Coastal Condition Assessment (NCCA), and it is
the first statistically based study of fish contamination in the Great Lakes. Fish samples were collected from 157
randomly selected sites throughout the five Great Lakes, and fillet tissue samples were analyzed for mercury, PCBs,
PBDEs, and PFAAs. The fillet samples were also analyzed for omega-3 fatty acids. Results for PFAAs were pub-
lished in 2014. Other results are expected to be reported in 2016. This study is being repeated, beginning in 2015.

Great Lakes Consortium for Fish Consumption Advisories

The Great Lakes Consortium for Fish Consumption Advisories (Consortium) is a collaboration of fish advisory pro-
gram managers from government health, water quality, and fisheries agencies in the eight U.S. states bordering the
Great Lakes. The purpose of the Consortium is to share information about contaminants found in fish of the Great
Lakes region, evaluate human health effects of those contaminants, and develop protocols and methods for deter-
mining fish consumption advice and communications. The Consortium has its roots in a taskforce formed in the
early 1980s. Consortium membership is fluid but typically includes representatives from the eight U.S. states bor-
dering the Great Lakes - Indiana, Illinois, Michigan, Minnesota, New York, Ohio, Pennsylvania and Wisconsin. The
following goals for fish consumption advisories guide the continuing work of the Consortium: (1) use credible and
understandable science; (2) minimize the potential for toxic contaminant exposure; (3) maintain the health benefit of
fish consumption; and (4) present the information in a manner that will result in voluntary compliance. Member
states provided contaminant concentration data for this sub-indicator.

Measure

Since the 1970s, there have been declines in the levels of many PBT contaminants in the Great Lakes basin due to
bans on their use and/or production and restrictions on emissions. However, because of their ability to bioaccumu-
late and persist in the environment, PBT contaminants continue to be a significant concern. Historically, elevated
levels of a variety of contaminants including PCB, mercury, dioxins/furans, mirex and toxaphene have restricted
consumption of Great Lakes fish. However, concentrations of many PBTs, including toxaphene and mirex, have
declined to levels that they can be eliminated from regular monitoring to prioritize resources for other purposes such
as monitoring contaminants of emerging concern or CECs (Gandhi et. al 2014, 2015). Monitoring of CECs, such as
perfluoroalkyl acids (PFAAs) and polybrominated diphenyl ethers (PBDEs), continues to be a priority for Provin-
cial, State, and Tribal programs as concentrations and toxicity of these compounds continue to be assessed for inclu-
sion into advice. At this time, however, risks due to the identified CECs do not exceed those from PCBs and mercu-
ry. For this assessment, PFAAs were considered, but PBDEs were omitted because fish consumption is not consid-
ered the primary route of exposure at present, their levels appear to have declined in fish fillets by 46—74% between
2006/07 and 2012, and although they will remain in-use in existing consumer items for a while, their accumulation
in fish will not be substantial (Gandhi et al. 2017a, Lorber 2008).

Ecological Condition

PCB

Level of total PCB in fish ranged from a few hundred to thousands of nano grams per gram (ng/g) during the 1970s
(Figure 1). In many cases, these historical levels were higher than the advisory benchmark of about 2000 ng/g (Ta-
ble 1). PCBs were banned during the late 1970s, which spurred declines in their environmental levels. PCB con-
centrations have declined substantially over the four decades in all of the Great Lakes (Figure 1). The declines var-
ied by fish type and lake, but were as much as >90% in many cases. Recent PCB levels in selected sizes of fish from
the five Great Lakes are <500 ng/g.

Scientific studies conducted between the 1980s and 2000s highlighted greater toxicity of PCBs, which resulted in
lower advisory benchmarks over time. At present, the advisory benchmarks for severe restriction on fish consump-
tion (i.e., not more than 1-2 meals per month) are about 200 ng/g, an order of magnitude lower. As such, despite
substantial declines in the fish PCB levels, PCBs continue to be of concern for health of humans consuming the
Great Lakes fish.

Page 47



STATE OF THE GREAT LAKES 2017

Although PCBs appear to be declining in many cases, especially for Lakes Ontario and Michigan where fish PCB
levels were historically the highest, in Lakes Erie, Huron and Superior, either a stable or slightly increasing trend is
emerging. Although a greater variability and slower declines at lower levels are typical and other stressors (e.g.,
invasive species, climate change) may be contributing to the stable/increasing trends, no substantial declines in PCB
for Lakes Erie, Huron and Superior since the late 1980s are worrisome.

Mercury
Mercury concentrations in fish historically exceeded fish consumption advisory benchmarks more frequently (Fig-

ure 2). The levels have generally declined over the last four decades, and the concentrations in the selected sizes of
fish from the five Great Lakes are now below 0.2-0.3 pg/g (Figure 2). These levels would allow at least 4-8 meals
per month consumption for the sensitive population (Table 1).

Walleye can be considered among the best indicator species for mercury. The monitoring data show that the mercu-
ry levels continue to decline in Lakes Ontario, Michigan and Superior. However, similar to PCB, the levels appear
to be stable or slightly increasing for Lakes Erie and Huron. A stabilizing trend for mercury in Lake Superior fish is
also evident from the monitoring data collected for Lake Trout and Chinook Salmon.

PFAAs

Emerging contaminants, such as perfluoroalkyl acids (PFAAs), in edible portion of Great Lakes fish continue to be a
priority for monitoring and surveillance for the Great Lakes States and the Province of Ontario. Minnesota is inves-
tigating the sources of perfluoroalkyl acids in Minnesota fish, and has site-specific advice for where fish have been
tested for elevated perfluorooctane sulfonic acid (PFOS). Similarly, elevated levels of PFOS were found in fish at
five Ontario locations, for which site-specific advice has been issued. A recent publication on PFAAs from the Na-
tional Coastal Conditions Assessment and the National Rivers and Streams Assessment identified that PFOS was the
most dominant PFAA found in their samples and that Maximum PFOS concentrations were 127 and 80 ng/g in ur-
ban river samples and Great Lakes samples, respectively (Stahl, et al. 2014). However, concentrations of PFOS in
common Great Lakes fish species do not result in advisories that would be more restrictive compared to those due to
PCBs or mercury (Gandhi et al. 2017b). For this reason, a detailed assessment was not conducted for PFAAs this
year, but shall be considered in the future reports as necessary.

Toxaphene
Recent research into the levels of toxaphene in Great Lakes fish have resulted in the recommendation that routine

monitoring of toxaphene be discontinued (Gandhi et. al. 2014). At present, for the Canadian waters of the Great
Lakes, toxaphene causes minor (7%) restrictions only for Lake Superior fish. However, the hazard posed by toxa-
phene might have been masked by the presence of more dominant contaminants that drive advisories, such as PCBs
and mercury. A study conducted by OMOECC simulated advisories that excluded the presence of other contami-
nants and focused only on toxaphene. The result of this study found that advisories became more restrictive in only
a small percentage of Lakes Superior, Huron, and Ontario samples and not at all for Lake Erie (Gandhi et al. 2014).
Lake Michigan was not included in this OMOECC study. The results of this research identified that toxaphene is
less of a concern than the dominant contaminants that drive consumption advice, such as PCBs and mercury, from
the perspective of health risk to humans through fish consumption. For this reason, toxaphene will no longer be
reported in this sub-indicator.

Mirex

Mirex has been traditionally a concern for only Lake Ontario fish due to historical discharges from large-scale man-
ufacturing to Lake Ontario via the Niagara and Oswego Rivers. Long-term monitoring data gathered by the Province
of Ontario show that the majority of measurements for mirex and photomirex in fish were below detection in all
lakes except Lake Ontario, and that the concentrations in Lake Ontario decreased by approximately 90% between
1975 and 2010 (Gandhi et al. 2015). The decreasing trends and current levels of mirex suggest that routine monitor-
ing for this chemical be replaced with periodic surveillance (Gandhi et al. 2015). The half-lives of mirex and pho-
tomirex have decreased in recent years indicating an expedited recovery, possibly in response to remedial actions.
Gandhi et al. (2015) predicts that within 15 years, mirex and photomirex levels in Lake Ontario fish will allow for
consumption of at least 8§ meals per month, and that the presence of other chemicals, such as PCBs and mercury, are
a greater contributor to the current advice. For this reason, mirex will no longer be reported in this sub-indicator.

Omega-3 Fatty Acids
Omega-3 Information, Research, and Future work
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Fish contain beneficial nutrients such as Omega-3 fatty acids, high quality lean protein, minerals and vitamins.
Omega-3 fatty acids have been identified as important for development of the young brain, lowering the risk of Alz-
heimer disease, decelerating the aging of the brain and more. It is important to consider both the risk of contami-
nants and the benefits of fatty acids when choosing fish for consumption. Contaminants of concern are generally
greater in older fish and Omega-3 fatty acids are highest in cold water species. One can gain the most benefit while
minimizing the risk by consuming a variety of smaller cold-water fish and by following the appropriate consumption
advisory.

Omega-3 fatty acids are polyunsaturated fatty acids (PUFA) with three nutritionally important fats: a-linolenic acid
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). Humans are unable to synthesize Omega-3
fatty acids in the body, but can obtain them through diet. ALA is generally found in plant oils, while EPA and DHA
are commonly found in fish oils and seaweed and phytoplankton. Benefits of consuming Omega-3 fatty acids in-
clude improved cognitive ability and cardiovascular health. However, the benefit of Omega-3 fatty acids through
the consumption of Great Lakes fish may not outweigh the risk of exposure to toxic chemicals, such as mercury and
PCBs. Research regarding the risk and benefit relationship of consuming fish is ongoing. Researchers are attempt-
ing to add to this body of knowledge through 1) generation of fatty acid data for Great Lakes fish species, currently
a significant gap, 2) comparing those fatty acid levels to contaminant concentrations, and 3) ultimately incorporating
into fish consumption advice (Neff et. al. 2014, Turyk et. al 2012, Williams et. al 2014).

In more recent years, State and Provincial governments responsible for issuing consumption advice have shifted
their attention towards both the risks and benefits of consuming Great Lakes fish when setting advisories. At pre-
sent, this is achieved qualitatively by assessing both the contaminant burden of fish and their levels of fatty acids.
While more monitoring data are needed to understand the levels of fatty acids in Great Lakes fish, there are evidenc-
es that Great Lakes fish can be a good source of beneficial long chain polyunsaturated fatty acids. For example,
recent assessments by U.S. EPA’s Office of Science and Technology, and the Province of Ontario indicate that con-
centrations of EPA and DHA in common species from the Great Lakes increase with fish length (Figure 3). This is
supported by a recent assessment of 13 Wisconsin sport fish which found that fish length was positively correlated
with total fatty acid for all of the fish assessed but that the correlation was not positive for any individual species
(Williams et. al. 2014). Additionally, the study showed that of the species assessed, salmonids generally contained
the highest total fatty acids while percids and centrarchids contained the lowest concentrations, and that diet was a
better predictor of fatty acid concentration than taxonomic family (Williams et al. 2014).

EPA and DHA content is generally higher in fatty, large fish; however, these fish also typically contain greater lev-
els of PCBs (Neff et al. 2014a). Limited data have indicated that EPA and DHA content in Lake Erie fish are com-
parable to some commercially-sourced fish and shellfish such as Yellowfin Tuna, shrimp, Pacific Cod, halibut, lob-
ster and scallops (Neff et al. 2014a). Based on concurrent measurements of contaminants and fatty acids, it was con-
cluded that consumption of certain Lake Erie fish within the limits of the fish advisories can be a good supplemental
source of PUFA (Neff et al. 2014a). Further, cooking generally has little effect on Omega-3 fatty acid content of
fish (Neff et al. 2014b). As such, cooking fish on a grill to let fat and associated organic contaminants such as PCB
drip away is a good approach to enhance benefits over risk of eating Great Lakes fish. More comprehensive fatty
acid and contaminant data are needed to provide consumption advice that not only considers the risk of consuming
Great Lakes fish, but also the benefits.

Future reporting of this sub-indicator will continue to focus on beneficial compounds, such as fatty acids in species
of fish most consumed by Great Lakes citizens and may allow for comparison of risks and benefits of fish consump-
tion and tracking of concentrations of these compounds over time. As noted in the Guide to Eating Ontario Fish
2015-2016, “it is clear that fish consumption can present both benefits and risks. So the real question is: do the bene-
fits of eating fish outweigh the risks to our health? Well, it depends. This is because various factors such as the con-
taminant of concern, its level in fish, and the levels of various nutrients (e.g., Omega-3 fats, vitamins) in fish vary
widely from one fish species and size to another, and are location-specific. Although scientific studies have begun to
evaluate the health benefits against the risks of eating contaminated fish, our understanding is still very limited due
to differences in the benefits of various nutrients and health risks from different contaminants. This makes it chal-
lenging to compare benefits and risks in every case. Because of the current limitations, the advice in this guide con-
tinues to be based only on contaminant risk...” (from http://www.ontario.ca/environment-and-energy/guide-eating-
ontario-fish). Future reports would continue to show the change in contaminant levels in fish and may also show the
benefit of consuming Great Lakes fish resulting in a more comprehensive assessment of “fish-ability.”
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Linkages

Sources of chemical contaminants, and their cycling through the ecosystem, vary among the lakes. Therefore, it is
important to have an understanding of how contaminants arrive to the Great Lakes and ultimately into fish species
through diet, in addition to the presence of contaminants and their potential harm. This sub-indicator can easily be
linked to all the other sub-indicators in the Toxic Chemicals indicator.

Comments from the Author(s)

At present, PCBs, mercury, and chlordane are the only PBT chemicals that have uniform fish advisory protocols
across the U.S. Great Lakes Basin. The U.S. Great Lakes Sport Fish Advisory Task Force is currently drafting addi-
tional uniform PBT advisories in order to limit confusing the public that can result from issuing varying advisories
for the same species of fish across the basin.

There are differences in the way fish samples are analyzed for contaminants and consumption advisories are devel-
oped in the U.S. and Canada. This means that the data and advisories cannot be directly compared between the two
countries. For this sub-indicator, more consistent data generated by the Province of Ontario for fish from the Cana-
dian waters of the Great Lakes (1 provincial agency versus 8 states) were mostly utilized for Lakes Ontario, Erie,
Huron and Superior, while data generated by the U.S. agencies were utilized for Lake Michigan. Since large bodied
fish considered in this assessment have large home ranges and likely move across the border, utilization of only On-
tario data for Lakes Superior, Huron, Erie and Ontario should not be a major concern. A comparison of the recent
contaminant levels to the corresponding advisory benchmarks has been provided by considering similarities in the
benchmarks used by the agencies on both sides of the border.

An increased focus on emerging contaminants is occurring in monitoring programs in the U.S. and Canada. While
U.S. EPA’s Great Lakes National Program Office no longer collects or analyzes sport fish fillets, the Office has in-
stituted an Emerging Contaminants Surveillance Program in whole fish that looks to identify the presence or ab-
sence of emerging contaminants of interest and will inform State monitoring and advisory programs. The first year
of this program was in 2011, and results are being shared through various outlets, including State of the Great Lakes
reporting (previously known as SOLEC), as they are received.

The Ontario Ministry of the Environment and Climate Change continues to monitor contaminants of long term con-
cern such as PCBs, dioxins/furans, mercury and organochlorine pesticides. During the last decade, the Province has
started analyzing some contaminants of emerging concern for the Great Lakes environment such as polybrominated
diphenylethers (PBDEs), perfluoroalkyl acids (PFAAs) and polychlorinated naphthalene (PCN5) in selected fish
samples.

It should be noted that the analysis presented in this sub-indicator report is cursory and a more in-depth data analysis
of the monitoring data is recommended to draw a firm conclusion on contaminant trends. Monitoring data for the
connecting channels of the Great Lakes were not considered as fish captured from the channels could be migratory
and the data may not reflect the local conditions.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St.rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data X
4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin X
5. Data obtained from sources within the
U.S. are comparable to those from X

Canada
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6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report
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*Sport Fish Advisory Consortium Protocol
**Ontario Ministry of the Environment and Climate Change

422-.844

PCB (ug/g) Hg (ug/g)
Meals per month
Sensitive*|Sensitive**| General**| Sensitive* | Sensitive**| General**
32 <.026 <026 <0.06 <0.15
0<=.05
16 0-.05 .026-.053 | .026-.053 0.06-0.12 | 0.15-0.3
12 J053-.070 | .053-.070 0.12-0.16 0.3-0.4
8 .070-,105 | .070-.105 |>0.05<=.11} 0.16-0.25 0.4-0.6
4 06-.2 .105-.211 | 105-.211] .0.11<= 22| 0.25-0.5 0.6-1.2
2 .211-.422 1.2-1.8
1 >.22<=0.195

Table 1. Consumption limits set by the Guide to Eating Ontario Sport Fish (based on Health Canada TDIs) and the
Sport Fish Advisory Taskforce. Source: Ontario Ministry of the Environment and Climate change and Great Lakes
Sport Fish Advisory Task Force (PCB Protocol 1993, Mercury Protocol 2007
* Women of childbearing age and children under 15
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Figure 1. Total PCB concentrations (ng/g) in five species from the Great Lakes. Lake Michigan measurements

were for skin-on fillets, while skin-removed fillets for the other lakes.
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Dashed red lines represent an estimated bi-

Source: Ontario Ministry of the Environment and Climate Change and U.S. Environmental Protection Agency.
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Toxic Chemicals

Status: Fair Trend: Unchanging to Improving

Some toxic chemicals in the Great Lakes have
declined substantially over the past 40 years. While
significant progress has been made, the Great Lakes
are still experiencing concentrations of some toxic
chemicals, such as PCBs, that pose a threat to human
health and the environment.




Toxic Chemicals

Assessment Highlights

The Toxic Chemicals indicator shows that nearly all older

and regulated or banned chemicals, generally referred to as
legacy contaminants and include Polychlorinated Biphenyls
(PCBs) and mercury, have decreased over the past 40 years.
In general, non-legacy compounds, such as Polybrominated
Diphenylethers (PBDEs), have shown slow declines in recent
years, although some replacements for these compounds
are increasing in the environment. Overall, the status of Toxic
Chemicals is Fair and the trend is Unchanging to Improving.

In the offshore waters of the Great Lakes, the long-term
trends for many contaminants, such as PCBs and PBDEs,
show declines to lower levels and little or no change in the
more recent trend, although concentrations are higher in the
lower lakes. There are however, occasional exceedances of
water quality objectives and criteria for PCBs.

Contaminant levels in Great Lakes whole fish and Herring
Gull eggs have decreased significantly since the 1970s.
Although declines are being seen, concentrations of
some compounds, like PCBs and PBDEs, may still exceed
environmental quality guidelines or objectives. Localized

PCBs in Whole Fish are Decreasing PCBs in Air are Decreasing PBDEs are Higher in
Lakes Erie and Ontario
12 ]

areas of highly contaminated sediment in Areas of Concern
(AOCs) and hazardous waste sites may continue to act

as sources of these and other contaminants to the lakes.
Residual sources of PCBs remain in the Great Lakes Basin
and throughout the world. PCBs and other chemicals can
be carried by air currents from within and outside the basin
to the Great Lakes; therefore, atmospheric deposition will
remain a significant source of PCBs and other contaminants
for decades into the future.

The Toxic Chemicals indicator includes data from several
long-term monitoring programs. These programs have been
tracking a wide variety of chemicals including mercury,
PCBs and PBDEs in the environment for years, and in some
cases, decades. The number of substances being monitored
is increasing and evolving, thereby improving our base of
knowledge to lead to more robust assessments; including
chemicals such as current-use pesticides, pharmaceuticals
and personal care products.

Refer to the State of the Great Lakes 2017 Technical Report
for chemicals monitored in the Great Lakes.
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Sub-Indicators Supporting the Indicator Assessment

Sub-Indicator Lake Superior
Toxic Chemical Concentrations

Toxic Chemicals in Sediments

Toxic Chemicals in Great Lakes Whole
Fish

Toxic Chemicals in Great Lakes
Herring Gull Eggs

Unchanging

Atmospheric Deposition of Toxic
Chemicals

Lake Michigan

*Improving || Unchanging | Unchanging | Unchanging
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Unchanging
Improving Improving
Improving Unchanging Unchanging Improving

Great Lakes Basin assessment is Fair and Improving

Lake Huron Lake Erie Lake Ontario

No lake was assessed separately

Status:
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Sub-Indicator: Toxic Chemical Concentrations
Open water

Overall Assessment

Status: Good

Trend: Unchanging

Rationale: Legacy contaminants that are persistent, bioaccumulative and/or toxic have decreased in Great
Lakes waters. The long-term trends for many legacy contaminants including mercury show declines to lower
levels and little or no change in the more recent record. Occasional exceedances of water quality objectives
are observed for total PCBs. The number of compounds being monitored is increasing, thereby improving
our base of knowledge.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Improving

Rationale: In general, the status of Lake Superior is good, but has the highest concentrations of certain compounds
such as a-HCH, g-chlordane, lindane and toxaphene which accumulate in the cold, deep waters of Lake Superior,
and once present, are slow to disappear due to their persistence and the long water residence time. These compounds
are showing declining concentrations over the long term but no change in recent years. Other compounds are show-
ing no trends, and there are no statistically significant increasing trends for any monitored compounds. Lake Superi-
or shows among the lowest concentrations for a suite of new compounds, including perfluorinated surfactants and
brominated flame retardants.

Lake Michigan

Status: Good

Trend: Unchanging

Rationale: Fewer data are available for Lake Michigan because Environment and Climate Change Canada has only
conducted three campaigns on this lake. The data indicate unchanging conditions for many compounds (declining
for dieldrin) and no exceedances of available water quality guidelines are observed. Additional data for a suite of
compounds is being made available by the U.S. EPA and will be included in future State of the Great Lakes (previ-
ously known as SOLEC) sub-indicator reports.

Lake Huron

Status: Good

Trend: Unchanging

Rationale: Lake Huron has some of the lowest concentrations of many contaminants due to few sources and it is less
subject to atmospheric deposition and retention of persistent compounds due to its geographical location. Some evi-
dence of increasing PAHs is observed in Georgian Bay, although concentrations are low and no guidelines are ex-
ceeded at the monitored locations. Mercury and several important legacy organochlorines are showing declining
trends.

Lake Erie

Status: Fair

Trend: Unchanging

Rationale: Lake Erie displays relatively high concentrations of certain legacy organochlorines and industrial by-
products due to its location downstream of historic sources. Some PAHs are also highest in Lake Erie. Current use
pesticides are in general highest in Lake Erie and in its monitored tributaries. In the most recent surveys, no exceed-
ances of available water quality guidelines were observed. Observed variability is highest in Lake Erie for most
monitored parameters and few trends are discernible. A significant decline in total mercury is noted in the eastern
basin only.

Page 59



STATE OF THE GREAT LAKES 2017

Lake Ontario

Status: Fair

Trend: Unchanging

Rationale: Due to its position downstream of the other Great Lakes and in a highly populated region, relatively high
concentrations of some contaminants such as PAHs are observed in Lake Ontario. Other compounds indicative of
consumer product sources (e.g., PBDEs, perfluorinated compounds) are also highest here. An increase in total PAHs
and some industrial compounds is observed. Several organochlorines are declining, as they are in the other Great
Lakes.

Sub-Indicator Purpose

The purpose of this sub-indicator is to assess the concentration of toxic chemicals in Great Lakes waters; to infer the
potential for impairment to the quality of the waters of the Great Lakes by harmful pollutants; to infer progress to-
ward virtual elimination of chemicals of mutual concern; to inform the risk assessment of toxic chemicals and the
development of risk management strategies; to inform the development of environmental quality guidelines; and to
report on environmental response (i.e., progress) toward the achievement of targets identified in action plans and
risk management strategies for toxic chemicals in the Great Lakes Basin.

Ecosystem Objective

This sub-indicator best supports work towards General Objective #4 of the 2012 Great Lakes Water Quality Agree-
ment (GLWQA) which states that the Waters of the Great Lakes should “be free from pollutants in quantities or
concentrations that could be harmful to human health, wildlife, or aquatic organisms, through direct exposure or
indirect exposure through the food chain.”

Ecological Condition

Measure

This sub-indicator assesses the current status of toxic chemicals and will track whether concentrations are decreas-
ing, staying the same, or increasing in Great Lakes waters over time. The chemicals of interest include toxic chemi-
cals of current and future concern. The monitoring data will be used to assess the progress and effectiveness of pol-
lution prevention and control measures for chemicals of mutual concern as identified in Annex 3 of the GLWQA.
The monitoring data will also be used.to inform the selection of additional compounds of mutual concern under An-
nex 3. The sub-indicator will primarily report offshore data because these are the focus for monitoring trends; the
status for this sub-indicator will consider the nearshore for those areas where the information is available (see data
limitations section).

A suite of compounds is monitored on the CSMI rotation schedule (i.e., once every five years). The number of sta-
tions sampled varies by lake. In Canada, additional sampling is conducted for compounds that are not bioaccumula-
tive at stations located within the Great Lakes as well as high risk watersheds from which tributaries may convey
sources of toxic chemicals to the Great Lakes.

Endpoints

The target or endpoint for this sub-indicator will have been met when the Waters of the Great Lakes are free from
pollutants in quantities or concentrations that could be harmful to human health, wildlife or aquatic organisms,
through direct exposure or indirect exposure through the food chain. Status will be determined on a case-by-case
basis taking a weight-of-evidence approach in making an expert assessment, including the number of compounds
that are detectable and/or are below water quality guidelines (such as the CCME Water Quality Guidelines for the
Protection of Aquatic Life, GLWQA Specific Objectives and Lake Ecosystem Objectives, or other Great Lakes
agency water quality guidelines, where available) and the relative effect of the compound, if known. Progress will
be determined based on whether trends of the toxic chemicals are positive or negative, the rate of change in the con-
centrations, and by the number of chemicals which are doing so.

Programs and Methods

The status of toxic chemicals in open waters of the Great Lakes is monitored by the Canadian and United States fed-
eral governments. Environment and Climate Change Canada (ECCC) conducts ship-based cruises to collect water
quality samples as part of its Great Lakes Surveillance Program. Since 2004, this has included monitoring for toxic
chemicals using a specialized and improved technique that permits the accurate detection of low concentrations that
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may also be used for the determination of temporal trends. Monitoring is generally conducted during spring cruises
as this timing has been determined to be optimal to establish annual maxima for many legacy compounds (Williams
et al. 2001), although summer concentrations are used to detect maximum concentrations for current-use pesticides.
From 2004 to 2013, monitoring (for contaminants) was conducted on each lake every two or three years. Since
2013, monitoring is coordinated with the Cooperative Science and Monitoring Initiative (CSMI), so that work is
focused on one of the Great Lakes in each year. Monitoring in Lake Michigan over the same time period has been
conducted jointly by the parties and using ECCC techniques. Monitoring for contaminants of emerging concern
(CECs) is now conducted in Lake Michigan by Clarkson University under grant from the U.S. EPA. Additional data
from 18 stations distributed throughout all five of the Great Lakes were collected as part of a binational sampling
effort in 2011 — 2012, using a technique to concentrate very large sample volumes (100-200 L) onto resin columns
(Venier et al. 2014). These data permit the assessment of the status of additional compounds that may not otherwise
be detected in smaller samples.

All major Great Lakes regions (nearshore, offshore and major embayments) are monitored. Due to inherently high
ship and laboratory costs, sample sizes are in general quite small, limiting our ability to assess all nearshore areas.
The status of contaminants in the Great Lakes is performed using all recent data and trends are based on data col-
lected since 2004 because laboratory and field techniques improved greatly at that time. A large suite of parameters
is routinely monitored in the Great Lakes. Table 1 lists the parameters and indicates those that are detected in more
than 10% of samples for each of the lakes.

Organochlorines Pesticides and Industrial Byproducts

Organochlorine pesticides have been banned, restricted or discontinued but many remain ubiquitous in the Great
Lakes. Overall, the most abundant organochlorines present in Great Lakes waters are alpha-HCH, dieldrin and lin-
dane. Concentrations of alpha-HCH and gamma-HCH (Lindane; Figure 1) are highest in Lake Superior and dieldrin
is highest in Lake Michigan although recent data show highest concentrations in the western basin of Lake Erie. Due
to its large surface area, cold water temperature and long retention time, Lake Superior is most susceptible to accu-
mulation of these compounds. All three of these compounds are declining over time. The decreasing trend for lin-
dane is dramatic (Figure 2). The voluntary removal of lindane was announced by the Canola Council of Canada in
1998 (National Round Table on the Environment and the Economy, 2001). In 2006, the U.S. EPA banned the agri-
cultural use of lindane and in 2009 the production and agricultural use of lindane was banned under the Stockholm
Convention. Figure 2 demonstrates that the in-lake concentrations responded to these reductions with declines ob-
served in each of the Great Lakes (statistically significant in lakes Erie and Ontario) since our measurements began
in 2004.

For the industrial byproducts, the most abundant are hexachlorobenzene (HCB) and hexachlorobutadienne (HCBD).
Concentrations are highest in the lower Great Lakes (lakes Erie and Ontario) because sources have historically been
greater in the more industrial regions and these compounds are not as subject to atmospheric transport. Increasing
trends are observed for both compounds in most lakes, although the trends are statistically significant (p<<0.05) only
for HCB in Lake Huron and the east basin of Lake Erie, and for HCBD in Lake Ontario.

Polychlorinated biphenyls (PCBs)

Despite being banned in 1977 in the United States and Canada, PCBs continued to be used and stored. While inven-
tories have been reduced over the past several decades, PCBs continue to be detected throughout the Great Lakes.
Concentrations of total PCBs are observed according to the following spatial trend: Ontario ~ Erie > Huron = Mich-
igan > Superior (p <0.001; Venier et al. 2014). Within each lake, spatial distributions indicate higher concentra-
tions in harbours and nearshore regions compared to offshore waters. The highest individual concentrations are ob-
served in the western basin of Lake Erie and concentrations decrease as waters flow to the central and eastern basin.
PCB concentrations in Lake Michigan waters are higher in Green Bay and near Chicago compared to the offshore.
In Lake Huron, concentrations are highest in Saginaw Bay and offshore concentrations are lower and appear to de-
cline from south to north within the main body of the lake. There is no temporal trend in total PCBs since 2004,
although we know from sediment core data (see Toxic Chemicals in Sediment sub-indicator) and fish tissue data
(see Toxic Chemicals in Great Lakes Whole Fish sub-indicator) that concentrations have declined over the past four
decades. The Ontario Provincial Water Quality Objective of 1 ng/L is used as a benchmark and it has been exceed-
ed in some years in Lake Erie and Hamilton Harbour (Lake Ontario). The most recent data (Venier et al. 2014)
demonstrate the above-noted spatial distribution but no exceedances of the benchmark are observed. There is no
trend in total PCBs since 2004 in Great Lakes waters.
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Polycyclic aromatic hydrocarbons (PAHSs)

The most abundant PAHs observed in Great Lakes waters include naphthalene, phenanthrene, fluoranthene, fluorene
and pyrene. Higher molecular weight PAHs are less frequently detected because they tend to be less soluble in water
and partition instead to sediment. Concentrations of total PAHs (the sum of 17 individual PAH compounds) are
highest in lakes Erie and Ontario, intermediate in lakes Huron and Michigan, and lowest in Lake Superior. This spa-
tial distribution follows the pattern of usage, with more intense industry and urbanization observed in the lower
Great Lakes. Generally stable conditions or increases are observed for PAHs. The sum of the 17 PAHs (i.e., total
PAHs) are unchanged in most lakes although statistically significant increases are observed for Lake Ontario and
Georgian Bay, largely driven by increasing naphthalene and fluorene concentrations. In an urban setting, PAHs were
found to be contributed to Lake Ontario predominantly via tributary loading; therefore, source reductions must ulti-
mately come from non-point sources (Melymuk et al. 2014).

Mercury

Concentrations of total (i.e., whole water) mercury are highest in Lake Erie and significantly lower in offshore wa-
ters of the other Great Lakes (Figure 3). The Canadian Council of Ministers of the Environment (CCME 1999)
guideline for mercury in water (26 ng/L for the protection of aquatic life) has not been exceeded although concentra-
tions in the western basin of Lake Erie in 2009 (mean 13.2 and maximum 18.2 ng/L) approached the guideline.
Higher concentrations of mercury have been noted in Lake Erie previously (Dove et al. 2011), due to the historic
presence of chlor-alkali and other industries in the St. Clair River — Detroit River interconnecting channel.

The overall decline in mercury from historic high levels is supported by long-term measurements in fish and sedi-
ment (for example, see the Toxic Chemicals in Great Lakes Whole Fish and Toxic Chemicals in Sediment sub-
indicator reports). Mercury in water declined significantly between 2003 and 2009 (Dove et al. 2011); however,
since that time, this decline may have slowed or halted (see Figure 4). During this period the lower Great Lakes
(Erie and Ontario) have also recently experienced either flat or weak increasing trends of mercury in fish (Bhavsar et
al. 2010, Toxic Chemicals in Whole Fish sub-indicator report). The increase of mercury in fish, without a concurrent
increase in water, implies that changes in mercury cycling may be occurring in the lower lakes.

In-Use Pesticides

Currently used pesticides have been monitored in the Great Lakes since about 1994 and in high priority tributaries
federally since about 2002, including suites of compounds known as acid herbicides, neutral herbicides and organo-
phosphorus insecticides (Struger et al. 2004). More recently, additional compounds such as glyphosate and carba-
mates are also monitored due to dramatic increases in their usage. Organophosphorus insecticides are rarely ob-
served in offshore waters and this monitoring has been discontinued. The most commonly observed compounds are
atrazine, metolachlor and 2,4-D. In Great Lakes waters, concentrations at the monitored locations have not exceed-
ed CCME guidelines, indicating good status, and no temporal trends are observed. Concentrations of these com-
pounds are highest in the lower Great Lakes (i.e., lakes Erie and Ontario), with maximum concentrations generally
observed in the western basin of Lake Erie (e.g., for glyphosate). In tributaries, concentrations tend to be highest in
agricultural and urban areas, although there has been a marked recent decline in the concentrations of urban pesti-
cides in Ontario streams, primarily due to enhanced pesticide regulation at the provincial level (Todd and Struger
2014). Pesticide concentrations in monitored tributaries indicate occasional (at some sites, routine) exceedance of
guidelines (e.g., 2,4-D, atrazine, metolachlor, chlorpyrifos) and the widespread presence of a longer list of pesticide
compounds (Struger, pers. comm., Struger et al. 2016). The cumulative effect of chronic exposure to pesticide mix-
tures is a gap requiring attention.

Toxaphene

Toxaphene is not routinely monitored but its discussion is merited due to its relevance to the Great Lakes. Toxa-
phene was banned almost 40 years ago, and its use in the Great Lakes Basin was minimal, but atmospheric transport
and deposition, combined with its high persistence and retention in cold environments, has resulted in its presence at
relatively high concentrations in both Great Lakes water (Muir et al. 2006) and fish (Xia et al. 2012). Concentra-
tions of toxaphene are highest in Lake Superior compared to the other lakes, where it is responsible for approximate-
ly 7% of the fish consumption advisories (Ontario Ministry of the Environment and Climate Change, 2015). Toxa-
phene concentrations in all the lakes are declining, with a modeled half-life of 9.2 years in Lake Superior (Xia et al.
2011). Similar rates of decline have been observed in Great Lakes fish (Xia et al. 2012); it may take 30 years for
Lake Superior lake trout tissue concentrations to decline to concentrations observed in the other Great Lakes (Xia et
al. 2011).
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Flame Retardants

Recent work conducted on each of the Great Lakes sampled for polybrominated diphenyl ethers (PBDEs), and other
flame retardants (Venier et al. 2014). The results showed higher concentrations in the lower Great Lakes and the
spatial patterns were consistent with consumer products as a primary source (Figure 5). PBDE congener patterns
reflected the Penta-BDE and Deca-BDE mixtures. Alternative brominated flame retardants were detected, reflecting
the wide usage of these replacement products for the commercial Penta-BDE mixture. Dechlorane Plus and hexa-
bromocyclododecane (HBCCD) concentrations were highest in Lake Ontario, reflecting manufacturing sources and
usage patterns. The ubiquity of flame retardants reflects their widespread usage in commercial products, and it will
remain important to continue risk assessment activities, monitor ambient levels and to track progress if and when the
use of these compounds is regulated.

Additional Compounds of Concern

Additional compounds that are of potential concern including perfluorinated compounds (PFCs; a group of highly
persistent surfactants), bisphenol A (contained in some plastics) and triclosan (an antibacterial agent in consumer
products) are being monitored in the Great Lakes and high risk watersheds as part of the Government of Canada’s
Chemicals Management Plan. Results for PFCs are consistent with patterns of consumer product sources, with high-
er concentrations noted near urban regions (Gewurtz et al. 2013). Information about these compounds is shared
promptly with risk assessment and risk management agencies in order that decision making is based on the most
recently available, best science.

Linkages

Linkages to other sub-indicators in the indicator suite include:

e Toxic Chemicals in Great Lakes Whole Fish — interpretation of status and trends is conducted jointly to
determine the degree of concordance between the information sources — for example to determine if temporal
trends observed in fish are due to water quality changes or due to biological mediation.

e Toxic Chemicals in Sediment — longer-term trends of Great Lakes toxics may be discerned from retrospective
analyses in sediment cores. Trends of high molecular weight PAHs may be more accurately monitored in
sediments; a disadvantage is that it may take a very long time to be able to track progress.

e  Atmospheric Deposition of Toxic Chemicals — water quality data are required for the calculation of fluxes, and
temporal data are required to interpret trends in atmospheric concentrations and changes in deposition rates.

Comments from the Author(s)

The assessment of organic contaminants in water can be challenging given the relatively complex field and laborato-
ry requirements. However, water can provide a stable medium for the assessment of organic contaminants which
otherwise may be more challenging in other media (e.g. for compounds having short residence times in air, those not
bioaccumulating in fish tissue or binding to sediment, or those undergoing transformations or biogeochemical cy-
cling in the environment). The assessment of contaminants in Great Lakes offshore waters is a viable means to de-
termine long-term trends for compounds that are relevant for management and ecosystem health. It is also an im-
portant medium to consider in conjunction with information about contaminants in air, sediment and biological me-
dia.

Several of the environmental quality guidelines that were previously available for legacy organic contaminants have
been withdrawn. The Canadian Council of Ministers of the Environment has withdrawn guidelines for a-HCH and
PCBs in favour of the use of fish and sediment guidelines as these compounds are hydrophobic and/or bioaccumula-
tive. There is therefore a lack of benchmarks against which to gauge the lakes’ status. Despite the dearth of guide-
lines, the assessment of toxic contaminants is important as the current status represents an important means of as-
sessing exposure for biota and the offshore temporal data series provide a means of assessing trends.

The concentrations of many legacy organic contaminants are low in the offshore waters of the Great Lakes, are re-
duced from historical maxima, and are currently changing slowly. The realignment of the monitoring schedule with
the CSMI will result in less frequent data collection for these compounds, and this is warranted. For new compounds
requiring surveillance, and for those requiring more frequent assessment due to more rapid change, the schedule
may not follow the CSMI in order to effect adequate monitoring.
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Assessing Data Quality

Data Characteristics Strongly | Agree | Neutral or | Disagree | Strongly Not
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or X
quality-assured by a recognized agency or
organization
2. Data are traceable to original sources X
3. The source of the data is a known, X

reliable and respected generator of data

4. Geographic coverage and scale of data x
are appropriate to the Great Lakes Basin

5. Data obtained from sources within the X
U.S. are comparable to those from
Canada

6. Uncertainty and variability in the data x
are documented and within acceptable

limits for this sub-indicator report

Clarifying Notes:
The data incorporated here are directly comparable across the Great Lakes; additional U.S. data are currently being
gathered and will be incorporated into future Great Lakes (previously known as SOLEC) sub-indicator reports.
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Table 1. Legacy organic contaminants monitored in Great Lakes surface water for Environment and Climate
Change Canada’s Great Lakes Surveillance. Parameters are monitored during spring cruises from dissolved
(filtered) large volume (16 — 24 L) samples using clean techniques. Those detected in more than 10% of samples are
indicated with an “x”.

Source: Environment and Climate Change Canada

Figure 1. Spatial distribution of dissolved lindane (gamma hexachlorocyclohexane) in the Great Lakes. Data are the
most recent available spring, surface data for all stations.
Source: Data are from Environment and Climate Change Canada’s Great Lakes Surveillance

Figure 1. Temporal changes of dissolved Lindane in the Great Lakes. Data are spring, surface data at offshore
stations. Boxes show central median and 25% and 75% values, whiskers show 1.5x interquartile range.
Source: Data are from Environment and Climate Change Canada's Great Lakes Surveillance

Figure 2. Temporal changes of total mercury in the Great Lakes. Data are a) Great Lakes spring, surface data from
offshore stations and b) Lake Erie spring, surface data from all stations by basin. Lake Erie west basin data for are
scaled using the left-hand vertical axis and central and east basin data are scaled using the vertical axis on the right.
Boxes show central median and 25% and 75% values, whiskers show 1.5x interquartile range. Temporal trends
indicate declines in all of the lakes (not statistically significant for Georgian Bay) with the exception of Lake Erie,
where there is no significant change.

Source: Data are from Environment and Climate Change Canada's Great Lakes Surveillance.
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Figure 4. Spatial distribution of total mercury in the Great Lakes. Data are the most recent available spring, surface
data for all stations.

Source: Data are from Environment and Climate Change Canada’s Great Lakes Surveillance

Figure 5. Spatial distribution of the concentrations of total PBDEs, pg/L.

Source: Vernier et al.
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Parameter

Lake Su-
perior

Lake
Michigan

Lake
Huron

Georgian
Bay

Lake
Erie

Lake On-
tario

Organochlorines

Alpha-Chlordane

Alpha-Endosulfan

Alpha-HCH

Beta-Endosulfan

Dieldrin

Gamma-chlordane

Lindane

Mirex

o'p'-DDT

Octachlorostyrene

p'p'-DDD

p'p-DDE

p'p'-DDT

X X X X X

X | X | X X |X | X X

X[ X | XX |X|X]|X

Industrial byproducts

Hexachlorobenzene

Hexachlorobutadiene

Pentachlorobenzene

Polychlorinated biphenyls'

X

X

X | X | X | X

X [ X | X |[X

Polycyclic Aromatic Hydrocarbons (PAHS)

Acenaphthene

Acenaphthylene

Anthracene

Benzo(a)anthracene

Benzo(a)pyrene

Benzo(b,k)fluoranthene

Benzo(e)pyrene

Benzo(ghi)perylene

Chrysene

Dibenzo(ah)anthracene

Fluoranthene

Fluorene

Indeno(1,2,3-cd)pyrene

Napthalene

Perylene

Phenanthrene

Pyrene

X

X X X X

X | X | X X X X | X | X |X | X | X X

X

XX |[X]|X

X

Table 1. Legacy organic contaminants monitored in Great Lakes surface water for Environment and Climate Change

Canada’s Great Lakes Surveillance. Parameters are monitored during spring cruises from dissolved (filtered) large

volume (16 — 24 L) samples using clean techniques. Those detected in more than 10% of samples are indicated with an

11392 1)
X7,

Source: Environment and Climate Change Canada
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Figure 1. Spatial distribution of dissolved lindane (gamma-HCH) in the Great Lakes. Data are the most recent
available spring, surface data for all stations. The year of sampling is provided below the legend, and the number of
samples in each category is shown in parentheses in the legend.

Source: Data are from Environment and Climate Change Canada’s Great Lakes Surveillance
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Figure 3. Temporal changes of dissolved Lindane (gamma-HCH) in the Great Lakes. Data are spring, surface data
at offshore stations. Boxes show central median and 25% and 75% values, whiskers show 1.5x interquartile range.
Source: Data are from Environment and Climate Change Canada's Great Lakes Surveillance
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Figure 4. Temporal changes of total mercury in the Great Lakes. Data are a) Great Lakes spring, surface data from
offshore stations and b) Lake Erie spring, surface data from all stations by basin. Lake Erie west basin data for are
scaled using the left-hand vertical axis and central and east basin data are scaled using the vertical axis on the right.
Boxes show central median and 25% and 75% values, whiskers show 1.5x interquartile range. Temporal trends
indicate declines in all of the lakes (not statistically significant for Georgian Bay) with the exception of Lake Erie,
where there is no significant change.

Source: Data are from Environment and Climate Change Canada's Great Lakes Surveillance
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Figure 4. Spatial distribution of total mercury in the Great Lakes. Data are the most recent available spring, surface
data for all stations. The year of sampling is provided below the legend, and the number of samples in each category

is shown in parentheses in the legend.

Source: Data are from Environment and Climate Change Canada’s Great Lakes Surveillance
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Figure 5. Spatial distribution of the concentrations of total PBDEs, pg/L.
Source: Vernier et al.
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Sub-Indicator: Toxic Chemicals in Sediment

Overall Assessment

Status: Fair

Trend: Improving

Rationale: Legacy contaminants that are persistent, bioaccumulative and/or toxic have decreased in Great
Lakes sediment. Long term trends for many legacy contaminants including mercury exhibit declines or no
change. Legacy compounds including PCBs and DDT are generally below Canadian Council of Ministers of
the Environment (CCME) sediment quality guideline values while other contaminants including polychlorin-
ated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polybrominated diphenyl ethers (PBDES) exhibit
some exceedances of guidelines, particularly in Lake Ontario. Emerging and new contaminants are of in-
creasing concern as many exhibit trends toward increasing concentrations and need to be studied further to
determine acceptable limits.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Unchanging

Rationale: Lake Superior is the largest, coldest and deepest of the Great Lakes. Greater contaminant cycling times
and lower rates of volatilization have resulted in lower rates of decrease in concentrations for some legacy contami-
nants, compared to the other Great Lakes. However, typical offshore deep-water sediment contaminant concentra-
tions are very low, with atmospheric deposition as the primary source. While still exhibiting the highest toxaphene
concentrations in the Great Lakes, these levels have declined by an order of magnitude since their peak in the

1980s. Concentrations of some metals exceed the strictest sediment quality guidelines due to the geochemistry of the
watershed (pre-Cambrian shield) and historical regional sources associated with mining and smelting. While the
concentration of some of brominated flame retardants (BFRs) including BDE 209, Dechlorane 604 and decabromo-
diphenylethane (DBDPE) are the lowest in the Great Lakes, they are increasing in concentration with doubling times
of 7-24 years, 5-38 years and 5-16 years, respectively (Guo 2015).

Lake Michigan

Status: Fair

Trend: Unchanging

Rationale: Lake Michigan sediment is assessed for State of the Great Lakes reporting (previously known as SOLEC)
for the first time. Lake Michigan consists of a cold, deep and forested northern basin, and a more urbanized southern
basin. Atmospheric deposition is a primary source of most contaminants in sediments due to the lake’s large surface
area; however, inputs from tributaries and other local sources are also important (Lepak et al. 2015, Zhang et al.
2009, Eisenreich and Strachan 1992). Some chemicals exhibit elevated concentrations in sediment, in areas such as
Green Bay, at sites on the eastern shores of the lake, and/or in the southern basin. Mercury concentrations are high-
est in Green Bay with higher contributions from industrial and watershed-derived sources (Lepak et al. 2015). Con-
centrations of some flame retardants are highest in Lake Michigan compared to the upper Lakes (lower Great Lakes
not assessed), with the highest levels in the southeast portion of the lake and near Sleeping Bear Dunes (Guo 2015).
PCBs concentrations are declining — albeit very slowly - in Lake Michigan sediments with halving times between 32
to 179 years (Li et al. 2009). PFCs that have replaced the more well-known PFOS and PFOA are now being found at
comparable levels in Lake Michigan sediments (Codling et al. 2014).

Lake Huron

Status: Good

Trend: Unchanging

Rationale: Lake Huron is similar to Lake Superior from a sediment contamination viewpoint, as the lake is large,
cold and deep with atmospheric deposition as the primary source of most contaminants. Typical sediment contami-
nant concentrations are very low; however PCDD/Fs, nickel and copper concentrations are above guidelines in areas
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of Spanish Harbour and the Whalesback Channel due to local historical industrial/mining activity. Very low sedi-
mentation rates negatively impact natural recovery in the area. As with Superior, concentrations of some metals
exceed the strictest guidelines; the natural geochemistry of the watershed (pre-Cambrian shield) is a factor.

Lake Erie

Status: Fair

Trend: Improving

Rationale: Lake Erie exhibits a definitive spatial gradient in contamination with decreasing concentrations from the
western basin to the eastern basin, and from the southern area to the northern area of the central basin. This spatial
distribution in Lake Erie is influenced by industrial activities in the watersheds of major tributaries, including the
Detroit and St. Clair Rivers which, along with the Maumee, hydrodynamically impacts the southern shoreline, while
sediment quality in the eastern basin continues to be classified as excellent. Lake wide decreases in sediment for
legacy contaminants are impressive with declines of greater 50% for mercury, PCBs, hexachlorobenzene (HCB),
DDT and lead (Table 1). Government initiatives and remedial actions have effectively diminished point sources
across the Great Lakes Basin. Lake Erie has the highest sedimentation rate of the Great Lakes and as a result has the
largest declines in bottom sediment legacy contaminant concentrations. Mean trace metal concentrations remain
above the CCME federal threshold effects level (TEL) for all three basins; however, exceedances in the probable
effects level (PEL) are rare.

Lake Ontario

Status: Fair

Trend: Improving

Rationale: Lake Ontario continues to exhibit the poorest sediment quality of all the Great Lakes. The greatest fre-
quency and magnitude of exceedances of the CCME sediment quality guidelines is for PCDD/Fs. This legacy con-
tamination issue is the result of historical industrial activities in the Niagara River watershed and the influence of
sources in the upstream lakes; however, current levels of PCDD/F contamination represent a 53 percent decline from
peak levels in the 1970s. Mercury continues to have PEL exceedances in offshore depositional areas while realizing
a decline of 94% lakewide. Trends in most legacy chemicals in Lake Ontario point toward improvement in sediment
quality over time. While most BFR concentrations are low, dechlorane plus, also a result of historical industrial
activity in the Niagara River watershed is several orders of magnitude higher in Lake Ontario, compared to the other
lakes. Most BFR concentrations are not declining in concentration.

Sub-Indicator Purpose

The purpose of this sub-indicator is to assess the concentrations of toxic chemicals in sediments throughout the
Great Lakes; to infer the potential for impairment to the quality of sediment of the Great Lakes by harmful pollu-
tants; to infer progress toward virtual elimination of chemicals of mutual concern; to inform the risk assessment of
toxic chemicals and the development of risk management strategies; to inform the development of environmental
quality guidelines; and to report on environmental response (i.€., progress) toward the achievement of targets identi-
fied in action plans and risk management strategies for toxic chemicals in the Great Lakes basin.

Ecosystem Objective

This sub-indicator best supports work towards General Objective #4 of the 2012 Great Lakes Water Quality Agree-
ment (GLWQA) which states that the Waters of the Great Lakes should “be free from pollutants in quantities or
concentrations that could be harmful to human health, wildlife, or aquatic organisms, through direct exposure or
indirect exposure through the food chain.”

Ecological Condition
Measure

The purpose of this sub-indicator is to assess the temporal trends and spatial distributions of toxic chemicals in sed-
iment from the five Great Lakes. Each Lake will have a selection of chemicals assessed over several chemical clas-
ses. The chemicals that will be assessed may include hexachlorobenzene (HCB), polychlorinated biphenyls (PCBs),
dichlorodiphenyltrichloroethane (DDT), dioxins, lead and mercury as well as PBDEs and brominated flame retard-
ants and other emerging compounds. The sub-indicator report will include results of monitoring and surveillance
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activities for toxic chemicals of current and future concern as well as current literature on contaminants in Great
Lakes sediment. The monitoring data will be used to inform the selection of chemicals of mutual concern for Annex
3 of the GLWQA as well as monitor to assess the progress and effectiveness of pollution prevention and control
measures for those compounds.

As a sub-indicator of temporal trends the concentrations of toxic chemicals in sediment cores at selected sites within
the Great Lakes will be measured at intervals appropriate for detecting trends in lakes with low sedimentation rates
(e.g. 10 years). Sampling for each lake will follow the Cooperative Science Monitoring Initiative (CSMI) schedule.
The chemicals of interest include chemicals of current and future concern which may be harmful to the Great Lakes
ecosystem.

The sediment concentrations will be depicted using the standard tables and figures showing the change in concentra-
tion at different depths. Temporal trends may also be depicted using estimated fluxes to sediments for each core
section.

As a sub-indicator of spatial trends, the concentrations of toxic chemicals in surficial sediments will be measured at
similar intervals as those for temporal trends. Sampling will usually follow the CSMI schedule. Sampling locations
will include not only the depositional zones of the lakes, but also nearshore locations. Surficial sediments may ei-
ther represent the top three centimetres in Lakes Michigan, Erie and Ontario, and the top 1 centimetres in Lakes Su-
perior and Huron, or a homogenized sample collected with a ponar.

Endpoints

The target or endpoint for this sub-indicator will have been met when the sediments of the Great Lakes are free from
pollutants in quantities or concentrations that could be harmful to human health, wildlife or aquatic organisms,
through direct exposure or indirect exposure through the food chain. Status of surficial sediment (spatial distribu-
tion) will be determined by comparison with existing sediment quality criteria (e.g. the Canadian Council of Minis-
ters of the Environment’s Canadian Sediment Quality guidelines Probable Effect Level) where they exist or where
no sediment quality guidelines exist on a case-by-case basis taking a weight-of-evidence approach in making an
expert assessment, including the number of compounds that are detectable and/or are below sediment quality guide-
lines (where available) and the relative effect of the compound, if known. Status of temporal trends will be deter-
mined by measuring the upper segment of the core to be compared to the sediment quality guidelines. Progress will
be determined based on whether trends of the toxic chemicals are positive or negative, the rate of change in the con-
centrations, and by the number of chemicals which are doing so.

Status of Contaminants in Sediment

Sediments in the Great Lakes generally represent a primary sink for contaminants, but can also act as a source
through resuspension and subsequent redistribution. Burial in sediments also represents a primary mechanism by
which contaminants are sequestered and prevented from re-entering the water column. A new Environment and
Climate Change Canada initiative (2014) which samples Great Lake sediment according to the CSMI schedule will
provide a more extensive (spatially and temporally) assessment for both the connecting channels and the Great
Lakes for future State of the Great Lakes (previously known as SOLEC) reports.

Comparisons of surficial sediment contaminant concentrations with sub-surface maximum concentrations indicate
that contaminant concentrations have generally decreased by more than 35 per cent, and, in some cases, by as much
as 80 per cent over the past four decades (Table 1).

Sediment concentrations can also be assessed against guideline values established for the protection of aquatic biota,
e.g., Canadian Sediment Quality Guidelines Probable Effect Level (PEL, CCME 1999). These guidelines can be
applied as screening tools in the assessment of potential risk, and for the determination of relative sediment quality
concerns.

Mercury and Metals

The spatial distribution of mercury contamination in Great Lakes sediments generally represents those of other toxic
compounds, including other metals and organics such as PCBs, as accumulation of a broad range of contaminants on
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a lake-by-lake basis can be the result of common sources. The highest concentrations of mercury in sediments of
Lakes Michigan, Erie and Ontario are observed in offshore depositional areas characterized by fine-grained sedi-
ments (figure 1). Contaminant concentrations are generally correlated with particle size; hence the distribution of
mercury is not only a function of loadings and proximity to sources, but of substrate type and bathymetry. Mercury
contamination is generally quite low in Lakes Huron, Michigan, Superior, and more recently Lake St. Clair, with
higher concentrations in Lake Ontario and the western basin of Lake Erie (Marvin et al. 2004). There is a gradient in
contamination in Lake Erie toward decreasing concentrations from the western basin (mean 370 ng/g) to the central
basin (230 ng/g) to the eastern basin (100 ng/g). The spatial distribution in Lake Erie is influenced by industrial ac-
tivities in the watersheds of major tributaries, including the Detroit River, and areas along the southern shoreline
(Marvin et al. 2004). Sources and loadings of mercury to Lake Huron appear to have been reduced to the point that
no apparent spatial pattern exists. Current sediment contamination is substantially lower than peak levels that oc-
curred in the mid — 1950s through the early 1970s for all of the lakes with concomitant reductions of connecting
channels including the Niagara, lower Detroit and upper St. Clair Rivers, all of which are associated with historical
mercury contamination; these areas were also intensively industrialized and were primary sources of a variety of
persistent toxics to the open lakes, including PCBs. A more recent study conducted in 2012 through 2014 (Lepak et
al. 2015) is consistent with earlier studies, showing:

e awide total mercury concentration range across Great Lakes sediments;

e lowest total mercury concentrations observed offshore in Lakes Huron and Superior and higher concentra-
tions in western Lake Erie and in Lake Ontario; and

e regional increases in mercury concentration relative to those offshore in Lake Michigan (Green Bay) and
Lake Superior sediment (Thunder Bay and near the St. Louis River).

For metals, PEL guideline exceedances were frequent in Lake Ontario for lead, cadmium and zinc. Guideline ex-
ceedances (PEL) were rare in all of the other lakes, with the exception of lead in Lake Michigan where the PEL
(91.3 pg/g) was exceeded at over half of the sites.

PCBs

PCB results from Li et al. (2009), conducted during a similar time period to the study by Burniston et al. (2011),
found a 30% reduction in PCB concentration across the Great Lakes compared to results from (Eisenreich (1987)),
with the greatest decrease occurring in Lake Ontario. The comparison of PCB totals to historical studies is con-
founded by changes in analytical methodology. Comparing surficial sediment (lakewide average) with subsurface
maxima using similar analytical techniques may provide more representative results. Reductions for PCBs across
the Great Lakes comparing lakewide average of surficial sediment with sub surface maxima ranged from 5% in
Lake Michigan to 85% in Lake Ontario. For PCBs, while decreased production contributes to this reduction, based
on recent research on congener distribution patterns in sediments of the Great Lakes the decreased concentrations
may also be the result of the loss of light congeners due to repeated resuspension of surficial sediment, desorption of
light congeners and subsequent evaporation (in Lake Michigan; (Li et al. 2009)) or by anaerobic reductive dechlo-
rination (in Lake Ontario; (Li et al. 2009)). Because of differences in toxicity between congeners the latter could
reduce the toxicity of the PCBs (Li et al. 2009) First order half-lives (t,,) vary from 44.9 years (Lake Huron) to 9.7
years (Lake Superior), see Table 2, with shorter half-lives found at sites (Ontario, Erie, Superior) closer to tributary
sources and thus more responsive to PCB source reductions (Li et al. 2009). Sites that were influenced with sedi-
ment resuspension and bioturbation were not included in the table as these processes tend to homogenize the sedi-
ment thereby distorting the buried profile (Hornbuckle et al. 2006). There were no PEL (277 ng/g total PCBs) guide-
line exceedances for PCBs in any of the Great Lakes sediments.

Flame Retardants

Flame retardants (FRs) are heavily used globally in the manufacturing of a wide range of consumer products and
building materials. The FRs have been found to be bioaccumulating in Great Lakes fish and in breast milk of North
American women. While industrial discharges may not be responsible for ongoing contamination, modern ur-
ban/industrial centres can act as diffuse sources of current inputs. Studies of sediment core profiles of PBDEs in
Lake Ontario suggest that accumulation of these chemicals has recently peaked, or continues to increase (Marvin et
al. 2007; Shen et al. 2010). The Lake Ontario BDE profile indicates a leveling off of accumulation in the past dec-
ade, presumably as a result of voluntary cessation of production of these compounds in North America. However
other contemporary studies have shown total PBDEs, and in particular the deca-substituted BDE 209 are continuing
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to increase across all five Great Lakes, with doubling times ranging from 4 years to 74 years. BDE209 was produced
in the U.S. as late as 2014, but still remains in many products and is the predominant congener in sediment, account-
ing for over 90% (Guo, 2015; Zhu and Hites, 2005) of measured PBDEs. This is of concern because BDE209 can
degrade in biota and sediment to more toxic BDEs (Gauthier et al, 2008). A study of the upper lakes by Guo (2015)
found the highest surficial concentrations for both total PBDE and BDE209 concentrations were in Lake Michigan
(especially southeast and Sleeping Bear Dunes), and Lake Huron (especially Saginaw Bay and North Channel) and
were comparable to Lake Erie concentrations, but lower than Lake Ontario.

Other FRs such as dechlorane plus (anti and syn) and related compounds Dec604 Dec602 are found at low levels
throughout the upper Great Lakes but are more elevated in Lake Erie and an order of magnitude higher in Lake On-
tario (Figure 2; data source: Lakes Superior, Michigan, Huron (Guo 2015)); Lake Erie Environment and Climate
Change Canada; Lake Ontario (Yang et al. 2011 and 2012) however levels have shown a leveling off in recent years
(Figure 3), data source: Shen et al. 2010). Most FRs increased significantly after 1920 and have leveled off or de-
creased since 2000, but Dec604 and DBDPE are still increasing. Spatially, in the upper Great Lakes, PBDEs and
1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE) dominate in both southern and northern Lake Michigan, especially
the southeast portion of the lake and the sites near Sleeping Bear Dune. Despite these trends, maximum concentra-
tions of many FRs remain well below maximum concentrations of contaminants such as DDT and PCBs observed in
past decades.

Perfluoroalkyl Compounds

Perfluoroalkyl Compounds (PFCs) are a broad range of substances that have attracted much scientific and regulatory
interest in recent years as a result of their detection globally in humans and wildlife. PFCs are routinely detected in
precipitation and air in urban and rural environments. These compounds have a myriad of applications, but have
been primarily used as soil and liquid repellents for papers, textiles and carpeting. Production of PFCs as stain repel-
lents in carpets historically exceeded $1 billion annually.

Two classes of PFCs, the perfluoroalkyl sulfonate acids (PFSASs), particularly perfluorooctane sulfonate (PFOS), and
the perfluorocarboxylates, particulary perfluorooctanoic acid (PFOA), are the most commonly measured PFCs in
sediment and sediment cores; these compounds are highly stable and persistent in the environment, and are poten-
tially toxic. In surficial sediments concentrations of perfluorobutane sulfonate (PFBS) and perfluorobutanoic acid
(PFBA) are now occurring at concentrations comparable to those of the PFCs which they replaced (PFOS and
PFOA) (Codling et al. 2014). PFCs have been detected in environmental samples far from urban areas, including
remote areas such as the Canadian Arctic. The physical and chemical properties of PFCs are different from many
other semi-volatile pollutants as they have both hydrophilic and hydrophobic properties. While persistent and bio-
accumulative, PFCs can be transported in both the aqueous and non-aqueous phase. As well PFCs in bottom sedi-
ment may diffuse to the surface and become bioavailable. These properties significantly influence their pathways
through the environment.

Concentrations of PFCs in sediments of Great Lakes tributaries are highest in urbanized and/or industrialized water-
sheds. In general levels of perfluoroalkyl sulfonate acids and PFOS in tributaries (Environment Canada 2009) and
open waters of the Great Lakes are slightly higher than the perfluorocarboxylates with the highest levels of PFCs
generally found in areas of Lake Ontario and the western end of Lake Erie and the Detroit River corridor (Environ-
ment Canada 2009). There is a gradient toward increasing PFC contamination from the upper Great Lakes (Superior
and Huron) to the lower Great Lakes (Erie and Ontario) for both tributary and open-lake sediments. Concentrations
of PFCs in open-lake sediments are driven not only by proximity to sources, but physical processes and bathymetry
as well. The highest PFC concentrations in open-lake sediments were found in Lake Ontario. The spatial distribu-
tions of PFCs in Lake Ontario are fairly consistent across the lake, which is primarily due to lake currents that even-
ly distribute suspended particles and across the three major depositional basins.

The spatial distributions of PFCs in Great Lakes sediments are heavily influenced by shoreline-based urban and in-
dustrial activities, which in some cases stand in contrast to distributions of legacy contaminants such as PCBs. These
results suggest that large urban areas can act as diffuse sources of PFCs associated with modern industrial and con-
sumer products.
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Carbazoles

Polyhalogenated carbazoles are an emerging contaminant that has been shown to be persistent and likely toxic.
While some congeners are a byproduct of halogenated indigo dye production there are likely other anthropogenic or
natural sources (Parette et al. 2015). A sediment study of Lakes Michigan, Superior, and Huron by Guo (2015)
found a total of 26 polyhalogenated carbazoles (PHCs) plus carbazole which is a concern because carbazole and its
derivatives have been found to be carcinogenic and mutagenic in animal studies. Most of the halogenated carbazoles
were detected in more than 50% of Lake Michigan surficial grab sediment samples, and in less than 25% of the
samples from Lakes Superior and Huron. In all three lakes, concentrations of individual PHCs ranged widely from
below detection limit to 261 ng/g (Figure 4). Compared to PBDESs (excluding BDE209), halogenated carbazoles
concentrations were generally 1-3 orders of magnitude higher, and concentrations of several PHCs were comparable
with BDE209. Time trends varied from significantly increasing with time (carbazole and 1368-TeCC) to increasing
since 1950s (fluxes of dibromo- and tribromo-carbazoles) to decreasing since 1900s (1368-TeBC and some mixed
halogenated carbazoles) (Guo 2015).

Other Chemicals

Other contaminants are increasingly found in the sediments of the Great Lakes, including industrial chemicals, hor-
mones, steroids, and pharmaceuticals and personal care products (PPCP). A recent study (Guo 2015) of pesticides
in sediments of lakes Michigan, Superior, and Huron shows concentrations for atrazine and simazine are increasing
exponentially. Assessment of the occurrence and fate of newer compounds has been incorporated into sediment
assessment studies.

Research is required to determine what impact emerging contaminants have on the ecosystem of the Great Lakes,
including developing PELSs for the top priority emerging contaminants.

Linkages

Sediment contamination affects both water quality and aquatic dependent life. Sediment can be a source of mercury
and other toxic chemicals to enter the water column. These chemicals are components of the Toxic Chemicals and
the Habitat and Species indicators including “Toxic Chemical Concentrations” and “Atmospheric Deposition of Tox-
ic Chemicals”.

Comments from the Author(s)

Efforts to control inputs of historical contaminants have resulted in decreasing contaminant concentrations in the
Great Lakes open-water sediments for many of the legacy chemicals. However, chemicals such as FRs, current-use
pesticides, and pharmaceuticals and personal care products (PPCP) may represent emerging issues and potential
future stressors to the ecosystem. These results corroborate observations made globally, which indicate that large
urban centers act as diffuse sources of chemicals that are heavily used to support our modern societal lifestyle.

Long-term research and monitoring programs are valuable tools for demonstrating effectiveness of remedial actions
and management initiatives, as well as acting as indicators of emerging issues. Enhanced Canadian Great Lakes
studies now include the regular sampling of sediment to be collected following the CSMI schedule. The Great
Lakes Sediment Surveillance Program is a complimentary program in the U.S. Comparison of contaminant results
between studies and across lakes is currently difficult because of differences in sampling designs, sampling loca-
tions, and analytical procedures. Changes in contaminant deposition cannot be detected over time frames less than
the temporal resolution of the surficial sediment samples, which can be from 3 to 220 years.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St_rongly N.O t
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency X
or organization
2. Data are traceable to original sources X
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3. The source of the data is a known,

. X
reliable and respected generator of data

4. Geographic coverage and scale of
data are appropriate to the Great Lakes X
Basin

5. Data obtained from sources within
the U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the
data are documented and within
acceptable limits for this sub-indicator
report
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Lake Superior Lake Huron Lake Michigan | Lake Erie | Lake Ontario | Lake St.Clair
Mercury 0 64 49 60 94 86
PCBs 45 9 5 51 85 97
PCDD/Fs NA NA NA NA 53 NA
HCB NA NA NA 78 40 97
DDT NA 93 NA 60 60 95
Lead 10 43 NA 71 65 75

Table 1. Estimated percentage declines in sediment contamination in the Great Lakes (1970 — 2015)
based on comparison of surface sediment concentrations with maximum concentrations at depth in sed-
iment cores.

Source: Environment and Climate Change Canada; Lepak (2015); Li (2006); Marvin (2004)

Lake Location Peak year Half-life (ty,), Years
Superior SU22 1993 9.7+7.9
Michigan LM41° 1979 31.7+14.3

Huron HU12° 1981 44.9+1.0

Erie ER37 1981 16.6+2.2
Ontario ON-30 1973 11.0+1.0
Ontario ON-40 1963 17.0+4.4

& The first order ty, values at other sampling locations cannot be obtained due to insufficient numbers (<3) of data
points (SU08, SU12, SU16, HU38, HU48) or severe sediment mixing (ERQ9).
® The top segment was excluded in ty, calculation at these sites.

Table 2. First order half-life (t1/2) of PCBs in sediments of the Great Lakes?
Source: Li et al. 2009
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Figure 1. Spatial distribution of mercury contamination in surface sediments in open-lake

areas and tributaries of the Great Lakes, sampled 2012-14 Sources: St. Clair River, Lake St. Clair, Detroit R. and
Lake Erie -Environment and Climate Change Canada; Lakes Superior, Huron, Michigan, Ontario- Lepak 2015
Source: Environment and Climate Change Canada and Lepak 2015
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Figure 2.Spatial distribution of BTBPE and dechlorane plus (sum of syn and anti) in Great Lake sediment (sampled
in 2010-2014).

Source: Lakes Superior, Michigan and Huron-Guo (2015); St. Clair River, Lake St. Clair, Detroit R. and Lake Erie -
Environment and Climate Change Canada; Lake Ontario -Yang et al. 2011 and 2012

Page 83



STATE OF THE GREAT LAKES 2017

150 50
= 2
0 =
£ \ g
o 100 4
2 o » @
= (] \‘ o
s 2 20 ©
E 50 - M- w
g —X— otal DP L S -
10
T
; , 0
1940 1950 1960 1970 1980 1900 2000 2010

deposition year
Figure 3. Temporal trend of total (syn + anti) Dechlorane plus; BDE209 and mirex in a Lake Ontario core.
Source: Shen et al. 2010
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Figure 4. Spatial distribution of PHC concentrations (ng/g dw) in Ponar Grab sediment samples from Lakes Mich-
igan, Superior, and Huron.
Source: Guo 2015
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Sub-Indicator: Toxic Chemicals in Great Lakes Whole Fish
Lake Trout/Walleye

Overall Assessment

Status: Fair

Trend: Improving

Rationale: The assessment of status and trend incorporates multiple contaminants, from multiple species, in
all 5 of the Great Lakes over time. A new approach has been applied in an attempt to better reflect the
multiple variables in determining the overall assessment of condition and trend for this sub-indicator. A
Mean Deviation Ratio (MDR) has been calculated for TeBDE, HXBDE, PeBDE, Total Mercury, Total PCB,
Total DDT, and PFOS. Based upon this new approach, the overall condition for toxic chemicals in whole fish
is fair and conditions are improving over a 15-year period (1999-2013) (Figure 1). Due to the change in
assessment methodology from the previous report, results are not directly comparable. However, it should be
noted that individual chemical concentrations are continuing to trend in similar ways to the previous report.
The resulting shift in status and trend of the 2016 sub-indicator is a result of the revised Mean Deviation
Ration methodology.

Lake-by-Lake Assessment

Lake Superior

Status: Fair

Trend: Unchanging

Rationale: In Lake Superior, the status of toxic chemicals in fish is assessed as Fair and this condition has remained
Unchanged over a 15-year period (1999-2012) (Figure 2). The MDR plot for Lake Superior appears to vary
significantly over the period of monitoring with a large shift upward in 2000. The addition of PBDEs to monitoring
programs in 2000 resulted in an increased MDR score due to exceedances of targets for these compounds (Figure 2).
Toxaphene continues to be measured at higher concentrations in Lake Trout from Lake Superior than in trout from
the other Great Lakes.

Lake Michigan

Status: Fair

Trend: Improving

Rationale: Conditions of toxic chemicals in fish from Lake Michigan are assessed as Fair and conditions have
improved over a 15-year period (1999-2013) (Figure 3). Of the U.S. monitored lakes, Lake Michigan often has the
highest concentrations of monitored contaminants in Great Lakes. A recent assessment of the most abundant
compounds measured in whole body fish from the Great Lakes, identified that organochlorine pesticides and total
PCB are the dominant contributors (~75%) to the contaminant burden of Lake Michigan lake trout.

Lake Huron

Status: Fair

Trend: Unchanging

Rationale: The current status of toxic chemicals in whole fish from Lake Huron is assessed as Fair and this condition
remains Unchanged over a 15-year period (1999-2013) (Figure 4). The MDR appears to be increasing since 2006;
however, basin wide changes to food webs in Lake Huron have resulted in reduced growth rates in Lake Trout. The
result of these changes has been the inclusion of older fish in the composite samples measured by the U.S. EPA.
Since older fish generally contain higher levels of bioaccumulative contaminants, the recent increases are likely a
result of this phenomenon. The issue has been identified and will be taken into account in future monitoring.

Lake Erie

Status: Fair

Trend: Unchanging

Rationale: Conditions for this sub-indicator in Lake Erie are assessed as Fair and conditions remain Unchanged over
a 15-year period (1999-2013) (Figure 5). While on average, based on MDR, the condition in Lake Erie are
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unchanged; however, it is important to note that mercury levels in fish from the western basin of the lake continue to
increase. Observed levels are still below the objectives of the 1987 GLWQA, but are approaching levels that may
be of concern.

Lake Ontario

Status: Fair

Trend: Improving

Rationale: In Lake Ontario, conditions for this sub-indicator are assessed as Fair, based on MDR, and they have
improved over a 15-year period (1999-2013) (Figure 6). Of the binationally monitored lakes, Lake Ontario often has
the highest concentrations of monitored contaminants in the Great Lakes; however, levels are stable or slowly
declining in Lake Trout.

Sub-Indicator Purpose

The purpose of this sub-indicator is to describe temporal and spatial trends of bioavailable contaminants in
representative open water fish species from throughout the Great Lakes; to infer the effectiveness of remedial
actions related to the management of critical pollutants; and to identify the nature and describe the trends of new and
emerging pollutants of concern.

Ecosystem Objective

Great Lakes waters should be free of toxic substances that are harmful to fish and wildlife populations. This sub-
indicator best supports work towards General Objective #4 of the 2012 Great Lakes Water Quality Agreement
which states that the Waters of the Great Lakes should “be free from pollutants in quantities or concentrations that
could be harmful to human health, wildlife, or aquatic organisms, through direct exposure or indirect exposure
through the food chain.”

Ecological Condition

Background and Methods

Long-term (greater than 25 years), basin-wide monitoring programs that measure whole body concentrations of
contaminants in top predator fish (Lake Trout and/or Walleye) are conducted by both the U.S. Environmental
Protection Agency (U.S. EPA) Great Lakes National Program Office through the Great Lakes Fish Monitoring and
Surveillance Program, and the Fish Contaminants monitoring and surveillance activities covered under Environment
and Climate Change Canada’s (ECCC) Fresh Water Quality Monitoring Program. These monitoring programs aim
to identify risks posed from contaminants to fish and their wildlife consumers as well as to monitor trends in time as
a measure of progress towards Ecosystem Objectives. The Toxic Chemicals in Great Lakes Whole Fish sub-
indicator is included in the Toxic Chemicals indicator assessment for the Great Lakes since long-term trends of
contaminants in biota provide valuable insights into the relative abundance of bioaccumulative contaminants in the
environment. Fish integrate their exposure to contaminants over time and across their range and thus provide a
broader assessment of environmental exposure than would a water sample taken at a single location at a point in
time. Bioaccumulative contaminants are also found at higher concentrations in biota than they are in water,
allowing for more accurate and cost effective determination of levels in the environment. It is important to note,
however, that contaminant levels in biota represent not just quantities of contaminants in the water, but are the result
of the integration of many biological, chemical and physical interactions (e.g. bioaccumulation and biomagnification
processes, variations in diet and growth rates).

Fish Collection and program design

Environment and Climate Change Canada reports annually on contaminant burdens in similarly aged Lake Trout
(4+ through 6+ year range) and Walleye (Lake Erie) as well as in Rainbow Smelt (Osmerus mordax), a common
forage species. The U.S. EPA monitors contaminant burdens in similarly sized Lake Trout (600-700 mm total
length) and Walleye (Lake Erie, 400-500 mm total length) annually from alternating locations by year in each lake.
Monitoring stations for both ECCC and U.S. EPA are shown in Figure 9. Additional differences between the ECCC
and U.S. EPA programs include measurement of contaminants in individual fish (ECCC) and measurement of
composite samples (U.S. EPA). Additionally, U.S. EPA has shifted to collecting Lake Trout in the eastern basin of
Lake Erie, Environment and Climate Change Canada does not collect samples in Lake Michigan, and individual
program contaminant lists are not identical, Table 1. Despite these differences in collection and analysis, trends and
interpretation are very similar. Trends were deemed significant if the slope of the regression model applied to
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annual median or means were greater or less than zero at o = 0.05. Contaminant concentrations and trends are
compared to available criteria, see Table 2. In previous reports, binational criteria identified in the 1987 Great Lakes
Water Quality Agreement (GLWQA) were used for trend analysis. The GLWQA was renegotiated in 2012 and the
resulting document no longer includes ecological objectives for specific contaminants. In the absence of binational
targets in the 2012 GLWQA, contaminant concentrations will be compared to the 1987 GLWQA criteria where
applicable. The GLWQA, first signed in 1972, renewed in 1978, and amended in 1987 and 2012, expresses the
commitment of Canada and the United States to restore and maintain the chemical, physical and biological integrity
of the Great Lakes Basin ecosystem.

More information on the monitoring programs can be found at the following websites:
http://www.epa.gov/glnpo/monitoring/fish/index.html and
http://www.ec.gc.ca/scitech/default.asp?lang=en&n=828 EB4D2-1

Lake and Basin wide assessments (Mean Deviation Ratio)

The Mean Deviation Ratio (MDR) is a simple and effective communication tool with a public audience that allows
multiple variables to be considered to answer a single question, “What is the status of chemicals of concern in Great
Lakes whole fish?”” This new approach is responsive to changes in concentration in the environment over time and
is reflective of real conditions. The MDR can be easily revised as additional chemical information is available and /
or criteria / guidelines are developed. For a more detailed description of the MDR methodology, please see the
indicator description for this sub-indicator.

Condition assessment

State of the Great Lakes reporting (previously known as SOLEC) assesses the condition for each sub-indicator as
POOR, FAIR, or GOOD. To assess condition of this sub-indicator, the variance in the estimated MDR for each
lake/year was carried through all steps of the calculation. The average variance for the previous 10 years was then
converted to an estimate of the standard deviation for the MDR for each lake. In the plots, the value of 1 (i.e. on
average contaminants are present at the levels of their guidelines) was bounded on either side by 1 standard
deviation. This central band was deemed to represent FAIR condition as any MDR residing in this zone would
overlap 1 when variance is considered. Values above and below the central band were deemed to represent POOR
and GOOD condition respectively as MDR in these zones would be greater than one standard deviation from 1.

Toxic Chemicals in Great Lakes Whole Fish

Basin Wide Summary

Since the late 1970s, concentrations of persistent organic pollutants such as polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OC,,) in most monitored fish species have declined. Long term mercury trends show
varied results across the basin where, although still below the target established in the 1987 GLWQA, levels are still
increasing in the Western Basin of Lake Erie. Certain OC,.y do not have environmental targets/objectives for levels
in whole fish or where targets exist, concentrations have remained below criteria values (Table 2). For these
reasons, chlordane, dieldrin, mirex in all lakes except Lake Ontario and toxaphene in all lakes except Lake Superior
are not included in this sub-indicator report. Recent monitoring and surveillance for emerging and emerged
chemicals have produced a significant amount of data for compounds designated as Chemicals of Mutual Concern
(CMCs) under Annex 3 of the 2012 Great Lakes Water Quality Agreement. Examples of emerged chemicals include
polybrominated diphenyl ethers (PBDEs) and perfluorooctane sulphonate (PFOS) while examples of emerging
chemicals include siloxanes, nonylphenol, and brominated flame retardant replacement products. Through the
Annex 3 process, new chemicals designated as CMCs will be incorporated into monitoring and surveillance
programs, when applicable. In general, the levels of regulated compounds are slowly declining or have stabilized in
the tissues of Great Lakes top predatory fish. Basin wide, the changes are often lake-specific as they are dependent,
in part, on the physio-chemical characteristics of the contaminants, hydrological characteristics of the lake, and the
biological composition of the fish community and associated food webs. Despite these declines, concentrations of
some compounds, like PCBs and PBDEs continue to exceed environmental quality guidelines and/or objectives.

The results of an assessment of all organic contaminants and mercury measurements in whole body Lake Trout and
Walleye generated by Environment and Climate Change Canada and the U.S. Environmental Protection Agency
(U.S. EPA) between the years 2008 and 2012 showed that the so called “legacy” contaminants, PCBs and OC,.
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comprised approximately 2/3 of the contaminant burden of Lake Trout and Walleye in the Great Lakes, Figure 7,
(McGoldrick et al. 2015). This may seem surprising considering the long-term decline of PCBs and OC,, observed
since monitoring began in the 1970s; however, it is likely a reflection of the relative quickness with which newer
chemicals are regulated or phased-out before large environmental inventories are built up in waste streams or other
compartments (i.c. sediments). Newer classes of contaminants, PBDEs, PFCs, siloxanes, and other flame retardants,
comprise the majority of the remaining contaminant burden measured in Great Lakes fish.

Chemical specific summaries

Total polychlorinated biphenyls (PCBs)

Total PCB (Arochlor 1254) concentrations in Great Lakes top predator fish have continuously declined since their
phase-out in the 1970s (Figure 10). Median PCB concentrations in Lake Trout in Lakes Superior, Michigan, Huron,
and Ontario and Walleye in Lake Erie continue to decline; however, they are still above the target of 0.1 pg/g ww in
the 1987 amendment to the GLWQA. Concentrations are highest in Lake Michigan, followed by Lakes Ontario,
Huron, Erie, and Superior. Log-linear regression of PCB concentrations over time show the continued long-term
annual declines of 4-5% in Lake Trout from Lake Superior and 4-9% in Lakes Huron, 8% in Lake Ontario while
PCBs in Lake Erie Walleye are declining by 2-3% per year. PCB levels reported by the U.S. EPA for Lake Trout
from Lake Huron appear to have increased temporarily between 2003 and 2012, Figure 8. However, in depth
investigations of fish from this area have shown that fish in Lake Huron are growing at a slower rate, potentially as a
result of invasive species and decreased food availability, which has resulted in an increase in the age of the fish
being used in the U.S. composite samples. Age has a positive correlation to observed concentrations of contaminants
in fish and likely explains the increase in PCB levels. This interpretation is supported by the ECCC data which does
not show an increasing trend and is based on PCB concentrations from fish of similar ages (4-6). Data collected
since the last State of the Great Lakes (SOGL) sub-indicator report (—2011-2014), show that total PCB
concentrations in composited Rainbow Smelt measured by Environment and Climate Change Canada were all less
than 0.05 ng/g ww in Lake Superior and all less than 0.1 pg/g in Lake Ontario. In the remaining Canadian lakes,
91% and 83% of total PCB measured in Rainbow Smelt were below 0.1 pg/g ww in Lakes Huron and Erie,
respectively. In 2016, PCBs were designated as a Chemical of Mutual Concern by the Parties, Canada and the
United States of America, through the GLWQA.

Dichlorodiphenyltrichloroethane (DDT) and metabolites

The concentration of sumDDT, the sum of opDDT and its metabolites, opDDD and opDDE, in Great Lakes top
predator fish have continuously declined since the use of the chemical was banned in 1972. Average concentrations
measured since the last sub-indicator report (2010-2014) remain well below the 1987 amendment to the GLWQA
target of 1.0 pg/g ww across the basin (Figure 11). Exceedances of the 1.0 pg/g target were infrequent and occurred
only in Lakes Superior, Huron, and Ontario. The increased variability in the Environment and Climate Change
Canada data relative to the U.S. EPA is a result of the difference between analyzing individual fish (ECCC) and the
analysis of composited samples (U.S. EPA). Composited samples represent an average of the fish used to make the
composite and are generally less variable.

Total mercury
Observed concentrations of mercury have been variable spatially across the basin and between the monitoring

programs operated by ECCC and the U.S. EPA over the last 2 reporting cycles of State of the Great Lakes reporting.
The 2011 report indicated increasing trends of mercury in fish collected from Lakes Superior, Erie, and Huron and
stable concentrations in lakes Ontario and Michigan. Continued monitoring and surveillance of mercury by ECCC
and the U.S. EPA have provided insight into these trends (Figure 12). Two segment linear piecewise regression of
the ECCC dataset show that declines in mercury ceased in the late 1980s in Lakes Superior and Huron and the early
1990s in Lakes Erie and Ontario. Following the change points in each lake, mercury levels have not changed in
lakes Huron and Ontario and appear to be increasing in Lakes Superior and Erie. In Lake Superior, the high
variability of observed mercury concentrations from 2002-2010 seem to have returned to more typical levels and
while the recent trend lines are increasing, their slopes are not statistically different than zero. As with PCBs,
mercury levels reported by the U.S. EPA for Lake Trout from Lake Huron appear to be increasing as a result of
older fish being included in the U.S. EPA composite samples. U.S. EPA has since revised its compositing
methodology to age samples prior to compositing to keep similarly aged fish together. The increasing trend of
mercury in Walleye from the western basin of Lake Erie is still present in data collected by ECCC (Figure 12). Since
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1993, levels of mercury in Walleye from the west basin of Lake Erie have been increasing at 3.4% per year. While
the underlying mechanisms causing this increase are not presently known with certainty, the increases in the last
three years are coincident with a resurgence of large algal blooms in the west basin of the lake. These blooms and
resulting anoxia in the hypolimnion could be creating favourable conditions for the creation of methyl-mercury, the
bioaccumulative form of mercury.

Similar temporal patterns in mercury concentrations are also observed in Rainbow Smelt, a common forage fish for
many fish and birds in the Great Lakes Basin (Figure 18). Continued monitoring of mercury levels in fish from all
the lakes is warranted to adequately assess the future risk to wildlife consumers of fish in the Great Lakes Basin,
especially in areas where levels appear to be increasing. Mercury was designated as a Chemical of Mutual Concern
by the Parties, Canada and the United States of America, through the GLWQA.

Mirex

Mirex is only measured at significant levels in fish from Lake Ontario due to historical releases in the Niagara River
and other locations within the lake’s watershed. Average concentrations for Lake Ontario whole Lake Trout,
between 2008 and 2012, was approximately 0.7 pug/g ww while the levels in the other four lakes range between
<0.005 and 0.03 pug/g ww over the same time range (McGoldrick et al. 2015). Log-linear regression of mirex
concentrations in Lake Trout from Lake Ontario with time show that levels have declined at a rate of ~13% per year
since 2000. According to the guidelines listed in the 1987 Amendment of the GLWQA, mirex should be
“substantially absent” from Great Lakes fish. The lack of a numerical target for mirex makes it difficult to
incorporate into the MDR calculation and for this reason it was not included in the assessment.

Toxaphene
Decreases in toxaphene concentrations have been observed throughout the Great Lakes in all media following its

ban in the mid-1980s (Xia et al. 2012). Concentrations of toxaphene are substantially higher in Lake Superior,
where average concentrations from 2008-12 were 231 ng/g ww as compared to the other lakes which ranged from
25-78 ng/g ww (McGoldrick et al 2015). The high levels of toxaphene in Lake Superior, relative to the other Great
Lakes, likely reflects the importance of atmospheric transport as a source of toxaphene to the Great Lakes Basin, the
importance of atmospheric deposition as a source of contaminants to Lake Superior, and the cold temperatures, slow
sedimentation rates and long residence time of the lake (James et al. 2001; Muir et al. 2004; Swackhamer et al.
1998). There are currently no defined ecological objectives for this compound in the Great Lakes and thus it was
not incorporated into the MDR calculation in this sub-indicator.

Polybrominated Diphenyl Ethers (PBDEs)

The production and use of three popular commercial formulations of PBDE have or are being voluntarily phased out
by industry in North America. The phase out of the more toxic penta- and octa-BDE compounds, started in 2004,
continued through 2012. In a national survey of PBDE concentrations in top predator fish from lakes across
Canada, the highest concentrations were observed in fish from the Great Lakes and >95% of the PBDE compounds
in the fish were tetra-, penta-, or hexa-BDEs (Gewurtz et al. 2011). Federal Environmental Quality Guidelines
(FEQQG) have been developed by Environment and Climate Change Canada for these three homologue groups which
are meant to provide targets for acceptable environmental quality, assess the significance of observed
concentrations, and to measure the success of risk management activities. Average concentrations of BDE 47
(TeBDE) in all 5 lakes remain below the FEQ guidelines of 44 ng/g ww and are generally declining across the basin
(Figure 13). Average concentrations of BDE 99 + 100 (PeBDE) in all 5 lakes remain above the FEQ guidelines of
1.0 ng/g ww and are declining in Lakes Ontario, Huron, and Michigan and have mixed trends in Lakes Superior and
Erie (Figure 14). Average concentrations of BDEs 153 + 154 (HxBDE) are below the FEQ guidelines of 4.0 ng/g
ww in Lakes Superior and Erie and above the guideline in Lakes Michigan, Huron and Ontario. Average
concentrations of Total BDEs (tetra + penta + hexa) were highest in Lake Ontario, followed by Lakes Superior,
Michigan, Huron and Erie. Ratios of TeBDE: PeBDE: HXBDE in each of the lakes were similar and on average
6:3:1. A publication of the U.S. EPA data set since the previous State of the Great Lakes indicates that this ratio
may be shifting toward higher brominated congeners in recent years and that the cause for this shift has not been
clearly identified to date (Crimmins et al. 2010). PBDEs were designated as a Chemical of Mutual Concern by the
Parties, Canada and the United States of America, through the GLWQA.
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Perfluorinated acids

Perfluorooctane sulfonate (PFOS) is a synthetic substance belonging to a larger class of organic fluorochemicals that
are either partially or completely saturated with fluorine. PFOS, perfluorocarboxylates and their precursors are used
primarily in water, oil, soil, and grease repellents for paper and packaging, carpets, and fabrics, as well as in aqueous
film forming foam (AFFF) for fighting fuel fires. PFOS was voluntarily phased-out of production by their primary
supplier in 2002. However, PFOS use in Canada and the U.S. continues due to specific use exemptions. Average
concentrations of PFOS are generally above the FEQ guideline of 4.6 ng/g ww in all 5 Great Lakes (Figure 16).
PFOS observed in both the U.S. EPA and ECCC programs show similar patterns and trends and concentrations
appear to be declining at most locations, although these declines are statistically significant only in Lakes Ontario
(since 2002), Huron, and Michigan (Figure 16). Change-point analysis of the longest time series available (Lake
Ontario) identified the year 2002 as the point that the slope of relationship between PFOS and year changed.
Interestingly, 2002 is the year of the production phase-out by the primary manufacturer in the U.S. PFOA and PFOS
were designated as a Chemical of Mutual Concern by the Parties, Canada and the United States of America, through
the GLWQA.

Additional Emerging Contaminants

Both the U.S. and Canadian monitoring and surveillance programs have invested in the identification and
quantification of emerging chemicals through the Great Lakes Restoration Initiative in the U.S. and Canada’s
Chemicals Management Plan. The compounds summarized in the following paragraphs have been newly identified
or data have only recently become available, thus status and trend statements are not possible at this time. However,
the authors do feel it is important to highlight this work and if warranted, these compounds may appear in future
State of the Great Lakes sub-indicator reports on toxic chemicals in whole fish. It is also important to note that
surveillance for emerging chemicals is an essential part of both countries’ programs. Identification of new
compounds are reported out in peer reviewed literature, State of the Lakes Reports, and many other information
outlets. Recent publications identifying New Fluorinated Surfactant Contaminant (Chu et al. 2016) and Novel
Polyfluorinated Compounds (Fakouri Baygi et al in press) are just two examples of emerging chemical identification
and surveillance in the Great Lakes.

Polychlorinated alkanes (PCAs) or Chlroinated Paraffins

This group of chemicals are complex mixtures of compounds classified by the length of the alkane chain and are
used as additives in lubricants, metal cutting fluids, paints and plastics and they have flame retardant properties. A
recent study on the levels of PCAs in fish from Canadian lakes showed that fish from the Great Lakes had higher
levels of the medium chain (C14-C17) PCAs (MCPCAs) than short chain (C10-C13) PCAs (SCPCAs) (Saborido
Basconcillo, Backus et al. 2015). The levels of MCPCAs were very similar at approximately 12 ng/g in fish from
Lakes Ontario, Erie and Huron and 4 ng/g in Lake Superior. In these same fish, SCPCAs were measured to be
between 3 and 5 ng/g. Short Chain Polychlroinated Alkanes (SCPCAs) were were designated as a Chemical of
Mutual Concern by the Parties, Canada and the United States of America, through the GLWQA.

Hexabromocyclododecane (HBCDD)

HBCDD is a high production flame retardant used mainly in polystyrene foams and is believed to have been used as
a replacement alternative to PBDEs. Levels of a-HBCDD, the dominant isomer present in fish tissues, assessed by
Environment and Climate Change Canada, in Lake Trout from Lake Ontario averaged 4.7 ng/g ww in samples
collected between 2008 and 2012. The levels observed were on the higher end of the range reported in a previous
study of HBCDD at the same location in Lake Ontario (Ismail, Gewurtz et al. 2009); and lower than concentrations
identified in eels collected from Dutch freshwaters (van Leeuwen and de Boer 2008). HBCDD was designated as a
Chemical of Mutual Concern (CMC) by the Parties, Canada and the United States of America, through the GLWQA
and has been added to the routine monitoring lists of both U.S. and Canadian monitoring programs as a result.

Nonylphenol and nonylphenol ethoxylates (NPEs)

NPEs are common ingredients in detergents, emulsifiers and dispersing agents in household, industrial and
agricultural products, and waste water treatment plant effluents are a primary route of release to the environment
(Kannan, Keith et al. 2003). The average concentration of NPE identified by Environment and Climate Change
Canada in Lake Trout from Lake Ontario was 14 ng/g ww (McGoldrick et al. 2015). The average was within the
range of concentrations reported in fish tissues from rivers in Michigan U.S. (Keith, Snyder et al. 2001), and Lake
Biwa in Japan (Tsuda, Takino et al. 2000). NPEs were considered as a Chemicals of Mutual Concern by the Annex
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3 Subcommittee (C3) of the GLWQA but was not nominated by the Great Lakes Executive Committee.

Siloxanes

Siloxanes are high production volume chemicals that are common ingredients in many personal care products,
cosmetics, as well as industrial cleaning fluids and dry cleaning (Environment Canada 2008a, Environment and
Canada and Health Canada 2008b, Environment Canada and Health Canada 2008b, Horii and Kannan 2008, Wang,
Moody et al. 2009) and are known by their shortened form of D4, D5, and D6. These compounds have been
measured in fish from the Great Lakes by Environment and Climate Change Canada in recent years (McGoldrick et
al. 2014). In general, concentrations of D5 are higher in Great Lakes whole fish than D4 or D6 and DS is highest in
Lake Ontario (140 ng/g), followed by Superior (76 ng/g), Erie (34 ng/g) and Huron (16.5 ng/g). On a mass
concentration basis, D5 is also among the top 10 most abundant compounds measured in Great Lakes Lake Trout or
Walleye (McGoldrick et al 2015).Currently, there are no ecosystem objectives for siloxanes and they are not being
considered as a CMC by Annex 3 of the GLWQA.

Linkages

Contaminant levels in Lake Trout and Walleye are dependent on complex biological and physiochemical
interactions both within and outside of the Great Lakes Basin as these apex predators integrate contaminant inputs
from water, air, sediment, and their food sources. A changing climate and associated changes to precipitation and
wind currents will alter the influx of contaminants from sources outside of the basin and may alter food webs and
the contaminant transfer through them. Aquatic invasive species also alter food webs and change energy and
contaminant dynamics in the lakes. They also may introduce new pathways by which sediment contaminant pools
could be mobilized and transferred to fish. Many new contaminants of concern are components of consumer
products, personal care products, or pharmaceuticals, as a result, wastewater treatment effluents are an important
source of contamination which is growing along with the human population of the basin.

Comments from the Author(s)

Environmental specimen banks containing tissue samples are a key component of both the U.S. and Canadian
monitoring programs, allowing for retrospective analyses of newly identified chemicals of concern to be able to
develop long term trends in the short-term.

The importance of changes in the food webs of the Great Lakes are becoming much more important to understand
and quantify. For example, the declines of zooplankton populations in Lake Huron are suspected to be the cause for
slower growing Lake Trout and higher chemical concentrations for PBTs as a result. Food web assessments for
chemical transfer fatty acid content and fatty acid ratios (Crimmins et. al. in prep) are ongoing in in the U.S. to assist
in the interpretation of chemical results and trends.

The authors have made efforts to improve the statistical rigor of this sub-indicator report through the inclusion of
error bounds on estimated concentrations and trends through time. The authors have also focused on contaminants
with defined environmental targets, guidelines and/or thresholds to put observed concentrations in context with risk
to the environment. Other improvements to statistical rigor, such as, better methods to characterize dataset with
censored values (i.e. non-detects) should be investigated and incorporated in future reports on this sub-indicator.

Assessing Data Quality

Strongly Neutral or Strongly Not

Data Characteristics Agree Agree Unknown Disagree

1. Data are documented,
validated, or quality-assured by a

. X
recognized agency or
organization
2. Data are traceable to original X
sources
3. The source of the data is a
known, reliable and respected X

generator of data
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4. Geographic coverage and scale
of data are appropriate to the X
Great Lakes Basin

5. Data obtained from sources
within the U.S. are comparable to X
those from Canada

6. Uncertainty and variability in
the data are documented and
within acceptable limits for this
sub-indicator report
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Agency Great Lake
Environment
Compound or Class andClimate | US . . - .
Change EPA Ontario | Erie | Huron | Michigan | Superior
Canada
4-n-octylphenol (OP) X X
4-nonlyphenol monoethoxylate X X
(NP1EO)
4-nonylphenol (NP) X X
4-nonylphenol diethoxylate X X
(NP2EO)
Hexabromocyclododecane (a-, y- X X
HBCD)
Polychlorinated naphthalenes X X
(PCN)!
tris(2-butoxyethyl) phosphate
(TBOEP) X X X
Chlqrmated glkanes (short and X X X X X
medium chain)
Decamethylcyclopentasiloxane (D5) X X X X X
Dodecamethylcyclohexasiloxane X X X X X
(D6)
Dodecamethylpentasiloxane (L5) X X X X X
Hexamethylcyclotrisiloxane (D3) X X X X X
Octamethylcyclotetrasiloxane (D4) X X X X X
Perfluorooctane sulfonamide
(PFOSA) X X X X X
Perfluorooctanoic acid (PFOA) X X X X X
Chlordane (a-, v-) X X X X X X X
Dieldrin X X X X X X X
Heptachlor epoxide X X X X X X X
Hexachlorobenzene (HCB) X X X X X X X
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Agency Great Lake
g | Environment
Compoun or Class and Climate us . . . .
Change EPA Ontario | Erie | Huron | Michigan | Superior
Canada
Hexachlorocyclohexane (a-, y-
HCH) X X X X X X X
Mercury X X X X X X X
Mirex X X X X X X X
p,p’-dichlorodiphenyldichloroethane
(DDD) X X X X X X X
p.p’-
dichlorodiphenyldichloroethylene X X X X X X X
(DDE)
p,p’-dichlorodiphenyltrichloroethane
(DDT) X X X X X X X
Perfluorodecanesulfonate (PFDS) X X X X X X X
Perfluorodecanoic acid (PFDA) X X X X X X X
Perfluorododecanoic acid (PFDoA) X X X X X X X
Perfluorononanoic acid (PFNA) X X X X X X X
Perfluorooctanesulfonate (PFOS) X X X X X X X
Perfluorotridecanoic acid (PFTrA) X X X X X X X
Perfluoroundecanoic acid (PFUnA) X X X X X X X
Polybrominated diphenyl ethers
(PEDE)! X X X X X X X
Polychlorinated biphenyls (PCB) X X X X X X X
Endrin X X X X X X
cis-nonachlor X X X X X X
Endosuflan (I, IT) X X X X X X
Endosulfan sulfate X X X X X X
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Agency Great Lake
g | Environment
Compound or Class and Climate | US . . . .
Change EPA Ontario | Erie | Huron | Michigan | Superior
Canada
Hexachlorocyclohexane (-, o-
HCH) X X X X X X
Octachlorostyrene X X X X X X
Oxychlordane X X X X X X
Total Dioxin TEQ (Mammal) X X X X X X
Toxaphene (Camphechlor) X X X X X X
trans-nonachlor X X X X X X

Chemicals detected greater than 10 % frequency identified through monitoring and surveillance programs

Table 1. Chemicals detected greater than 10 % frequency identified through Monitoring and Surveillance

Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency

Contaminant Criteria Source Criteria type Value (ng/g ww)
TetraBDE Environment Canada Wildlife Diet 44
(TeBDE) Federal Environmental
Quality Guidelines
PentaBDE Environment Canada Wildlife Diet 1.0
(PeBDE) Federal Environmental
Quality Guidelines
HexaBDE Environment Canada Wildlife Diet 4.0
(HeBDE) Federal Environmental
Quality Guidelines
PFOS Environment Canada Mammalian Diet 4.6
Federal Environmental
Quality Guidelines
Total PCBs 1987 GLWQA Wildlife Diet 100 (0.1 pg/g)
amendment
Total DDT 1987 GLWQA Wildlife Diet 1000 (1.0 pg/g)
amendment
Total Mercury 1987 GLWQA Wildlife Diet 500 (0.5 pg/g)
amendment

Table 2. Contaminant criteria for environmental monitoring and surveillance programs
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 1. Mean Deviation Ratio for the Great Lakes Basin.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 2. Mean Deviation Ratio for Lake Superior.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 3. Mean Deviation Ratio for Lake Michigan.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 4. Mean Deviation Ratio for Lake Huron.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 5. Mean Deviation Ratio for Lake Erie.
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Figure 6. Mean Deviation Ratio for Lake Ontario.
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Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 7. Basin wide chemical contribution to body burden of whole top predator fish.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 8. Total PCB concentration trend in Lake Huron Lake Trout and zooplankton biomass in Lake Huron over

time.
Source: U.S. Environmental Protection Agency and Barbiero et al.

Page 103



STATE OF THE GREAT LAKES 2017

o Enssronmant and Clmate Change Cansds

v i i
-*J_.#j:" \ ) BE U3 Environmantal Probection Agency
' e |
= L =) '_‘.
- 8.
i i
e B e R e [ S
4 - - - _! -".;
- ' | -I
,I’ -t Ly I" ‘E{
g x $er
. “ - o r ]
iy -
H /f_" - !‘
e % Pl -
- -

Figure 9. Map of Great Lakes showing Environment and Climate Change Canada and U.S. Environmental
Protection Agency monitoring stations for fish contaminants.
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 10. Total PCB concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid
lines denote slopes that are statistically greater or less than zero (o = 0.05).

Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 11. Total DDT (DDD + DDE + DDT) for individual (Environment and Climate Change Canada) and
composited (U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from
each of the Great Lakes, 2012.

Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 12. Total mercury concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid
lines denote slopes that are statistically greater or less than zero (o = 0.05).

Source: Environment and Climate Change Canada, U.S. Environmental Protection Agency
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Figure 13. Mean TeBDE concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid
lines denote slopes that are statistically greater or less than zero (o = 0.05).

Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 14. Mean PeBDE concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid
lines denote slopes that are statistically greater or less than zero (o = 0.05).

Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 15. Mean HxBDE concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid

lines denote slopes that are statistically greater or less than zero (o = 0.05).
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency
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Figure 16. Mean PFOS concentrations for individual (Environment and Climate Change Canada) and composited
(U.S. Environmental Protection Agency) whole body Lake Trout or Walleye (Lake Erie) collected from each of the
Great Lakes. Figures with dashed trend lines are shown where slopes are not statically different than zero. Solid
lines denote slopes that are statistically greater or less than zero (o = 0.05).
Source: Environment and Climate Change Canada and U.S. Environmental Protection Agency

Page 111



STATE OF THE GREAT LAKES 2017

0.12
® Lake Superior
@ Lake Huron
- A
0:40 v Lake Erie
,.5.. & & Lake Ontario
o 0.08 -
o
=
S 0.06 -
©
8
e 0.04 1
o]
Q
0.02 -
G.Gﬂ T T J Y T T T T T T T T T T T T T T T T T T T T
1970 1980 1990 2000 2010 2020

Year

Figure 17. Average concentrations of total mercury (dots) measured in composite samples of Rainbow Smelt by
Environment Canada. Lines show the three year moving average.
Source: Environment and Climate Change Canada
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Sub-Indicator: Toxic Chemicals in Great Lakes Herring Gull Eggs

Overall Assessment

Status: Good

Trend: Improving

Rationale: The long term trends (1974 to present) of virtually all legacy contaminants (PCBs, dioxins and furans,
organochlorine pesticides) are declining. The short term trends, those over the last decade, are a mixture of some
showing significant declines but others showing no significant change. Non legacy compounds, however, like fully
substituted polybrominated diphenyl ethers (e.g. BDE-209), syn- and anti-Dechlorane Plus (DDC-CO), and
Hexabromocyclodoecane (HBCDD) have increased in recent years. Perfluorinated sulfonates (PFSAs) have declined
over time, but some perfluorinated carboxylic acids (PFCAs) have increased from 1990 to 2010 in eggs from some
gull colonies.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Improving

Rationale: The traditional legacy contaminants, DDE, SUM PCBs and TCDD, have declined significantly in long term
(1974-2013) and short term (2000-2013). Mercury has declined significantly in the long term but neither it, nor SUM BDE,
has declined significantly in the short term. BDE-209, HBCDD, and DCC-CO have increased from 2006/08 to 2012. At the
Agawa Rocks colony, SUM PFCA have increased from 1990 to 2010.

Refer to Figure 2 for more detail on the long- and short-term trends by compound and water body.

Lake Michigan

Status: Good

Trend: Improving

Rationale: The traditional legacy contaminants, DDE, SUM PCBs and TCDD, have declined significantly both since the
1970s (1974-2013) and in the last decade (2000-2013). Mercury has declined significantly in the long term but neither it,
nor SUM BDE, has declined significantly in the short term. BDE-209, HBCDD, and DCC-CO have increased from 2006/08
to 2012.

Lake Huron

Status: Good

Trend: Improving

Rationale: The traditional legacy contaminants, DDE, SUM PCBs and TCDD and mercury have declined significantly since
the 1970s (1974-2013) and in the last decade (2000-2013). No significant change for SUM BDE in the short-term. BDE-
209, HBCDD, and DCC-CO have increased from 2006/08 to 2012, while SUM PFCAs have increased from 1990 to 2010
from the Detroit River colony.

Lake Erie

Status: Fair

Trend: Unchanging

Rationale: The legacy contaminants, DDE, SUM PCBs, TCDD and mercury, have all declined significantly since the 1970s
(1974-2013). However, none of them, as well as SUM BDEs has declined significantly in the last decade (2000-2013).
SUM PFCA have increased from 1990 to 2010 from the Detroit River and Niagara Falls colonies.

Lake Ontario

Status: Fair

Trend: Unchanging

Rationale: The legacy contaminants, DDE, SUM PCBs, TCDD and mercury, have all declined significantly since the 1970s
(1974-2013). However, none of them, as well as SUM BDEs has declined significantly in the last decade. SUM PFCA have
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increased from 1990 to 2010 from Toronto Harbour and Niagara River colonies. BDE-209, HBCDD, and DCC-CO have
increased from 2006/08 to 2012.

Sub-Indicator Purpose

The purpose of this sub-indicator is to assess concentrations of chemical contaminants in a representative fish eating
colonial waterbird, and it will be used to infer the impact of these contaminants on the physiology of the colonial waterbird.

This sub-indicator will assess the current toxic chemical concentrations and trends in representative colonial waterbirds
(gulls, terns, cormorants and/or herons) on the Great Lakes; infer and measure the impact of contaminants on the health (i.e.
the physiology and breeding characteristics) of the waterbird populations; and assess ecological and physiological endpoints
in representative colonial waterbirds on the Great Lakes. It can be used to describe temporal and spatial trends of
bioavailable contaminants in representative biota throughout the Great Lakes; to infer the effectiveness of remedial actions
related to the management of critical pollutants; and to document and describe the trends of chemicals of emerging concern.

Ecosystem Objective

Tracking progress of fish-eating colonial waterbirds on the Great Lakes toward an environmental condition in which there
is no difference in contaminant levels and related biological endpoints between birds on and off the Great Lakes. As part of
this sub-indicator, contaminant levels are also measured in herring gull eggs to ensure that levels continue to decline.

This sub-indicator best supports work towards General Objective #4 of the 2012 Great Lakes Water Quality Agreement
which states that the Waters of the Great Lakes should “be free from pollutants in quantities or concentrations that could be
harmful to human health, wildlife, or aquatic organisms, through direct exposure or indirect exposure through the food
chain.”

Ecological Condition

Although there are Great Lakes wildlife species that are more sensitive to contaminants than Herring Gulls, and colonial
nesting waterbird species in general, there is no other species which has the historical dataset that the Herring Gull does. As
contaminant levels continue to decline (if they do), the usefulness of the Herring Gull as a biological indicator species may
lessen (due to its reduced sensitivity to low levels of contamination) but its value as a chemical indicator will remain and
probably increase - as levels become harder and harder to measure in other media. It is an excellent accumulator tracker
since many of the above biological measures are correlated with contaminant levels in their eggs. In other colonial
waterbirds, there are similar correlations between contaminant levels in eggs and various biological measures. Contaminant
levels in eggs of other colonial waterbirds are usually correlated with those in Herring Gulls. Adult Herring Gulls nest on
all the Great Lakes and the connecting channels and remain on the Great Lakes year-round. Because their diet is usually
made up primarily of fish, they are an excellent terrestrially nesting indicator of the aquatic community. The Herring Gull
egg contaminants dataset is also the longest running continuous (annual) contaminants dataset for wildlife in the world. The
chemical related sub-indicators showing long-term trends of contaminants in biota provide valuable insight into the relative
abundance of contaminants in the vicinity of fish and waterbird populations. They represent not just contaminants in water,
but offer insight into how chemicals get into and move throughout the food web.

Contaminant Burdens

Annual concentrations of legacy compounds, such as organochlorine pesticides, PCBs, PCDFs/PCDDs and other organic
contaminants, and mercury and other metals are measured in Herring Gull eggs from 15 sites from the Great Lakes Herring
Gull Monitoring Program, and 5 sites from the Michigan Department of Environmental Quality (Figure 1) from throughout
the Great Lakes (U.S. and Canada). The Herring Gull eggs are collected in a similar fashion between the two programs, and
similar contaminant analyses are performed; the main difference between the two programs is the frequency of egg
collection. On a less routine basis, measurements of brominated and non-brominated flame retardants, and perfluorinated
sulfonates (PFSAs) and perfluorinated carboxylic acids (PFCAs) are also analyzed.

At all colonies of Herring Gulls monitored in the Great Lakes Herring Gull Monitoring Program (Environment and Climate
Change Canada), concentrations of PCBs, PCDD/Fs and organochlorine pesticides have fallen dramatically since the 1970s
(de Solla et al. 2016; Table 1). The range in concentrations of PCBs (Aroclor 1254:1260 1:1 equivalents) was between 50.1
and 165.6 ng/g among the 10 colonies monitored in the early 1970s, whereas by 2013 the maximum concentration was 14.8
pg/g (Table 1). By 2013, of the TCDD, PCBs and the most prevalent OC pesticides, concentrations in 2013 ranged between
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3.3% and 20.1% of the concentrations from the year they were first measured (Table 1). In general, trends in contaminant
burdens followed an exponential decline from the 1970s to 2013, i.e., the rate of decline is proportional to concentrations
(Figure 2; Table 3). Although generally the declines were consistent with a first order exponential decay model, the rates of
decline in POPs in Herring Gull eggs were generally lower in later years, and for many colonies, concentrations have
stabilized in the last few years. When all colonies were pooled, the mean half-lives for POPs ranged from 5.5 to 13.7 years
for PCBs, TCDD and the six organochlorine pesticides (Table 3). For XPCBs, the half-lives ranged from 9.9 to 24.3 years
among colonies, with Middle Island having the longest half-life. Overall, Middle, Granite and Gull islands (Lakes Erie,
Superior and Michigan, respectively) had the longest half-lives for POPs.

Although the Clean Michigan Initiative-Clean Water Fund (CMI-CWF; Michigan Department of Environmental Quality)
have not monitored Herring Gulls for long as the Great Lakes Herring Gull Monitoring Program, there have been some
declines in PCBs and OC pesticides. PCBs, p,p’-DDE and total mercury had declined from 2002/06 to 2008/12 for colonies
from Lake Michigan and Lake Huron, and one colony from Lake Erie (Table 2). Generally, concentrations for the subset of
colonies from the MDEQ were within the range for the 15 colonies of the GLHGMP.

These declines in legacy POPs are consistent with compounds whose production ceased in the 1970s; however the temporal
trends in other compounds whose production continued in the 2000s or later show different trajectories. For example,
PBDE:s in Herring Gull egg from 6 colonies generally showed rapid increases from 1982 to 2000, no further increasing
trend from 2000 to 2006, and then declines by 2012 (Figure 3; Letcher et al. 2015). Conversely, full brominated PBDEs
(e.g. BDE-209), syn- and anti-Dechlorane Plus (DDC-CO), and Hexabromocyclodoecane (HBCDD) have increased from
2006 to 2012 (Figure 3; Letcher et al. 2015).

Contaminant burdens varied among the 15 GLHGMP colonies, with concentrations generally highest in colonies with
substantial urban or industrial influences nearby or upstream. Using the methodology of Weseloh et al. (2006), where
colonies were ranked from most to least contaminated for legacy POPs using fish flesh criteria as weighting factors; the 15
colonies were ranked for the 2013 data. Overall, Herring gull eggs from Fighting Island (Detroit River), Middle Island
(Western Lake Erie), Toronto Harbour and Hamilton Harbour (Lakes Ontario), and Channel Shelter Island (Lake Huron)
were the most contaminated for legacy POPs. Conversely, the colonies from Eastern Lake Erie and Western Lake Ontario
tended to be the most contaminated for perfluorinated sulfonates (PFSAs) and perfluorinated carboxylic acids (PFCAs;
Figure 4; Letcher et al. 2015).

Assessment of Health of Colonial Waterbirds

The health of colonial waterbirds, particularly in relation to contaminant burdens or exposure, has been assessed at a
number of colonies, primarily in Areas of Concern. Contaminant burdens were examined in eggs of herring gulls and
double-crested cormorants (Phalacrocorax auritius) collected from colonies in the vicinity of the Spanish Harbour Area of
Concern in Recovery (Lake Huron) and compared to reference colonies in 2011 and 2012. Concentrations of TCDD, PCBs,
and mercury, were low in eggs and were not notably elevated in the Area in Recovery (AiR) relative to the reference
colonies, and were considered to be below those associated with adverse effects on reproduction. Recent egg burdens
appeared to be markedly lower to concentrations measured in earlier time periods (Hughes et al. 2014b). Similarly,
Reproduction and development were examined in herring gulls and common terns (Sterna hirundo) breeding within the St.
Marys River Area of Concern (Lake Huron) in 2011 and 2012. Freshly-laid eggs were collected from colonies within the
AOC and from reference sites were artificially incubated in the laboratory and assessed for embryonic viability, incidence
of embryonic deformities, contaminant burdens and other biochemical endpoints. Overall, embryonic viability of herring
gulls and common terns was high at AOC colonies. Frequencies of embryonic deformities were comparable between AOC
colonies and reference colonies for both species, were not associated with exposure to dioxin-like PCBs and dioxins, which
did not differ between AOC and reference sites. Contaminants were not sufficiently elevated in embryos to adversely
impact the reproductive success and development of herring gulls and common terns foraging in the St. Marys River AOC
(Hughes et al. 2014a).

Breeding success of the Black-crowned Night-Heron (Nycticorax nycticorax) was examined at a colony on Turkey Island in
the Detroit River Area of Concern (AOC) and an upstream non-AOC reference colony on Georgian Bay in 2009 and 2011.
Breeding success was lower in night-herons from the AOC compared to the reference colony in both study years; at the
AOC colony in 2009, productivity was below a range of thresholds considered to be typical for a stable population. Despite
higher concentrations found overall at the AOC colony, concentrations of PCBs, other organochlorines and PBDEs in eggs
and liver of nestlings were below concentrations associated with adverse reproductive effects. Mercury concentrations in

Page 115



STATE OF THE GREAT LAKES 2017

eggs and livers of nestlings from the AOC colony were comparable to concentrations at the reference colony and were
below those associated with adverse reproductive effects. Reduced breeding success in 2009 was likely not due to elevated
concentrations of contaminants historically associated with the AOC, but likely to other stressors, such as predation,
weather and disturbance. At both colonies, concentrations of DDT, PCBs and mercury in eggs and nestling livers exceeded
tissue residue guidelines (Hughes et al. 2013).

Variable DNA microsatellites were used to screen for mutations in Double-crested Cormorants (Phalacrocorax auritus)
families from two colonies in Hamilton Harbour AOC (Lake Ontario) and Mohawk Island (Lake Erie) Microsatellite
mutation rates were 6 times higher at the Hamilton Harbour site closest to the industrial sources of Polycyclic Aromatic
Hydrocarbons (PAHs) than the other Hamilton Harbour site, and both were higher than the reference colony (King et al.
2014). A Phase I metabolite of the PAH benzo[a]pyrene was identified in bile and liver from Hamilton Harbour cormorant
chicks suggesting that these cormorants are exposed to and metabolizing PAHs, highlighting their potential to have caused
the observed mutations (King et al. 2014).

The health of Herring Gulls is also being assessed at Thunder Bay (Lake Superior) and Hamilton Harbour AOCs. Periodic
measurements are made of biological features of gulls and other colonial waterbirds known to be directly or indirectly
impacted by contaminants and other stressors. These include (but are not limited to): clutch size, eggshell thickness,
hatching and fledging success, size and trends in breeding population, various physiological biomarkers including vitamin
A, immune and thyroid function, stress (corticosterone) and growth hormone levels, liver enzyme induction, PAH levels in
bile and porphyrins and genetic and chromosomal abnormalities. Additional monitoring considerations include: tracking
porphyria, vitamin A deficiencies, and the evaluation of avian immune systems. Chemical burdens in eggs of colonial
nesting waterbirds are assessed for temporal trends, and are compared to suitable reference sites.

Linkages

There are many linkages between the Toxic Chemicals in Great Lakes Herring Gull Eggs sub-indicator and many other sub-
indicators within the Great Lakes (previously known as SOLEC) reporting suite. There is a link between Fish-Eating and
Colonial Nesting Waterbirds and Toxic Chemicals in Whole Fish as well as with Lake Sturgeon, Lake Trout and Preyfish.
Changes in fish productivity of the Great Lakes have been reflected in fish eating birds (Figure 5; Paterson et al. 2014);
temporal changes in the energy density of forage fish eggs are reflected in those of both top predator fish (Lake Trout) and a
fish-eating bird (Herring Gulls). A link has also been shown by Dr. Craig Hebert between contaminant levels in Herring
Gull eggs and Ice Cover. There is a direct link between Herring Gull contaminants and endocrine disruption and, in terms
of the health of Great Lakes fish-eating birds, between Herring Gulls and both botulism outbreaks and the occurrence of
fish diseases.

Comments from the Author(s)

The bioavailability of POPs, and thus exposure to wildlife is not simply a function of the concentrations found in
environmental matrices such as water, soil or sediment, but varies considerably with the myriad of factors that control the
transport and fate of contaminants. Measurements of body burdens in waterbirds integrate the net effect of factors such as
bioavailability, temperature, growth rates, food chain dynamics, and chemical partitioning behavior. One of the advantages
of using colonial waterbirds as indicators is that their rates of elimination of body burdens for POPs are generally much
faster than the rates of environmental degradation; hence changes in body burdens reflect changes in the bioavailability of
POPs.

Degradation half-lives in sediment of the PCB congeners typically found in Herring Gull eggs range between 10 to 19 years
in sediment (Sinkkonen and Paasivirta 2000). Conversely, the half-life of p,p’-DDE in Herring Gulls was estimated to be
264 days (Norstrom et al. 1986), with half-lives for PCBs likely to be similar. The half-lives of PCBs fed to ring doves
ranged from 7 to 53 days (Drouillard and Norstrom 2001). Hence, Herring Gulls respond faster to inputs of POPs through
their diet than the degradation rate of POPs in the general environment. Although there were dramatic declines in
contaminant burdens of legacy POPs in Herring Gull eggs from the 1970s to 2013, not all of the changes in egg burdens
were due solely to the elimination of the contaminants in the environment. Changes in food web components affect dietary
exposure and hence body burdens of POPs in wildlife. By using ecological tracers, Hebert and Weseloh (2006) found that
not only did Herring Gull diets and trophic level change at many Great Lakes colonies between 1974 and 2003, but when
the effect of changing trophic level was removed, the rates of contaminant declines were reduced. Hence, a proportion of
the declines were due to reductions in dietary exposure from feeding at lower trophic levels.
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Also, contaminant concentrations in most colonially-nesting, fish-eating birds are at levels where gross ecological effects,
such as eggshell thinning, reduced hatching and fledging success, and population declines, are no longer apparent. Greater
reliance for detecting biological effects of contaminants is being put upon physiological and genetic biomarkers.

Assessing Data Quality
Data Characteristics Strongly Agree Neutral or Disagree St‘rongly N_Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data x
4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin x
5. Data obtained from sources within the
U.S. are comparable to those from X
Canada
6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Acknowledgments
Authors:
Shane de Solla, Environment and Climate Change Canada, 867 Lakeshore Road, Burlington, Ontario, L7S 1A1

Contributors:
Doug Crump, National Wildlife Research Centre, Environment and Climate Change Canada, Carleton University, Ottawa,
Ontario, K1A OH3. Doug.Crump@canada.ca

Kim Williams, National Wildlife Research Centre, Environment and Climate Change Canada, Carleton University, Ottawa,
Ontario, K1A OH3. Kim.Williams@canada.ca

Craig Hebert, National Wildlife Research Centre, Environment and Climate Change Canada, Carleton University, Ottawa,
Ontario K1A, OH3. Craig.Hebert@canada.ca

Robert Letcher, National Wildlife Research Centre, Environment and Climate Change Canada, Carleton University,
Ottawa, Ontario, K1A OH3. Robert.Letcher@canada.ca

Information Sources

de Solla SR, Weseloh DVC, Hughes KD, Moore DJ. 2016. 40 year decline of organic contaminants in eggs of herring gulls
(Larus argentatus) from the great lakes, 1974 to 2013. Waterbirds. 39: 171-180.

Drouillard KG ,Norstrom RJ. 2001. Quantifying maternal and dietary sources of 2,2°,4,4’,5,5’-hexachlorobiphenyl
deposited in eggs of the ring dove. Environ Toxicol Chem 20:561-567.

Environment and Climate Change Canada, unpublished data.

Page 117



STATE OF THE GREAT LAKES 2017

Fuentes L, Bowerman W, Moore L, Leith K, Drouillard K. 2014. Concentrations of environmental contaminants in herring
gull eggs from Great Lakes colonies in Michigan 2002-2006 and 2008-2012. Report to Michigan Department of
Environmental Quality. MI/DEQ/WRD-14/028. 49 pp.

Hebert CE. Weseloh DVC. 2006. Adjusting for temporal change in trophic position results in reduced rates of contaminant
decline. Environmental Science and Technology 40: 5624-5628.

Hughes KD, Crump D, Williams K, Martin PA. 2014a. Assessment of the Wildlife Reproduction and Deformities
Beneficial Use Impairment in the St. Marys River Area of Concern (Ontario). Environment Canada, Ecotoxicology and
Wildlife Health Division, Ottawa, Canada. 36 pp.

Hughes KD, Crump D, Williams K, Martin PA. 2014b. Contaminants in Colonial Waterbirds Breeding near the Spanish
Harbour Area in Recovery. Environment Canada, Ecotoxicology and Wildlife Health Division, Ottawa, Canada. 15 pp.

Hughes KD, Weseloh DV, Martin PA, Moore D, de Solla SR. 2013. An Assessment of Breeding Success of Black-crowned
Night-Herons (Nycticorax nycticorax) in the Detroit River Area of Concern (Ontario). Environment Canada, Ecotoxicology
and Wildlife Health Division, Ottawa, Canada. 18 pp.

King LE, de Solla SR, Small, JM, Sverko, E, Quinn, JS. 2014. Microsatellite DNA mutations in Double-crested Cormorants
(Phalacrocorax auritus) associated with exposure to PAH-containing industrial air pollution. Environ Sci Technol.
48:11637-11645

Letcher RJ, Su G, Moore JN, Williams LL, Martin PA, de Solla SR, Bowerman WW. 2015. Perfluorinated sulfonate and
carboxylate compounds and their precursors in recent eggs of herring gulls from across the Laurentian Great Lakes of North
America: distribution and exposure implications. Sci Total Environ. 538: 468-477

Norstrom RJ, Clark TP, Jeffrey DA, Won HT, Gilman AP. 1986. Dynamics of organochlorine compounds in Herring Gulls
(Larus argentatus): 1. Distribution and clearance of [14C]DDE in free-living Herring Gulls (Larus argentatus).
Environmental Toxicology and Chemistry 5: 41-48

Paterson G, Hebert CE, Drouillard KG, Haffner DG. 2014. Congruent energy density trends of fish and birds reflect
ecosystem change. Limnology and Oceanography. 59: 1171-1180.

Sinkkonen S, Paasivirta J. 2000. Degradation half-life times of PCDDs, PCDFs and PCBs for environmental fate modeling.
Chemosphere 40: 943-949.

Su G, Letcher RJ, Moore JN, Williams LL, Martin PA, de Solla SR, Bowerman WW. 2015. Spatial and temporal
comparisons of legacy and emerging flame retardants in herring gull eggs from colonies spanning the Laurentian Great
Lakes of Canada and United States. Environmental Research. 142: 720-730

Weseloh D.V.C., Pekarik C. and S.R. de Solla. 2006. Spatial patterns and rankings of contaminant concentrations in
herring gull eggs from 15 sites in the Great Lakes and connecting channels, 1988-2002. Environ Monitor Assess.113: 265-
284.

Weseloh DVC, Moore DJ, Hebert CE, de Solla SR, Braune BM, McGoldrick D. 2011. Current concentrations and spatial
and temporal trends in mercury in Great Lakes Herring Gull eggs. 1974-2009. Ecotoxicology. 20:1644-1658.

List of Tables

Table 1. Concentrations of PCBs and organochlorine pesticides (ug/g, wet weight) and 2,3,7,8-tetrachlorodibenzo-p-dioxin
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Source: Great Lakes Herring Gull Monitoring Program (Environment and Climate Change Canada)

Table 2. Concentrations of PCBs, p,p’-DDE, and toxic dioxin equivalents (TEQs) in Herring Gulls eggs from the American
Great Lakes in the 2002 to 2006 and 2008 to 2012.

Source: Data from the Clean Michigan Initiative-Clean Water Fund (CMI-CWF; Michigan Department of Environmental

Quality)
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Table 3. Mean percent declines (SD), mean decay constants (SD) and mean half-lives (SD) for PCBs, organochlorine
pesticides and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in Herring Gull eggs from 15 Great Lakes colonies from the
first year of reporting to 2013 (with the exception of Fighting Island where the last year of reporting was 2010). Minimum
and maximum values and associated colonies are also shown. Note that colonies identified with the smallest (minimum)
decay constant also have the longest (maximum) half-life and vice versa.

Source: Great Lakes Herring Gull Monitoring Program (Environment and Climate Change Canada)

List of Figures

Figure 1. Herring Gull annual monitoring colonies in the Great Lakes and connecting channels, 1974-2013.

Sites in green are the 15 colonies monitored annually by Environment and Climate Change Canada (Great Lakes Herring
Gull Monitoring Program), and the sites in red are monitored periodically by the Michigan Department of Environmental
Quality.

Source: de Solla et al., in press; unpublished data

Figure 2. Temporal changes (exponential models) in concentrations of PCBs (Aroclor 1254:1260 1:1 equivalents)

and six organochlorine pesticides (pg/g, wet weight) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (pg/g, wet

weight) in Herring Gull eggs from the Great Lakes, 1974-2013. For each compound, data were reported for the two
colonies that had the highest (@) and lowest (1) decay constants.

Source: de Solla et al. in press; unpublished data

Figure 3. Time-point comparisons over six years of the arithmetic mean of the sum concentrations of SUM 7PBDEs (BDE-
28, -47, -100, -99, -154, -153 and -183), BDE-209, HBCDD and SUM 2DDC-CO concentrations in herring gull egg pools
collected in 2006, 2008 and 2012 from Agawa Rock (Lake Superior), Gull Island (Lake Michigan), Channel-Shelter Island
(Lake Huron), Chantry Island (Lake Huron), Weseloh Rocks (Niagara River, above the falls) and Toronto Harbor (Lake
Ontario).

Source: Su et al. 2015.

Figure 4. Arithmetic mean concentrations of SUM 4 perfluorinated sulfonates (PFSAs) and SUM 9 perfluorinated
carboxylic acids (PFCAs) and sampling locations of herring gull eggs in the North American Great Lakes.

Fourteen colonies sampled by Environment and Climate Change Canada as part of the Great Lakes Herring Gull
Monitoring Program (GLHGMP) are marked with black dots, whereas five Clean Michigan Initiative-Clean Water Fund
(CMI-CWF) U.S. colonies are marked with yellow dots.

Source: Letcher et al. 2015.

Figure 5. Energy density (kJ/g) trends for eggs of Lake Huron rainbow smelt (RS), 4-7 year old lake trout (LT), and
herring gull eggs (HRG) collected from Chantry, Channel Shelter, and Double Island nesting colonies from 1989-2011.
Solid, dotted, and dashed lines represent best fit least squares linear regression lines for lake trout, rainbow smelt, and
herring gull egg data, respectively.

Source: Paterson et al. 2014.
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Lake Colony Year PCB1:1 p,p’-DDE HE X Chlordane HCB Mirex Dieldrin TCDD'
St Lawrence Strachan 1. 1986  35.79 7.44 0.06 0.22 0.07 094 0.16 57.0
2013 5.33 0.65 0.01 0.03 0.01 0.12 0.02 4.8
Lake Ontario  Snake L. 1974  140.51 21.37 0.17 0.25 0.56  6.59 0.47 185.0
2013 7.01 0.79 0.01 0.06 0.03  0.15 0.03 9.7
Lake Ontario  Leslie St. Spit 1974  165.56 23.32 0.14 0.17 0.60 7.44 0.46 60.0
2013 8.78 1.48 0.02 0.13 0.03  0.20 0.08 11.2
Lake Ontario  Hamilton H 1981 79.33 11.10 0.12 0.72 0.23 1.94 0.26 50.0
2013 7.05 0.83 0.01 0.06 0.02 0.10 0.03 6.6
Lake Erie Port Colborne 1974  72.56 8.71 0.16 0.16 021 0.84 0.37 32.0
2013 5.82 0.42 0.01 0.05 0.02  0.02 0.04 2.9
Lake Erie Weseloh Rocks 1979 5047 4.01 0.09 0.24 0.17 049 0.20 87.0
2013 5.90 0.52 0.01 0.05 0.03  0.04 0.04 4.3
Lake Erie Middle I. 1974  72.36 5.55 0.16 0.24 038 044 0.34 25.0
2013 14.79 0.69 0.01 0.06 0.02  0.01 0.04 6.7
Detroit River  Fighting I. 1972 115.09 48.10 0.08 0.20 031 0.13 0.27 49.0
2010 15.52 0.73 0.01 0.04 0.01  0.01 0.02 2.9
Lake Huron Double 1. 1974  56.34 13.83 0.16 0.40 030 0.52 0.53 28.0
2013 4.14 0.47 0.04 0.17 0.02  0.03 0.02 42
Lake Huron Chantry L. 1974  85.67 20.97 0.16 0.36 047  2.16 0.47 45.0
2013 2.84 0.42 0.01 0.05 0.02 0.04 0.02 4.4
Lake Huron Channel Shelter I. 1980  69.55 8.90 0.13 0.29 0.19  0.20 0.18 155.0
2013 10.64 1.04 0.01 0.04 0.08  0.02 0.02 25.0
Lake Michigan Gull L. 1977  111.60 27.76 0.26 0.89 0.12  0.21 0.72 58.0
2013 7.49 1.00 0.02 0.13 0.03  0.02 0.06 32
Lake Michigan Big Sister 1. 1971  141.67 60.98 0.39 0.62 042  0.68 0.83 45.0
2013 4.15 0.69 0.01 0.05 0.02  0.01 0.04 1.5
Lake Superior ~ Agawa Rocks 1974  50.07 14.19 0.13 0.38 029  0.76 0.42 79.0
2013 3.38 0.34 0.02 0.07 0.02  0.02 0.03 3.0
Lake Superior  Granite I. 1973 75.43 25.25 0.06 0.08 0.21 1.35 0.35 14.0
2013 3.15 0.40 0.01 0.06 0.02  0.02 0.03 3.0

"TCDD was not measured until 1981 at the earliest.
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Table 1. Concentrations of PCBs and organochlorine pesticides (ug/g, wet weight) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (pg/g, wet weight) in
Herring Gulls eggs from the Great Lakes in the first and last years of reporting.
Source: Great Lakes Herring Gull Monitoring Program (Environment and Climate Change Canada)

Site N PCB (mg/kg) p,p’- DDE (mg/kg)  TEQ (ng/kg) Hg (mg/kg)
02/06 08/12 02/06 08/12 02/06 08/12 02/06 08/12 02/06 08/12

Lake Michigan

Grand Traverse Bay 5 5 3.1 1.8 2.2 0.8 759 251 0.69 0.41
Lake Huron

Saginaw Bay AOC 3 5 6.0 3.6 1.3 0.7 768 466 0.47 0.40
St. Marys River AOC 9 7 3.1 1.5 1.0 0.4 226 239 0.65 0.40
Lake Superior 10 6 3.4 2.1 1.5 0.7 200 305 0.82 0.50
Huron National Wildlife Refuge 2 3 3 1.5 1.5 0.5 391 188 0.72 045
Lake Erie

River Raisin AOC 5 5 10.8 7.8 1.1 0.8 719 511 0.42 0.32
All non-AOC Sites Combined 25 15 3.4 1.9 1.6 0.7 219 314 0.75 0.43

Table 2. Concentrations of PCBs, p,p’-DDE, and toxic dioxin equivalents (TEQs) in Herring Gulls eggs from the American Great Lakes in the 2002 to
2006 and 2008 to 2012. Only a subset of the 10 colonies are listed here. Data in red are mean concentrations in 2008-12 that are significantly lower than
those from 2002-06.

Source: Data from the Clean Michigan Initiative-Clean Water Fund (CMI-CWF; Michigan Department of Environmental Quality)
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Year
Mean
SD
Min
Max
Min Colony
Max Colony

Mean

SD

Min A

Max A

Min Colony
Max Colony

Mean

SD
Minimum
Maximum

PCB 1260
-93.66%
0.04
-82.10%
-98.62%
Middle |
Big Sister |

-0.116
0.029
-0.056
-0.161
Middle |
Gull I

6.42
2.06
4.29
12.41

PCB 1:1
-91.05%
0.05
-79.55%
-97.07%
Middle |
Big Sister |

-0.091
0.025
-0.042
-0.128
Middle |
Chantry |

8.43

3.24

5.42
16.35

2 PCBs
-65.17%
0.13
-39.08%
-88.33%
Weseloh R
Big Sister |

-0.054
0.010
-0.029
-0.070
Middle |
Strachan |

13.43
3.43
9.92

24.27

p,p’-DDE HE Z Chlordane
-94.42% -89.25% -72.74%
0.04 0.06 0.21
-87.14% -77.17% -23.63%
-98.87% -96.78% -91.94%
Weseloh R Double | Leslie St Spit
Big Sister | Big Sister | Big Sister |
Decay constant (A)
-0.123 -0.063 -0.056
0.056 0.019 0.020
-0.044 -0.039 -0.034
-0.244 -0.103 -0.110
Channel Sh Granite | Granite |
Fighting | Strachan | Hamilton H
Half-life (years)
6.86 11.82 13.67
3.28 3.16 3.72
2.84 6.72 6.33
15.63 17.77 20.24

HCB
-88.61%
0.11
-57.16%
-96.92%
Channel Sh |
Fighting |

-0.140
0.045
-0.072
-0.234
Gull I
Chantry |

5.46
1.77
2.96
9.57

Mirex
-95.15%
0.04
-87.23%
-98.90%
Strachan |
Big Sister |

-0.236
0.343
-0.065
-1.334
Gull |
Chantry |

6.03
3.10
0.52
10.67

Dieldrin
-90.15%
0.05
-80.40%
-96.12%
Weseloh R
Double |

-0.075
0.017
-0.055
-0.119
Granite |
Strachan |

9.58

1.87

5.80
12.63

TCDD
-88.84%
0.07
-73.28%
-96.69%
Middle |
Big Sister |

-0.097
0.028
-0.041
-0.146
Middle |
Weseloh R

7.91
3.07
4.73
16.95

Table 3. Mean percent declines (SD), mean decay constants (SD) and mean half-lives (SD) for PCBs, organochlorine pesticides and 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) in Herring Gull eggs from 15 Great Lakes colonies from the first year of reporting to 2013 (with the exception of Fighting Island where the last
year of reporting was 2010). Minimum and maximum values and associated colonies are also shown. Note that colonies identified with the smallest (minimum)

decay constant also have the longest (maximum) half-life and vice versa.
Source: Great Lakes Herring Gull Monitoring Program (Environment and Climate Change Canada)
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Green - Environment and Climate Change Canada
Red - MDEQ

1. Granite Island
2. Agawa Rocks
1. Big Sister lsland
4, Gullisland

6. Double Island

7. Chantry Island

8. Fighting Island

9. Middle 1sland

10. Port Colborne

11. Weseloh Rocks
12. Hamilton Harbour
13. Toronto Harbour
14, Snake Island

15. Strachan lsland
16. Huron NWR

17. Bellows Island
18. Five Mile Island
19, Little Charity island
20. Monroe

5. Channel Shelter Island

Figure 1. Herring Gull annual monitoring colonies in the Great Lakes and connecting channels, 1974-2013 for legacy
compounds. Sites in green are the 15 colonies monitored annually by Environment and Climate Change Canada and
Climate Change (Great Lakes Herring Gull Monitoring Program), and the sites in red are monitored periodically by the

Michigan Department of Environmental Quality.
Source: de Solla et al. 2016; unpublished data
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Figure 2. Temporal changes (exponential models) in concentrations of PCBs (Aroclor 1254:1260 1:1 equivalents)
and six organochlorine pesticides (ug/g, wet weight) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (pg/g, wet
weight) in Herring Gull eggs from the Great Lakes, 1974-2013. For each compound, data were reported for the two
colonies that had the highest (®) and lowest ([ ) decay constants.

Source: de Solla et al. in press; unpublished data
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Figure 3. Time-point comparisons over six years of the arithmetic mean of the sum concentrations of SUM (X ) 7PBDEs
(BDE-28, -47, -100, -99, -154, -153 and -183), BDE-209, HBCDD and SUM (X ) 2DDC-CO concentrations in herring gull
egg pools collected in 2006, 2008 and 2012 from Agawa Rock (Lake Superior), Gull Island (Lake Michigan), Channel-

Shelter Island (Lake Huron), Chantry Island (Lake Huron), Weseloh Rocks (Niagara River, above the falls) and Toronto
Harbor (Lake Ontario).

Source: Su et al. 2015.

Page 125



STATE OF THE GREAT LAKES 2017

g 5.PFSA
 5,PFCA

800

400

Concentration (ng/g ww)

Figure 4. Arithmetic mean concentrations of SUM (Z) 4 perfluorinated sulfonates (PFSAs) and SUM () 9 perfluorinated
carboxylic acids (PFCAs) and sampling locations of herring gull eggs in the North American Great Lakes.

Burdens from fourteen colonies sampled by Environment and Climate Change Canada as part of the Great Lakes Herring
Gull Monitoring Program (GLHGMP) and five Clean Michigan Initiative-Clean Water Fund (CMI-CWF) U.S. colonies are
represented by bars for PFSAs and PFCAs.

Source: Source: Letcher et al. 2015.
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Figure 5. Time-point comparisons over six years of the arithmetic mean of the sum concentrations of SUM 7PBDEs
(BDE-28, -47, -100, -99, -154, -153 and -183), BDE-209, HBCDD and SUM 2DDC-CO concentrations in herring gull egg
pools collected in 2006, 2008 and 2012 from Agawa Rock (Lake Superior), Gull Island (Lake Michigan), Channel-Shelter

Island (Lake Huron), Chantry Island (Lake Huron), Weseloh Rocks (Niagara River, above the falls) and Toronto Harbor
(Lake Ontario). RS=Rainbow Smelt; LT=Lake Trout and HRG=Herring Gull Eggs
Source: Paterson et al. 2014.
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Sub-Indicator: Atmospheric Deposition of Toxic Chemicals

Overall Assessment

Status: Fair

Trend: Improving

Rationale: Although levels of toxic chemicals in air are generally low, the large surface area of the Great
Lakes results in significant atmospheric inputs (Eisenreich and Strachan 1992). While concentrations of some
toxic chemicals are very low at rural sites, they are much higher in “hotspots” such as urban areas. Lake
Michigan, Lake Erie, and Lake Ontario have greater inputs from urban areas. Eastern Lake Erie tends to
show higher levels than at other remote sites, most likely since it is located closer to an urban area (Buffalo,
NY) than the other master stations. It may also receive some influence from the East Coast of the U.S.

The overall trend for Atmospheric Deposition of Toxic Chemicals is improving for legacy chemicals, such as
PCBs, although variations in trends were seen for different chemicals. Improving trends for PAHSs, organo-
chlorine pesticides, dioxins and furans; unchanging or slightly improving for mercury, PCBs, and PBDEs.
Atmospheric deposition of toxic compounds to the Great Lakes is likely to continue into the future. The levels
of compounds no longer in use, including many organochlorine pesticides, may decrease to undetectable lev-
els. Atmospheric deposition of PCBs will continue for decades due to residual sources remaining worldwide.
Slow or no decrease in concentrations of PAHs and metals may continue depending on further pollution re-
duction efforts or regulatory requirements. Although mercury and dioxin emissions have reduced over the
past decade, elevated environmental levels are still observed.

Atmospheric deposition of chemicals of emerging concern, such as non-BDE flame retardants and other
compounds that may currently be under the radar, could also serve as future stressors on the Great Lakes.
Efforts are being made to screen for other chemicals of potential concern, with the intent of adding such
chemicals to Great Lakes monitoring programs given available methods and sufficient resources.

Lake-by-Lake Assessment

Each lake was not specifically categorized for status and trend because of limited sample stations for each lake basin
to allow for a lake-by-lake assessment. Site specific trends for many chemicals are available (Salamova et al. 2015).

Calculated loadings for each lake, including trends over time, are also available (U.S. EPA and Environment Canada
2008 and Shunthirasingham et al. 2016).

Sub-Indicator Purpose

The purpose of this sub-indicator is to assess toxic chemicals in the atmosphere and precipitation in the Great Lakes
region. The sub-indicator will infer potential impacts of toxic chemicals from atmospheric deposition on the Great
Lakes aquatic ecosystem and progress toward virtual elimination of anthropogenic Chemicals of Mutual Concern
(CMCs). The sub-indicator will also inform the risk assessment of potentially harmful chemicals and the develop-
ment of risk management strategies for toxic substances, including the CMCs, persistent organic pollutants (POPs)
and other harmful substances.

Ecosystem Objective

This sub-indicator is relevant to the General Objective #4 of the 2012 GLWQA that the waters of the Great Lakes
“be free from pollutants in quantities or concentrations that could be harmful to human health, wildlife, or aquatic
organisms, through direct exposure or indirect exposure through the food chain.” This sub-indicator is also relevant
to Annex 3-Chemicals of Mutual Concern of the GLWQA, the purpose of which is to “reduce the anthropogenic
release of chemicals of mutual concern, recognizing: (i) that chemicals of mutual concern released into the air, wa-
ter, land, sediment, and biota should not result in impairment to the quality of the Waters of the Great Lakes; and (ii)
the need to manage chemicals of mutual concern including, as appropriate, by implementing measures to achieve
virtual elimination and zero discharge of these chemicals.” The Annex 3 further calls for the Parties to (i) monitor
and evaluate the progress and effectiveness of pollution prevention and control measures; (ii) exchange, on a regular
basis, information on monitoring, surveillance...; (iii) identify and assess the occurrence, sources, transport, and
impact of chemicals of mutual concern, including spatial and temporal trends in the atmosphere...; (iv) identify and
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assess loadings ... from the atmosphere; and (v) coordinating research, monitoring, and surveillance activities as a
means to provide early warning for chemicals that could become chemicals of mutual concern.

Ecological Condition

The United States’ Integrated Atmospheric Deposition Network (IADN) and Canada’s Monitoring and Surveillance
in the Great Lakes Basin (GLB) are the primary source of data for this sub-indicator report. IADN and GLB form a
collaborative binational monitoring network that has been in operation since 1990, with five master monitoring sta-
tions, one near each of the Great Lakes, and several satellite stations (Figure 1). Since that time, over a million
measurements of the concentrations of PCBs, pesticides, PAHs, flame retardants, and trace metals have been made
at these sites. Concentrations of PBT chemicals are measured in the atmospheric gas and particle phases and in pre-
cipitation. Spatial and temporal trends of these concentrations and atmospheric loadings to the Great Lakes can be
examined using these data. Data from other networks and surveillance studies are used here to supplement the IADN
and GLB data, particularly for mercury, dioxins and furans.

PCBs

Atmospheric PCB concentrations are decreasing relatively slowly with halving times in the range of 9-40 years at
Canadian sites (Shunthirasingham et al. 2016) and about 15 years at U.S. sites (Salamova et al. 2015); see Figure 2.
There were no differences in the halving times of PCBs among the five U.S. sites and the three sites in Canada, sug-
gesting a relatively homogeneous decrease rate in the Great Lakes region (Salamova et al. 2015; Shunthirasingham
etal. 2016).

Although PCB production was banned in the early 1970s in North America, the slow decline in air concentrations
can be attributed to volatilization from the lakes themselves (Khairy et al. 2015), from building sealants (Shanahan
et al. 2015, and others), from drying sewage sludge (Shanahan et al. 2015, Yi et al. 2008), and from paints (Hu and
Hornbuckle, 2010). In addition, there are continued emissions from older electrical and hydraulic equipment still in
use and in the waste stream. Urban areas are believed to be the main sources of PCBs to rural regions (Buehler et al.
2001; Hafner and Hites 2003; Cleverly et al. 2007; Shunthirasingham et al. 2016).

Volatilization of PCBs from the lakes is also shown by an atmospheric loadings analysis (Shunthirasingham et al.
2016). The fluxes of total PCBs show increasing volatilization and decreasing gas absorption and wet deposition.
Wet deposition constitutes a small portion of the fluxes. Wet deposition to Lakes Erie, Michigan, and Superior were
not reported after 2006, and wet deposition to Lake Huron was not reported after 2008, due to precipitation concen-
trations reaching detection limits. Lake Erie continued to have absorbance fluxes significantly higher than for the
other lakes, which may be due to influences from upstate New York and the East Coast (Hafner and Hites 2003).

Organochlorine Pesticides (OCPs)

Concentrations of OCPs that have been banned are generally declining in air in the Great Lakes Basin. Chlordanes,
dieldrin, and DDT-related substances show halving times in the range of 7-13 years (Salamova et al. 2015). Con-
centrations of a-HCH and y-HCH are decreasing rapidly in air, with halving times of 5 years at Canadian sites (
Shunthirasingham et al. 2016) and about 4 years at U.S. sites (Salamova et al. 2015); see Figure 3. These are the
most rapid halving times observed for any compound measured as part of IADN/GLB.

The insecticides, a-endosulfan and B-endosulfan, are still on the market, but they are slated for complete elimination
in 2016. Even though endosulfan is currently in use, it is interesting that its vapour phase atmospheric concentra-
tions around the Great Lakes are decreasing with halving times ranging from 7 to 13 years (Salamova et al. 2015,
Shunthirasingham et al. 2016) (Figure 4). Based on estimated use rates of endosulfan in the U.S. from 1997 to 2009,
Salamova et al. 2015, estimates that endosulfan has an atmospheric chemical degradation rate of about 4 years —
which suggests that endosulfan is less persistent in the environment than related compounds.

The satellite station of Egbert, located between Lakes Ontario and Huron and surrounded by agricultural cropland,
showed high concentrations of dichlorodiphenyltrichloroethanes (DDTs), dieldrin, y-HCH (lindane), and endosulfan
compared to the more remote master stations on Lakes Huron and Ontario. This observation was attributed to his-
torical (DDTs, lindane, and dieldrin) and current (endosulfan) agricultural applications of these OCPs in the area.
These observations suggest that agricultural areas are a source of OCPs to the lakes (Shunthirasingham et al. 2016).
Isomer-specific data provide insights on the temporal trends and possible sources of specific compounds. The rela-
tive proportion of 0,p"-DDT to p,p’-DDT in air has increased significantly at five U.S. sites and 2 Canadian sites
over the last two decades (see Figure 5). It is suggested that dicofol (a pesticide manufactured from DDT), which
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has higher o,p -/p,p -DDT ratios than technical DDT, may now be a significant, additional source of DDT to the
Great Lakes (Venier and Hites 2014; Shunthirasingham et al. 2016). The average ratio of the concentration of y-
HCH (lindane) versus the sum of the concentrations of y-HCH + a-HCH did not vary significantly with time, but it
did show an urban signature, suggesting that cities may be more important sources of these compounds than previ-
ously suspected.

Loadings calculations up to 2010 suggest that the atmosphere is a source of endosulfan and p,p’-DDT to the lakes
and that the lakes are a source of p,p -DDE to the atmosphere (Shunthirasingham et al. 2016).

Flame Retardants

The concentrations of halogenated flame retardants have been measured in [ADN/GLB samples since January 2005.
Specifically, the atmospheric concentrations of polybrominated diphenyl ethers (PBDEs) and eight alternative halo-
genated flame retardants [pentabromoethyl benzene (PBEB), hexabromobenzene (HBB), 2-ethylhexyl-2,3,4,5-
tetrabromobenzoate (TBB), bis(2-ethylhexyl)-tetrabromophthalate (TBPH), syn-Dechlorane Plus (syn-DP), anti-
Dechlorane Plus (anti-DP), 1,2-bis(2,4,6-tribromophenoxy)ethane (TBE), and decabromodiphenylethane (DBDPE)]
were measured in each IADN sample. The levels of almost all of these flame retardants, except for PBEB, HBB,
and DP, were significantly higher in Chicago, Cleveland, and Sturgeon Point. The concentrations of PBEB and
HBB were relatively high at Eagle Harbor and Sturgeon Point, respectively, for unknown reasons, and the concen-
trations of DP were relatively high at Cleveland and Sturgeon Point, the two sites closest to this compound’s produc-
tion site in Niagara Falls, New York.

These data were analyzed using a multiple linear regression model to determine significant temporal trends in these
atmospheric concentrations, and some of these data are shown in Figure 6 (Liu et al. 2016). The concentrations of
PBDESs were decreasing at the urban sites at Chicago and Cleveland, but were generally unchanging at the remote
sites, Sleeping Bear Dunes and Eagle Harbor. GLB data showed declining trends for BDE-47 and BDE-99 at the
master stations on Lakes Ontario and Huron. A faster decline was observed at the Lake Ontario station of Point
Petre (halving times of 3-6 years) which is closer to urban development, probably reflecting the replacement of these
substances in cities (UNEP 2015). A passive air and water sampling study in Lake Superior in 2011 showed that
atmospheric (gaseous) and dissolved PBDEs, in particular BDE-47, were greatest near urban and populated sites
(Ruge et al. 2015). Net gaseous deposition of BDE-47 was observed at coastal sites, while the central open lake and
at Lake Superior’s master station of Eagle Harbor generally displayed volatilization of PBDEs into the atmosphere,
mainly of BDE-47.

The concentrations of PBEB were decreasing at almost all sites except for Eagle Harbor, where the highest PBEB
levels were observed. HBB concentrations were decreasing at all sites except for Sturgeon Point, where HBB levels
were highest. The reason for the relatively high levels of PBEB and HBB at Eagle Harbor and Sturgeon Point are
not clear. DP concentrations were increasing with doubling times of 3-9 years at all sites except Cleveland and Stur-
geon Point, where the concentrations were largely unchanged (Figure 7).

EHTBB and BEHTBP are the two main components of FireMaster 550, which is a replacement for the penta-BDE
commercial mixture. IADN began to include EHTBB and BEHTBP in the analyses of samples collected starting in
2008. Because EHTBB and BEHTBP together are the major components of FireMaster 550, their concentrations
were summed (notated here as EHTBB+BEHTBP), and this sum was regressed as a function of time. The atmos-
pheric EHTBB+BEHTBP concentrations were also significantly and rapidly increasing at all the five sites, with
doubling times of 2—5 years (Figure 7).

At the Canadian station of Point Petre, ally-2,4,6-tribromophenyl ether (ATE) and HBB air concentrations peaked in
the summer months similar to the PBDEs. However, this seasonal pattern was not apparent at the more remote site
of Burnt Island in most years. Statistically significant correlation between the natural logarithm of the air concentra-
tions (In C) of ATE and inverse temperatures [1/T(K)] was observed at Point Petre (p<0.01) but not at Burnt Island.
For HBB, the correlation of In C vs. 1/T were statistically significant at both sites (p<<0.01) but the slope was much
steeper at Point Petre than at Burnt Island. These observations imply significant volatilization of these compounds
in the vicinity of Point Petre, which is close to urban centres, while atmospheric transport to Burnt Island, which is
more remote, is of importance (Hung et al. 2016). DPs, which were found mostly in the particle phase, showed no
temperature dependence at either site. No apparent change in air concentrations were observed for anti- and syn-DP
at both Burnt Island and Point Petre between 2008 and 2013. Slight declining tendency was observed for ATE and
HBB at Point Petre, but not at Burnt Island.
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Polycyclic Aromatic Hydrocarbons (PAH)

IADN data for total PAH concentrations in air (see Figure 8) show some significant decreases over time, with halv-
ing times ranging from 7 to 24 years (Salamova et al. 2015). PAH levels at Chicago and Cleveland are 10 times
higher than the concentrations at the other IADN sites. However, the concentrations are also decreasing most rapid-
ly at these stations. These declines can probably be attributed to emission reductions from the implementation of the
Clean Air Act. PAH concentrations are also decreasing at Eagle Harbor, the most remote IADN site in the U.S.

Concentrations of phenanthrene are decreasing at about the same rate as total PAH except at Sleeping Bear Dunes
and Point Petre, where no significant decreases were observed (Salamova et al. 2015). Significant decreasing rates
for benzo[a]pyrene were detected only at Chicago and Sturgeon Point, and the halving time at Chicago was about
half that at Sturgeon Point (Salamova et al. 2015).

A passive air and water sampling study in Lake Superior in 2011 showed that surface water and atmospheric PAH
concentrations were greatest at urban sites (Ruge et al. 2015). Net air-to-water deposition of PAHs was observed
near populated areas, but deposition is near equilibrium off shore (Ruge et al. 2015). A similar study conducted in
the lower Great Lakes using polyethylene passive samplers in air and water demonstrated that gaseous PAH concen-
trations were strongly correlated with population within 40 km of the sampling locations (McDonough et al. 2014).
Source profiles differed for atmospheric and aqueous PAHs indicating that in addition to atmospheric deposition,
runoff and sediment-water exchange contributed to dissolved concentrations.

Loadings calculations for the five lakes showed that the atmosphere is a source of PAHs to the lakes. Wet and dry
deposition fluxes were dominant for higher molecular weight PAH, especially wet deposition, whereas absorbance
fluxes were dominant for phenanthrene and pyrene. Greater deposition fluxes were observed in the winter, con-
sistent with increased combustion during colder months for space heating purposes (GLB, unpublished). Lake Erie
consistently showed the highest fluxes for PAHs; however, absorbance fluxes for phenanthrene and pyrene have
declined by more than a factor of 3 from 1992 to 2010.

Dioxins and Furans (PCDD/Fs)

Areas with higher population generally showed higher annual mean air concentrations of PCDD/Fs in North Ameri-
ca (CEC 2014; Venier et al. 2009; Cleverly et al. 2007). Air concentration measurements under Canada’s National
Air Pollution Surveillance (NAPS) reported high toxic equivalency (TEQs) in air at the Walpole Island site (in Lake
St. Clair) and the Windsor/University Ave. sites (Windsor, ON), where profiles were characterized by a lower con-
tribution of octachlorodibenzo-p-dioxin and an increased contribution of dibenzofurans. This profile might indicate
the impact of a local emission source (CEC 2014). PCDD/F levels at rural, suburban, and urban NAPS sites (includ-
ing sites in the Great Lakes Basin) declined after the early 1990s and in the early 2000s. This decline can be at-
tributed to control measures taken in Canada with respect to PCDD/F emission sources. After the year 2005, a
clear trend is not evident (CEC 2014).

Trace Metals

Wet and particle deposition of arsenic, cadmium, lead, and selenium were estimated at the Lake Huron and Ontario
GLB master stations up to 2010 (GLB, unpublished). No apparent upward or downward trends for the fluxes of
these metals aside from selenium and lead. Wet deposition is more important than particle deposition of selenium to
the lakes. However, particle deposition fluxes have increased over time for both Lake Huron and Ontario (see Fig-
ure 9). Wet deposition also dominates atmospheric fluxes of lead to the lakes, but fluxes have apparently declined
over the years reflecting results of risk management measures to reduce the emission of lead.

Mercury

Atmospheric mercury concentrations (Hg") and mercury wet deposition (Hg") fluxes have generally declined since
the 1990s (Zhang et al. 2016). Atmospheric Hg’ concentrations have decreased about 2% per year since 2005 as
measured in Canada’s Experimental Lakes Area (west of Lake Superior). Wet deposition measurements from the
North American Mercury Deposition Network follow these trends with fluxes decreasing about 1.6% per year since
1996. Zhang et al. (2016) suggest that reduced emissions from utilities over the past few decades and the phase-out
of mercury in many commercial products has led to lower global anthropogenic emissions and associated deposition
to ecosystems.

Lepak et al. (2015) used stable isotope signatures to determine sources of mercury in Great Lakes sediment and
predatory fish. They found that atmospheric sources dominate in Lakes Huron, Superior, and Michigan sediments
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while watershed-derived and industrial sources dominate in Lakes Erie and Ontario sediments. However, isotope
signatures in predatory fish, such as A”Hg, which is conserved during biogeochemical processing in Lakes Ontario,
Superior and Michigan, showed that bioaccumulated mercury is more isotopically similar to atmospherically derived
mercury than a lake’s sediment. This finding suggests that atmospherically derived Hg may be a more important
source of methyl mercury, which is a more toxic form that is biomagnified in aquatic food webs, to higher trophic
levels than sediments in the Great Lakes.

Linkages

Atmospheric deposition is a significant route by which persistent, bioaccumulative and toxic (PBT) chemicals, such
as PCBs, currently enter the Great Lakes. Increases in the concentration and loadings of atmospheric chemicals of
concern, including PBTs, may result in increased contamination in sediment, toxic chemicals in offshore waters, and
contaminants in whole fish and waterbirds. Bioaccumulation of these PBTs in fish may result in fish consumption
advisories.

Comments from the Author(s)

Many remaining sources of PCBs are located in urban areas, which is reflected by the higher levels of PCBs meas-
ured in Chicago and Cleveland by IADN, and by other researchers in other areas (Wethington and Hornbuckle 2005;
Totten et al. 2001). Research to investigate the significance of these remaining sources is underway (Shanahan et al.
2015). This is important because fish consumption advisories for PCBs exist for all five Great Lakes.

The agricultural chemical lindane was recently phased out in the U.S. and Canada, and endosulfans are scheduled to
be phased out in the U.S. and Canada by 2016 (Federal Register, 2010; Health Canada Pest Management Regulatory
Agency, 2011).

Residential garbage burning (burn barrels) is now the largest current source of dioxins and furans (Environment
Canada and U.S. Environmental Protection Agency 2006). Basin and nationwide efforts are underway to eliminate
emissions from burn barrels.

World-wide, the largest remaining source of mercury emissions to the atmosphere is coal-fired power plants. Re-
gionally, many sources are reducing emissions. For instance, all coal-fired power plants in Ontario have ceased op-
eration as of April 2014, being the first jurisdiction in North America to fully eliminate coal for producing electricity
(Ontario Ministry of Energy, 2014).

Continued long-term monitoring of the atmosphere is necessary in order to measure progress brought about by toxic
reduction efforts. Environment and Climate Change Canada and U.S. EPA recently added routine monitoring of
PBDESs and some non-PBDE flame retardants to the IADN and GLB programs. Screening and method development
for additional non-PBDE flame retardants and per- and polyfluoroalkyl substances (PFASs) is currently under way.
Results from these monitoring efforts on emerging chemicals of concern will contribute to the scientific information
needed for the risk assessment and identification of additional Chemicals of Mutual Concern (CMC).

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St_rongly N_Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X

3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin
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5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report
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Figure 1. Great Lakes Basin map showing the United States’ Integrated Atmospheric Deposition Network (IADN)
and Canada’s Great Lakes Basin (GLB) Monitoring and Surveillance master monitoring stations, one near each of
the Great Lakes.

Figure 2. A. Annual geometric average of vapour phase concentrations of all measured PCB congeners summed
together and plotted as a function of sampling year. The open circles in the Chicago (2007) and Sturgeon Point
(1996) panels represent outliers and were not used for the regressions shown here. Note the concentration scales for
the Chicago and Cleveland data are 10 times higher than for the other sites. (Source: Salamova et al, 2015).

B. Trends of vapour phase concentrations of PCB52 and PCB101 at Burnt Island and Point Petre. 1* is the linear
coefficient of determination with the fitted trend line derived using the Digital Filtration method.

Source: Shunthirasingham et al. 2016

Figure 3. A. Annual geometric average for vapour phase concentrations of y-HCH (also known as lindane) at 5 US
IADN stations plotted as a function of sampling year

Source: Salamova et al. 2015

B. Trends of vapour phase concentrations of a- and y-HCH at two Canadian GLB stations, Burnt Island and Point
Petre. 1* is the linear coefficient of determination with the fitted trend line derived using the Digital Filtration
method.

Source: Shunthirasingham et al. 2016

Figure 4. Trends of vapour phase concentrations of a-endosulfan at two Canadian GLB stations, Burnt Island and
Point Petre. r” is the linear coefficient of determination with the fitted trend line derived using the Digital Filtration
method.

Source: Shunthirasingham et al. 2016

Figure 5. Annual averages of the ratio 0,p -DDT/(0,p -DDT+p,p -DDT) (R, ) in air sampled near the Great Lakes
as a function of sampling year. The averages were over the five sites for each year. The error bars are standard er-
rors. The number in parentheses is the 7* value of the regression, which is significant at P < 0.2%.

Source: Venier and Hites 2014

Figure 6. Examples of decreasing trends (with one exception) of the concentrations of BDE-47, BDE-209, ZPBDE,
PBEB, and HBB in the atmosphere (vapour plus particle phases) at the two urban IADN sites in Chicago and Cleve-
land. The red lines are the regressions, which are statistically significant at P < 5%. Halving times are given as ¢, ,;
doubling times are given as .

Source: Liu et al. 2016
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Figure 7. Examples of increasing trends of the concentrations of EHTBB+BEHTBP, and ~DP (sum of syn- and
anti-Dechlorane Plus) in the atmosphere (vapour plus particle phases) at the five United States' IADN sites. The red
line is In(C)=ay+ta; t, where a, and a; are from the regression using Eq. (1). If the a; term was statistically not signifi-
cant (P < 0.05), no line is shown. Doubling times are given as ¢,.

Source:

Figure 8. Annual geometric average of vapour plus particle phase concentrations of all the measured polycyclic
aromatic hydrocarbons (PAH) summed together and plotted as a function of sampling year. The open circles in the
Cleveland (2012) and Point Petre (2008) panels represent outliers and were not used for the regressions shown here.
The regression for the Sleeping Bear Dunes data was not statistically significant at P < 0.05.

Source: Salamova et al. 2015

Figure 9. Atmospheric loadings of selenium to Lakes Huron and Ontario.

Source: GLB, unpublished results
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Figure 2. A. Annual geometric average of vapour phase concentrations of all measured PCB congeners summed
together and plotted as a function of sampling year. The open circles in the Chicago (2007) and Sturgeon Point
(1996) panels represent outliers and were not used for the regressions shown here. Note the concentration scales for
the Chicago and Cleveland data are 10 times higher than for the other sites.

Source: Salamova et al. 2015

B. Trends of vapour phase concentrations of PCB52 and PCB101 at Burnt Island and Point Petre. 1 is the linear
coefficient of determination with the fitted trend line derived using the Digital Filtration method.

Source: Shunthirasingham et al. 2016
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Habitat and Species

Status: Fair Trend: Unchanging

The 2012 Great Lakes Water Quality Agreement states that “the Waters of the Great Lakes should support healthy and
productive wetlands and other habitats to sustain resilient populations of native species”

The Great Lakes are one of the richest and
most ecologically diverse ecosystems on
Earth and include vital coastal wetlands
that cleanse impurities from water,
regulate water flows and provide habitat
for many species. However, urban and
agricultural development, pollution,
invasive species, and other factors
threaten the health of Great Lakes species
~= and their habitats.

Sl
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Habitat and Species

Assessment Highlights

The Habitat and Species indicator is used to assess habitats,
such as wetlands, along with the species that reside in these
areas. The Habitat and Species indicator shows that across
the basin, the status is quite variable, ranging from good to
poor and improving to deteriorating, depending on the lake
basin and habitat or species of interest. The health of various
species in the Great Lakes is also reflective of the availability
and condition of the habitat that they dwell in and need.
Overall, the Habitat and Species indicator is assessed as Fair
and Unchanging.

Coastal Wetlands

Despite the fact that coastal wetland restoration and
protection efforts have improved specific areas, wetlands
continue to be lost and degraded. Efforts to better

track and determine the extent and rate of this loss are
currently underway. In the southern lakes region, almost

all coastal wetlands are degraded by nutrient enrichment,
sedimentation, or a combination of both. In Lake Ontario,
water-level regulation also limits natural variation in
wetlands, though work is underway to address this situation.
A more recent concern in the southern lakes region and Lake
Huron is the expansion of the invasive Frog-bit, a floating
plant that forms dense mats capable of eliminating native
submergent plants in coastal wetlands. Of similar concern,
the invasive Water Chestnut is expanding rapidly in Lake
Ontario.

Coastal wetland habitats in some regions of the Great Lakes,
in particular in the northern parts, are intact and show fewer
signs of impairment. Across the basin, improvements have

also been seen in the diversity of coastal wetland fish species
with recent data showing an average of 10 to 13 species

per coastal wetland, with some wetlands having as many

as 28. Although many invertebrates, birds and plants have
experienced long-term declines, some birds and amphibians
are showing a more recent unchanging trend. These stable
populations may be preliminary indications of some progress
in the rehabilitation and restoration of coastal wetlands.

Sub-Indicators Supporting the Indicator Assessment

Sub-Indicator
Coastal Wetland Amphibians
Coastal Wetland Birds
Coastal Wetland Fish

Lake Superior

Coastal Wetland Invertebrates

Coastal Wetland Plants

Coastal Wetlands: Extent and
Composition

Aquatic Habitat Connectivity

Lake Michigan

Unchanging | ISNERENGINEN  Unchanging  [NERGREEN

Unchanging
Great Lakes Basin assessment is Fair and Improving

Great Lakes Basin assessment is Fair and Deteriorating

_ Undetermined Deteriorating _ Unchanging

Status " FAR |

Lake Huron Lake Erie Lake Ontario

Improving
No lake was assessed separately

No lake was assessed separately

Improving
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Aquatic Food Web

The Great Lakes aquatic food web is made of many
important species, ranging from tiny plants and animals
(phytoplankton and zooplankton) to top predator fish.
Zooplankton communities in all lakes except Lake Huron
are generally in good condition, although changes in
guantity, density and type are occurring in Lakes Michigan
and Ontario. Changes that are occurring in zooplankton
communities are consistent with decreasing nutrient
concentrations in offshore waters. Low nutrients levels
result in a loss of algae for zooplankton to feed on. Also,
Diporeia, a small bottom-dwelling shrimp-like species and
an important source of food for fish, has severely declined
in all the lakes except Lake Superior. The invasive dreissenid
mussels (specifically Zebra and Quagga Mussels) have
likely compounded this problem. Dreissenid mussels graze
on phytoplankton and small zooplankton as well as filter
and store nutrients which can prevent the movement of
nutrients into the open waters of the lake. The situation is
complex and the exact mechanisms causing these changes in
Diporeia and zooplankton have yet to be fully determined.

Zooplankton and phytoplankton communities are the main
source of food for prey fish and are essential to sustaining

a healthy food web. Prey fish communities across the

Great Lakes continue to change, although the direction and
magnitude of those changes vary. The prey fish community
is considered fair overall based on the diversity and the
proportion of native prey fish species in the Great Lakes
despite fluctuations in population levels. The abundance of
prey fish is influenced by food availability and the abundance
of predator fish, such as Lake Trout and Walleye, which eat

Sub-Indicator
Phytoplankton
Zooplankton
Benthos
Diporeia
Prey fish
Lake Sturgeon
Walleye
Lake Trout

Fish Eating and Colonial Nesting

Waterbirds Unchanging

prey fish to survive. A balance between the numbers of
top predator fish and the available prey fish in the lakes is
important.

The status of populations of native predator fish, such as
Walleye and Lake Trout, is variable; however, populations

of these fish are improving in some cases. Lake Trout
populations, for example, are improving in some areas of the
Great Lakes with support from stocking and rehabilitation
efforts. In fact, natural reproducing populations of Lake Trout
are now routinely detected in southwestern Lake Michigan,
and wild Lake Trout make up over 50% of the population

in Lake Huron. While changes in Lake Sturgeon status will
take a long time to manifest, activities such as habitat
improvements, dam removals, and stocking efforts indicate
an improving trend for this species.

Diporeia Are Declining - Quagga Mussels are Increasing

Diporeia Populations

2000 2003 2007 2012

v

Quagga Mussel Populations
2000 2003 2007 2012

Unchanging  Unchanging  Unchanging  Improving

Unchanging

Lake Ontario

Unchanging

Unchanging

Improving Improving

Unchanging Unchanging Unchanging
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Sub-Indicator: Coastal Wetland Amphibians

Overall Assessment

Status: Poor

Trend: Unchanging

Rationale: Mean index of ecological condition (IEC), an objective biotic indicator summarizing standardized
observations of breeding frogs (i.e., frogs and toads, Order Anura) in coastal wetlands was 5.6 (out of 10) in
2014 and did not significantly increase or decrease from 1995-2014 or from 2011-2014.

Lake-by-Lake Assessment

Lake Superior

Status: Fair

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 5.9 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Michigan

Status: Poor

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 5.4 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Huron

Status: Fair

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 5.9 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Erie

Status: Poor

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 5.4 in 2014 and did not significantly increase or decrease from 1995-
2014 or from 2011-2014.

Lake Ontario

Status: Poor

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 5.6 in 2014 and did not significantly increase or decrease from 1995-
2014 or from 2011-2014.

Other Spatial Scales

Inland

Status and trend based on IECs were also calculated for inland wetlands for comparison with coastal wetlands.
Results were similar to those for coastal wetlands.

Separate assessments for the connecting channels of the Great Lakes were not completed. Information for the
channels is included with the adjacent down-stream lake, as shown on the maps of sample points.

Sub-Indicator Purpose
e To directly measure the species composition, diversity, and relative abundance of frogs over time, and to
indirectly measure the condition of coastal wetland habitat as it relates to the health of this ecologically im-
portant component of wetland communities. To restore/maintain the overall biological integrity of Great
Lakes coastal wetlands, various ecological components including coastal wetland amphibian communities
need to be addressed.
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Ecosystem Objective

Coastal wetlands provide critical habitat for various life stages of many wildlife species including amphibians. Con-

servation of remaining coastal wetlands and restoration of previously degraded or destroyed wetlands are vital com-

ponents of restoring the Great Lakes ecosystem, and this sub-indicator can be used to report progress toward such an
objective.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment, which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

Background

Wetland breeding frogs are influenced by the physical, chemical, and biological components of wetlands and sur-
rounding landscapes. For example, the occurrence and/or reproductive success of multiple species in the Great
Lakes Basin declines as (1) wetland size decreases; (2) wetland habitat and natural cover in the surrounding land-
scape decreases or degrades in quality; and (3) pollution from pesticide, herbicide, and sediment runoff increases
(Hecnar 1995; Hecnar and M’Closkey 1996, 1998; Bishop et al. 1999; Crosbie and Chow Fraser 1999; Kolozsvary
and Swihart 1999; Houlahan and Findlay 2003; Price et al. 2004; Brazner et al. 2007a, 2007b; Gagné and Fahrig
2007; Eigenbrod et al. 2008a, 2008b). Thus, the occurrence or abundance of sensitive wetland breeding frogs can be
a valuable indicator of the health of wetlands and the surrounding landscape.

Measures

Study design—Several initiatives monitor Great Lakes wetland breeding frogs. One of the longest running is Bird
Studies Canada’s Great Lakes Marsh Monitoring Program (GLMMP), which started in 1995 and has operated every
year since then at coastal and inland wetlands throughout much of the Great Lakes Basin (Tozer 2013). Previous
reports for this sub-indicator are based solely on data from this ongoing broad scale program (e.g., Tozer 2014).
From 2001-2005, the University of Minnesota Duluth’s Natural Resource Research Institute (NRRI) led an ambi-
tious multi-institutional Great Lakes Environmental Indicator project (GLEI) aimed at assessing the overall biotic
health of coastal wetlands in the U.S. portion of the Great Lakes (Howe et al. 2007a, 2007b; Hanowski et al. 2007a,
2007b). More recently, the Great Lakes Coastal Wetland Monitoring Program (CWMP) led by Central Michigan
University was initiated in 2011 and currently is scheduled to operate until at least 2020 throughout both the U.S.
and Canadian Great Lakes coastal zones (Cooper et al. 2014). These projects have somewhat different study designs
but rely on standardized, fixed duration point counts that can be adjusted to maximize cross-project compatibility.
To garner large numbers of trained volunteer participants to achieve large sample sizes at relatively low cost, the
GLMMP allows participants to select sample points—a justifiable approach if one assumes that the sample points
are approximately representative of wetlands across a region of interest. By contrast, the GLEI and CWMP projects
select sample points via stratified random sampling of coastal wetlands and survey wetlands via paid professional
staff. Nonetheless, all of the projects target wetlands dominated by non-woody emergent plants such as cattails
(Typha spp.) and sedges (e.g., Carex spp.) with sample points located within wetlands. In this report datasets listed
above were brought together for the first time to generate the most comprehensive analysis of the status and trend of
Great Lakes coastal wetland breeding frogs and associated wetland health.

Frog surveys—Breeding frogs were sampled to an unlimited distance from a point located near the upland / wetland
interface (shoreline) of a wetland (hereafter “sample point”). Each sample point was surveyed for 3 minutes on three
visits separated by at least 10 or 15 days during the main frog breeding season, typically between late March and
early July. Surveys occurred at night starting at least 0.5 hr after local sunset and only under weather conditions that
were favourable for detecting all species present (no persistent or heavy precipitation; wind: Beaufort 0-3, 0-19
km/hr). The first survey in the season was conducted when night-time air temperature had reached > ~5°C, the sec-
ond when > ~10°C had been reached, and the third when > ~17°C had been reached. With few exceptions, only
shoreline locations were sampled due to night-time over-water safety issues. The survey protocols of each of the
projects were similar to the North American Amphibian Monitoring Program protocol (Weir et al. 2009, 2014).

Analyses—Numerous methods are available for analyzing Great Lakes coastal wetland breeding frog data. Previous
analyses for this report were based on the separate status and trend of the occupancy of eight wetland breeding frog
species (e.g., Tozer 2014). Alternative approaches include various indices of wetland health, which combine data
from suites of species (e.g., Chin et al. 2014). The latter approach is likely more objective and more practical for the
purposes of State of the Great Lakes (previously known as SOLEC) because it provides a single comprehensive met-
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ric that represents the collective responses of breeding frog species to wetland condition. Multi-species metrics, like
the widely used index of biotic integrity for fishes (Karr and Chu 1999) and mean coefficient of conservatism for
plants (Taft et al. 1997), tend to be robust because informative values are produced even when some species are ab-
sent due to factors outside the system of interest. For example, a wide-ranging species might go undetected because,
by chance, all individuals of that species happen to be located beyond survey plots during the sampling period, even
though these individuals are resident within the wetland. Similarly, a high quality wetland might be missing a spe-
cies because of a regional epidemic that affects individuals regardless of wetland condition.

In this report, a new approach is introduced to assessing frog community health based on multi-species data from
wetland frogs across the Great Lakes Basin (Howe et al. 2007a, 2007b; Hanowski et al. 2007a, 2007b; Tozer 2013).
Quantitative data were used for breeding frogs at approximately 6,000 sample points throughout the Great Lakes in
both the U.S. and Canada. At many of these sample points, information is available on three potential environmental
stressors: 1) agricultural intensity in the contributing watershed (i.e., the landscape draining into the wetland), 2)
non-agricultural landscape development such as roads, buildings, and human population density in the contributing
watershed, and 3) wetland area and fragmentation, measured by the total wetland area within 1 km of the sampled
wetland’s centroid. For convenience, these gradients are referred to in this report as agriculture, development, and
wetland area, respectively. Clearly, many other stressors affect frog communities in coastal wetlands, but agricultur-
al intensity, non-agricultural landscape development, and wetland area provide tractable quantitative yardsticks from
which one can identify sensitive species and community variables (Brazner et al. 2007a, 2007b).

For frogs, it was assumed that poor wetland condition was associated with high agriculture, high development, and
small wetland area. As such, values for the agriculture and development stressors were highly skewed in favour of
degraded or unhealthy wetlands, but values for the wetland area stressor suffered from the opposite issue. To allevi-
ate bias that these skewed distributions might cause in later analyses, i.e., to downplay the influence of the small but
highly influential number of sites with extreme values, the Yeo-Johnson transformation was applied (Yeo and John-
son 2000) in R (version 3.1.3, R Core Team 2015) with package “car” (Fox and Weisberg 2011). This normalizing
transformation resembles the general Box-Cox power transformation but allows for zero values in the data. To avoid
power transformations involving decimal values, values of the environmental gradient were first multiplied by a
large constant (e.g., 100). After transformation each stressor was converted to a standard scale with extreme values
representing the most impacted (0) and least impacted (10) sample points with respect to that stressor. Distributions
of the transformed and standardized variables for agriculture, development, and wetland area stressors resembled
normality and could be evaluated alone or in combination. To develop a comprehensive measure of ecosystem
health based on breeding frogs, principal components analysis (PCA) was used to combine the agriculture, devel-
opment, and wetland area stressors into a single multi-variate “human footprint” (Gnass Giese et al. 2015), which
was used throughout the analysis described below. Scores from two of the three PCA axes could be ordered and
scaled from most stressed (condition = 0) to least stressed (condition = 10) based on correlations with the original
stressor variables. (The magnitude of scores on one axis was opposite in direction to that of the other axis, so values
were simply inverted to align with the 0-10 scale.) Scores from the two axes were weighted according to the percent
variance explained (total = 61%), summed, and re-scaled from 0-10 to yield the multi-variate “human footprint”
stressor gradient.

The health of coastal wetlands was evaluated using the index of ecological condition (IEC), an objective biotic indi-
cator introduced by Howe et al. (2007a, 2007b), improved by Gnass Giese et al. (2015), and compared to other simi-
lar indices (using bird data) by Chin et al. (2015). Existing data on breeding frogs of Great Lakes coastal wetlands
described in more detail below were used for the first step in IEC development. The quantitative response of a spe-
cies or multi-species variable to a given stressor gradient can be modeled from presence/absence or abundance of the
species at wetlands where accompanying stressor data were available. Parameters of the best-fit mathematical func-
tion were estimated by computer iteration in R (R Core Team 2015) with package “iec” (https://github.com/
ngwalton/iec). Results of this analysis yielded three parameters (mean, standard deviation, and height) describing a
bell-shaped or truncated Gaussian function within the range of 0-10. These biotic response (BR) functions provide
the basis for estimating the health of coastal wetlands based on frog observations (Figure 1). By recording the spe-
cies present at a wetland, one can essentially work backward to calculate an IEC. Species (or related biotic varia-
bles) that have been shown previously to favor minimally-stressed wetlands will indicate ecologically healthy condi-
tions and high IEC scores. By contrast, species (or related biotic variables) that favour highly-stressed wetlands will
indicate ecologically unhealthy or degraded conditions and low IEC scores. This method resembles other approaches
to environmental indicator development, but the IEC framework establishes an explicit connection between stressors
and biotic variables, providing a clear picture about what our indicator truly “indicates.” A more detailed description
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of IEC methodology is available in a separate document (Howe et al. in prep.) and at http:/www.uwgb.edu/
BIODIVERSITY/forest-index/iec.asp.

CWMP data were used (2011-2014) to build BR functions because these samples could be associated with site-
specific stressor data. Samples (n = 848) consisted of presence of each frog species detected during three night-time
field surveys at a point within a single year (the first when night-time temperatures had reached > 5°C, the second
when > 10°C had been reached, and the third when > 17°C had been reached). Although the distribution of some
species varies across the region, all of the species used in this analysis occur in each of the Great Lakes, so BR func-
tions were generated using data from the entire Great Lakes Basin. Several alternative approaches were considered
for identifying the most informative frog-based indicator. For example, models were compared using BR functions
of all potentially occurring species versus models using only BR functions of species that were present at the sample
point. The latter is desirable because it avoids quantitative “penalties” for the absence of species that were present
but not detected or species that do not have suitable microhabitat conditions at the sample point. To avoid excessive
zeros in the response variable, the data were grouped into “bins” of 10 samples with similar stressor values. The
response variable was then the frequency of occurrence in the 10 samples, which provides an estimate of probability
of occurrence. In addition to single species metrics, a number of multi-species metrics was also calculated, including
variables such as total species richness, total Hylidae species richness, and total Ranidae species richness. For these
variables, “binned” data consisted of the average values for each group of 10 samples. Data from the CWMP were
used to derive a final suite of BR functions, which in turn were used to derive IEC scores for wetlands from the
GLMMP, GLEI, and CWMP projects. The results presented in this report are based on presence/absence data using
only BR functions of individual species that were present at each sample point. Based on this examination of results
from the many alternative approaches described above, this was the most informative and cost-effective approach
for determining coastal wetland health based on wetland breeding frogs.

The final suite of species was identified for calculating BR functions and IECs via the following steps. The process
started with all species in the dataset, and then eliminated all species present at fewer than five of the sample points.
Species were then eliminated for which the BR functions were uninformative (lowest 10% range between minimum
and maximum predicted response) or highly variable (10% poorest goodness-of-fit). The resulting seven species
used to generate BR functions for calculating IECs are shown in Table 1.

IECs for each sample point were calculated in each year based on species observed across all field visits. Next the
point-level IECs across all sample points were averaged within each wetland or wetland complex in each year,
which adjusted for wetlands containing differing numbers of sample points. Means of these wetland-level IECs for
coastal wetlands in each basin and throughout the entire Great Lakes Basin were reported (hereafter “overall”) in
each year. These means form the basis for the status and trend assessments, but comparable IEC metrics for inland
wetlands are also reported. In addition, distributions of IECs for coastal and inland wetlands in each basin and over-
all for recent years from 2011-2014 were reported to illustrate variation in the health of wetlands. In these calcula-
tions frog-based IEC values were averaged across years for wetlands that were sampled in multiple years. Note that
data from 2011-2014 were used in these calculations to increase sample sizes for illustrating the distribution of IECs
of inland wetlands, but assessments of current coastal wetland status are based on 2014 data only.

Status— Definitions of good, fair, and poor condition were assigned based on wetland-level IECs from all years and
all wetlands across all basins (n = 4,804). IEC values greater than the 66™ percentile were good, values between and
including the 33" and 66™ percentiles were fair, and values less than the 33" percentile were poor. This translated
into the following definitions:

e Good: IEC > 6.1
e Fair:5.7<IEC<6.1
e Poor:IEC<5.7

Trend— The terms improving, unchanging, and deteriorating were applied based on geometric mean rates of change
(% change / yr) using equation 4 in Smith et al. (2014). The statistical significance of trends was assessed via para-
metric bootstrapping in R (R Core Team 2015) with package “boot” (Canty and Ripley 2013). Bootstrapping in this
manner was necessary to account for the varying precision of the beginning annual estimate and the ending annual
estimate used to calculate each trend. Trend estimates with 95% confidence intervals that did not overlap zero were
considered statistically significant. The short- and long-term trends were calculated but the trend assessments for the
Great Lakes Basin and each individual basin are based on short-term changes in frog assemblages. Short term was
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defined as the period 2011-2014, whereas long term was 1995-2014 or 2002-2014 in cases where < 10 wetlands
were sampled in 1995. The following definitions were used to describe the status of frog assemblages at Great Lakes
coastal wetlands:

e Improving: statistically significant short-term increase in IEC
e Unchanging: no statistically significant short-term increase or decrease in IEC
o Deteriorating: statistically significant short-term decrease in [EC

Endpoint— The endpoint of this sub-indicator was defined as the level when mean IECs were confidently above the
lower cutoff for good condition. In other words, the endpoint was reached when the lower 95% confidence limit for
mean IEC was > 6.1.

Status and trend of coastal wetland frogs

Data coverage—The dataset available for scoring sites consisted of mean annual wetland-level IECs based on
40,123 point counts conducted at 6,013 sample points in 1,545 wetlands over 20 years from 1995-2014 throughout
the Great Lakes Basin (Figure 2). The number of years that each wetland was surveyed varied from 1 to 20, with a
mean of 3.1 £ 3.4 (SD). Spatial patterns among locations of sampled points were due mainly to natural variation in
the distribution of Great Lakes coastal wetlands and differences in observer participation in the long running, broad
scale GLMMP (Figure 2). The majority of the surveyed wetlands were coastal (n = 1,043; 67%) rather than inland
(n=511; 33%) because both the GLEI and CWMP projects focus entirely on coastal wetlands, whereas the
GLMMP surveys both (Figure 2).

The number of wetlands surveyed per year (240 + 113 [mean = SD]) ranged from 106 to 439, with substantially
more wetlands surveyed from 2002-2003 and from 2011-2014 due to the GLEI and CWMP projects operating in
those years (Figure 3). Annual coverage was also higher in Lake Erie and Lake Ontario compared to the upper Great
Lakes mostly because GLMMP coverage is more extensive in the lower lakes, and annual coverage was higher at
coastal compared to inland wetlands (Figure 3).

Overall—Mean IEC in coastal wetlands ranged from 5.5 to 5.9 from 1995-2014, with no significant increase or de-
crease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.6 in 2014 (Fig-
ure 4). The majority of coastal IECs from 2011-2014 were 5-7, with much lower frequency of scores from 0-5 and
7-9 (Figure 5). Based on these patterns, the status of coastal wetland health in the Great Lakes overall is poor and the
trend is unchanging. Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Superior—Mean IEC in coastal wetlands ranged from 3.9 to 7.1 from 1995-2014, with no significant increase
or decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.9 in 2014
(Figure 4). The majority of coastal IECs from 2011-2014 were 5-7, with much lower frequency of scores from 7-9,

and very low frequency of scores from 0-5 (Figure 5). Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Michigan—Mean IEC in coastal wetlands ranged from 2.8 to 7.6 from 1995-2014, with no significant increase
or decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.4 in 2014
(Figure 4). The majority of coastal IECs from 2011-2014 were 5-7, with much lower frequency of scores from 0-5
and 7-9 (Figure 5). Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Huron— Mean IEC in coastal wetlands ranged from 5.6 to 6.4 from 1995-2014, with no significant increase or
decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.9 in 2014
(Figure 4). The majority of coastal IECs from 2011-2014 were 5-7, with much lower frequency of scores from 7-8,
and very low frequency of scores from 3-5 (Figure. 5). Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Erie—Mean IEC in coastal wetlands ranged from 5.0 to 6.4 from 1995-2014, with no significant increase or
decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.4 in 2014
(Figure 4). The majority of coastal IECs from 2011-2014 were 5-6, with much lower frequency of scores from 2-5
and 6-9 (Figure. 5). Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Ontario—Mean IEC in coastal wetlands ranged from 5.1 to 6.2 from 1995-2014, with no significant increase
or decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 5.6 in 2014
(Figure 4). The majority of coastal IECs from 2011-2014 were 5-7, with much lower frequency of scores from 2-5
and 7-9 (Figure. 5). Similar patterns occurred at inland wetlands (Figures 4, 5).
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Species Richness—Spring peeper showed by far the strongest response to our combined stressor gradient and there-
fore is the best indicator of wetland health among the seven species of frogs that are widespread enough to be moni-
tored by our methods (Figure 1; see also Price et al. 2007). In general, frog species in the Great Lakes are relatively
weak indicators of the stressor gradients evaluated in this report, although total number of frog species in the three
combined seasonal counts was positively correlated with the combined condition gradient (Figure 6). High quality
wetlands supported as many as five frog species, while poor quality wetlands typically supported only one to three
species. Composition of the frog assemblage, however, provides more information than simply the number of spe-
cies; for example an assemblage of four species that includes spring peeper would indicate higher quality condition
than an assemblage of four species that does not include spring peepers.

Discussion—Throughout the Great Lakes Basin, the current status of coastal wetland health based on wetland breed-
ing frogs is poor, with current status of Lake Superior and Lake Huron being fair and Lake Michigan, Lake Ontario,
and Lake Erie being poor. Correspondingly, coastal IECs located towards the degraded end of the degraded-pristine
gradient are more common in Lake Michigan, Lake Erie, and Lake Ontario compared to Lake Superior and Lake
Huron. For instance, the proportion of coastal wetlands from 2011-2014 with IECs < 5 was 13-31% in Lake Michi-
gan, Lake Erie, and Lake Ontario, with degraded wetlands especially prevalent in Lake Erie. By contrast, the pro-
portion was 1-3% in Lake Superior and Lake Huron (Figure 5). These patterns are probably due to greater anthropo-
genic stress from agriculture, development, and perhaps wetland loss in Lake Michigan south of the Canadian
Shield, and in all of Lake Erie and Lake Ontario compared to Lake Superior and most parts of Lake Huron (Allan et
al. 2013, Bourgeau-Chavez et al. 2015, Danz et al. 2007, Niemi et al. 2009). Nonetheless, some high quality coastal
wetlands are still present in all of the Great Lakes (Figure 5). By illustrating and documenting differences in wetland
health in these ways, the analysis provides a unique baseline for assessing long-term changes in wetland quality and
for quantifying the success of restoration efforts in individual wetlands, regions, and the entire Great Lakes Basin. A
more detailed analysis of species’ responses to individual stressors is available, but these results are beyond the
scope of this report. The condition of sites based on a multi-variate “human footprint” stressor that incorporates
measures of all three stressor variables (agriculture, development, and wetland area) was reported.

In addition to assessing status and trend of the health of coastal wetlands, status and trend of inland wetlands were
examined for comparison (Figures 4, 5). The ability to compare coastal and inland wetlands due to differences in
sample sizes was best for Lake Erie and Lake Ontario, whereas it was limited for the other lake basins. Similar pat-
terns were found across coastal and inland wetlands, with the following exceptions. In Lake Erie and Lake Ontario,
the status of coastal wetlands was poor, whereas the status of inland wetlands was fair (Figure 5). Thus, wetland
health as represented by wetland frogs may be responding to different intensities of stressors in coastal versus inland
wetlands within the Lake Erie and Lake Ontario watersheds. Similarly, a previous study using only the GLMMP
dataset observed that occupancy of certain wetland-breeding frog species was lower at coastal marshes compared to
inland marshes (Tozer 2013). Thus, continued sampling of both coastal and inland wetlands throughout the Great
Lakes Basin is needed to completely monitor and assess the health of wetlands based on frogs throughout the entire
region.

The overall poor status and unchanging trend reported for coastal wetlands throughout the Great Lakes Basin is the
same as the status and trend noted in previous reports for this sub-indicator based on the prevalence of significant
trends in occupancy among eight wetland breeding frog species using the GLMMP dataset alone (e.g., Tozer 2014).
Previous reports, however, were based predominantly on data summarizing the status and trend of the southern por-
tion of the Great Lakes Basin due to reliance on the mostly southern GLMMP dataset; the current report provides a
more balanced assessment throughout the entire Great Lakes Basin by bringing GLMMP data together with data
from the southern and northern GLEI and CWMP projects. As such, the current results more robustly corroborate
the previous status and trend assessments. Nevertheless, it is important to note that the patterns summarized in this
report are based on a comprehensive IEC metric, which represents the collective responses of multiple breeding frog
species to wetland condition. Therefore, one should not lose sight of the fact that there are particular species, such as
the western chorus frog (Pseudacris triseriata), which has experienced long-term declines at various scales in the
Great Lakes (e.g., Tozer 2013) that may be responding in species-specific ways to environmental stressors that war-
rant unique management actions or present unique opportunities for improving wetland health. The results show no
significant relationship between Chorus Frog occurrence and the combined stressor gradient (Figure 1), so it appears
that across the Great Lakes Chorus Frogs are responding to factors other than the stressors that were measured in
this report or that local or regional decreases are offset by local or regional increases elsewhere.
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Linkages

Coastal wetland breeding frogs are influenced by numerous local and landscape-level characteristics, some of which
are monitored by other State of the Great Lakes (previously known as SOLEC) indicators. For instance, coastal wet-
land breeding frogs are known to be influenced by various water pollutants, particularly nitrates (e.g., Rouse et al.
1999). Thus, the Coastal Wetland Amphibians sub-indicator can be expected to co-vary with the Inland Water Qual-
ity Index, Nutrients in Lakes, and Toxic Chemicals in Offshore Waters sub-indicators. Similarly, the Coastal Wet-
land Amphibians sub-indicator can be expected to co-vary with sub-indicators that track the extent and spatial ar-
rangement of wetland breeding frog habitat (e.g., Coastal Wetland Landscape Extent and Composition) and prey
(Coastal Wetland Invertebrate Communities; Coastal Wetland Fish Community Health).

Comments from the Author(s)

This approach has been completed using the GLEI component of the larger dataset analyzed in this report. Using
step-wise logistic regression models and data from 279 GLEI point counts conducted at 93 sample points, Price et
al. (2004) determined important local, wetland, and landscape-scale factors influencing occupancy of five wetland
breeding frog species in coastal wetlands throughout U.S. portion of Lake Michigan and Lake Huron.

IECs for the Coastal Wetland Amphibians sub-indicator yielded relatively low variation among wetlands, individual
lake basins, and over time (Figures 4, 5). By contrast, IECs for the Coastal Wetland Birds sub-indicator in this vol-
ume were much more variable. For instance, based on all years and all wetlands across all basins the interquartile
range of [ECs based on frogs was 0.7, whereas the interquartile range of IECs based on birds was 1.8. The differ-
ence in variation between frog-based and bird-based IECs is challenging to interpret. One explanation is that frog-
based IECs are less variable than bird-based IECs because frog-based IECs are calculated using data from far fewer
species than bird-based IECs (7 frog species or species groups versus 52 bird species). Thus, it may be that IECs
based on larger numbers of species like the Coastal Wetland Birds sub-indicator are inherently capable of capturing
more variation in wetland health compared to IECs based on fewer species like the Coastal Wetland Amphibians
sub-indicator (Howe et al. 2007a).

Also, IECs from the Coastal Wetland Amphibians sub-indicator were moderately correlated with IECs from the
Coastal Wetland Birds sub-indicator (r = 0.3, p < 0.001). Although the relationship includes much unexplained vari-
ation, this correlation suggests that information captured by frogs is reflected by information captured by birds. In-
deed, basin-level status assessments based on frogs were similar to those based on birds: in both cases Lake Superior
and Lake Huron were assessed as the most healthy compared to the other lakes, and Lake Erie was assessed as the
least healthy. Thus, it may be that Great Lakes coastal frog data are best analyzed in combination with Great Lakes
coastal bird data (Price et al. 2007), perhaps as a combined bird and frog sub-indicator based on IEC; however, justi-
fication for this awaits more extensive evidence and analysis. Because collection of frog data requires three separate
nocturnal surveys and is often constrained by weather conditions (especially during early spring), the conclusion is
that monitoring of Great Lakes coastal wetlands for frogs is less cost effective than monitoring for birds.

The assessment of the status and trend of coastal wetland health based on wetland breeding frogs is based on BR
functions developed using CWMP data only. The BR functions were also developed based on information from
three stressor gradients: agriculture, development, and wetland area. The ability of the IEC to capture the health of
coastal wetlands based on frog data might be improved by expanding the development of the BR functions to in-
clude all of the marsh frog data that are available from the GLMMP, GLEI, and CWMP projects. The performance
of the IEC might also be improved by incorporating other known wetland frog stressors in the development of BR
functions, particularly within-wetland attributes like relative dominance of invasive plant species. These ideas are
fruitful areas for future expansion.

For the first time, three large marsh frog datasets were brought together, specifically the GLMMP, GLEI, and
CWMP project datasets to perform the analyses summarized in this report. This provided a tremendous improve-
ment in analytical power at many different scales compared to using only one of the datasets on its own. However, it
was evident that the combined dataset is lacking information from healthy wetlands. Future collection of marsh frog
data from wetlands located close to the pristine end of the degraded-pristine gradient might improve the perfor-
mance of the IEC.
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Assessing Data Quality

. Strongly Neutral or . Strongly Not
Data Characteristics Agree Agree Unknown Disagree Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data X
4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin X
5. Data obtained from sources within the
U.S. are comparable to those from X
Canada
6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report
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No. | Common name

Scientific name

American Toad

Anaxyrus americanus

Bullfrog

Rana catesbeiana

Boreal Chorus Frog / Western Chorus Frog

Pseudacris maculata / Pseudacris triseriata

Gray Treefrog / Cope’s Gray Treefrog

Hyla versicolor / Hyla chrysoscelis

N[ N[N | B [|W[N|—

Green Frog Rana clamitans
Northern Leopard Frog Rana pipiens
Spring Peeper Pseudacris crucifer

Table 1. Wetland breeding frog species or groups of species (N = 7) used to generate biotic response functions for
calculating indices of wetland health for Great Lakes coastal wetlands.
Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 1. Biotic response functions (solid lines) for selected frog species from coastal wetlands throughout the Great
Lakes Basin. Shown is the probability of occurrence as a function of a combined “human footprint” variable incor-
porating environmental condition due to agriculture, development, and wetland area (0 = poor condition, 10 = good
condition). Open circles represent binned data at 10 observations per bin. See Table 1 for scientific names; note that
Chorus Frog refers to Boreal Chorus Frog / Western Chorus Frog.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 2. Wetlands surveyed for frogs from 1995-2014 throughout the Great Lakes Basin for the purpose of
estimating indices of wetland health. Shown are wetlands as a function of the number of years that each wetland was
surveyed (upper map), and as a function of coastal versus inland (lower map). Note that coastal wetlands far

outnumber inland wetlands, although this does not appear to be the case due to tightly overlapping symbols.
Source: Great Lakes Coastal Wetland Monitoring Program

Page 158



STATE OF THE GREAT LAKES 2017

400
300
200
100

150

0
2
@
=
3150
=
w
3 100
o
‘gsn
2 0
[h]
L
£
-
=

100

1995 1998 2003 2007 2011

Overall

—&— |nland
—&— Coastal

1995 1899 2003 2007 2011

Michigan

1995 1998 2003 2007 2011

150 -

100 |

Superior

1985 1999 2003 2007 2011

Huron

1995 1999 2003 2007 2011

Ontario

150

100

1885 1999 2003 2007 2011

Year

Figure 3. Number of wetlands surveyed for frogs per year from 1995-2014 throughout the Great Lakes Basin for the
purpose of estimating indices of wetland health. Shown are wetlands surveyed as a function of the entire Great
Lakes Basin (overall) and each individual lake basin for coastal and inland wetlands.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 4. Temporal trends in mean index of ecological condition (IEC) based on frog data from 1995-2014
throughout the Great Lakes Basin (solid lines). Shown are means across all surveyed wetlands in each year as a
function of the entire Great Lakes Basin (overall) and each individual lake basin for coastal and inland wetlands.
Dashed lines are 95% confidence limits. Also shown are geometric mean rates of change (%/yr) over the long or
short term. Short term was 2011-2014, whereas long term was 1995-2014 or 2002-2014 in cases where < 10
wetlands were sampled in 1995. Note that for Superior there were no coastal data for 1999 or inland data for 1995.
Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 5. Distribution of index of ecological condition (IEC) based on frog data from 2011-2014 throughout the
Great Lakes Basin. Shown are IECs for all surveyed wetlands as a function of the entire Great Lakes Basin (overall)
and each individual lake basin for coastal and inland wetlands. Note that prior to these calculations we averaged
across years for wetlands that were sampled in multiple years.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 6. Biotic response function (solid line) for total number of frog species in three seasonal surveys of coastal
wetlands throughout the Great Lakes Basin. Shown is the total number of species detected as a function of a
combined “human footprint” variable incorporating environmental condition due to agriculture, development, and
wetland area (0 = poor condition, 10 = good condition). Open circles represent binned data at 10 observations per
bin.

Source: Great Lakes Coastal Wetland Monitoring Program

Page 162



STATE OF THE GREAT LAKES 2017

Sub-Indicator: Coastal Wetland Birds

Overall Assessment

Status: Fair

Trend: Unchanging

Rationale: Mean index of ecological condition (IEC), an objective biotic indicator summarizing standardized
observations of breeding birds in coastal wetlands was 3.9 (out of 10) in 2014 and did not significantly in-
crease or decrease from 1995-2014 or from 2011-2014.

Lake-by-Lake Assessment

Lake Superior

Status: Good

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 4.7 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Michigan

Status: Fair

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 3.9 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Huron

Status: Good

Trend: Unchanging

Rationale: Mean IEC in coastal wetlands was 4.6 in 2014 and did not significantly increase or decrease from 2002-
2014 or from 2011-2014.

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: Mean IEC in coastal wetlands was 3.0 in 2014 and significantly decreased by -1.6%/yr (-2.1, -0.9) [low-

er, upper 95% confidence limits] from 1995-2014 and by -3.9%/yr (-6.4, -0.9) from 2011-2014.

Lake Ontario

Status: Fair

Trend: Improving

Rationale: Mean IEC in coastal wetlands was 3.8 in 2014 and significantly increased by 1.1%/yr (0.2, 2.0) [lower,
upper 95% confidence limits] from 1995-2014 and by 2.9%/yr (0.5, 5.2) from 2011-2014.

Other Spatial Scales

Inland

Status and trend based on IECs were also calculated for inland wetlands for comparison with coastal wetlands. Re-
sults were similar to those described above for coastal wetlands, except that the status for Lake Superior and Lake
Huron was fair instead of good, and there were no significant increases or decreases at any scale over time.

Separate assessments for the connecting channels of the Great Lakes were not completed. Information for the chan-
nels is included with the adjacent down-stream lake, as shown on the maps of sample points.

Sub-Indicator Purpose
e To assess the status and trends of Great Lakes coastal wetland ecosystem health by directly measuring the
composition and relative abundance of wetland breeding birds, and thereby inferring the condition of
coastal wetland habitat as it relates to the health of this ecologically and culturally important component of

Page 163



STATE OF THE GREAT LAKES 2017

wetland communities. To restore/maintain the overall biological integrity of Great Lakes coastal wetlands,
various ecological components including coastal wetland bird communities need to be addressed.

Ecosystem Objective

Coastal wetlands provide critical breeding and migratory habitat for wildlife such as birds. Conservation of remain-
ing coastal wetlands and restoration of previously degraded or destroyed wetlands are vital components of restoring
the Great Lakes ecosystem. Birds are effective ecological indicators and can be used to report progress toward such
an objective.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment, which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

Background

Wetland breeding birds are influenced by the physical, chemical, and biological components of wetlands and sur-
rounding landscapes. For example, the occurrence, abundance, and/or reproductive success of multiple bird species
in the Great Lakes Basin declines as (1) wetland size decreases; (2) wetland habitat and natural cover in the sur-
rounding landscape decreases or degrades in quality; (3) pollution from pesticides, herbicides, and sediment runoff
increases; and (4) generalist predators (e.g., northern raccoon [Procyon lotor]) associated with anthropogenic habi-
tats in the surrounding landscape increase (Brazner et al. 2007a, 2007b; Crosbie and Chow-Fraser 1999; Howe et al.
2007a; Grandmaison and Niemi 2007; Naugle et al. 2000; Smith and Chow-Fraser 2010 a, 2010b; Tozer et al.
2010). Thus, the occurrence or abundance of sensitive wetland breeding birds can be a valuable indicator of the
health of wetlands and the surrounding landscape.

Measures

Study design—Several initiatives monitor Great Lakes wetland breeding birds. One of the longest running is Bird
Studies Canada’s Great Lakes Marsh Monitoring Program (GLMMP), which started in 1995 and has operated every
year since then at coastal and inland wetlands throughout much of the Great Lakes Basin (Tozer 2013, 2016). Previ-
ous reports for this sub-indicator are based solely on data from this ongoing broad scale program (e.g., Tozer 2014).
From 2001-2005, the University of Minnesota Duluth’s Natural Resource Research Institute (NRRI) led an ambi-
tious multi-institutional Great Lakes Environmental Indicator project (GLEI) aimed at assessing the overall biotic
health of coastal wetlands in the U.S. portion of the Great Lakes (Howe et al. 2007a, 2007b; Hanowski et al. 2007a,
2007b). More recently, the Great Lakes Coastal Wetland Monitoring Program (CWMP) led by Central Michigan
University was initiated in 2011 and currently is scheduled to operate until at least 2020 throughout both the U.S.
and Canadian Great Lakes coastal zones (Cooper et al. 2014). These projects have somewhat different study designs,
but rely on standardized, fixed duration point counts that can be adjusted to maximize cross-project compatibility.
To garner large numbers of trained volunteer participants to achieve large sample sizes at relatively low cost, the
GLMMP allows participants to select sample points—a justifiable approach if one assumes that the sample points
are approximately representative of wetlands across a region of interest. By contrast, the GLEI and CWMP projects
select sample points via stratified random sampling of coastal wetlands and survey wetlands via paid professional
staff. Nonetheless, all of the projects target wetlands dominated by non-woody emergent plants such as cattails
(Typha spp.) and sedges (e.g., Carex spp.) with sample points located within wetlands. In this report the datasets
listed above were brought together for the first time to generate the most comprehensive analysis of the status and
trend of Great Lakes coastal wetland breeding birds and associated wetland health.

Bird surveys—Breeding birds were sampled to an unlimited distance from a point located at the edge or within a
wetland (hereafter “sample point”). In most large wetlands points were sampled both near the upland / wetland inter-
face (shoreline) and in the interior of the wetland, while in most small wetlands only shoreline points were sampled.
Each sample point was surveyed for 10 or 15 minutes on 1-3 visits separated by at least 10 or 15 days during the
main avian breeding season, typically between late May and early July. Surveys occurred in either the morning (30
minutes before local sunrise to 10:00 h local time) or evening (4 hours before local sunset to dark) or both and only
under weather conditions that were favourable for detecting all species and individuals present (little to no precipita-
tion; wind: Beaufort 0-3, 0-19 km/hr). Observers broadcasted calls during surveys to entice vocal response by indi-
viduals of especially secretive species. The broadcast calls occurred during a 5-minute portion of each 10- or 15-
minute survey and consisted of 30 seconds of vocalizations followed by 30 seconds of silence for each of the follow-
ing species: Least Bittern (Ixobrychus exilis), Sora (Porzana carolina), Virginia Rail (Rallus limicola), a mixture of
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American Coot (Fulica americana) and Common Gallinule (Gallinula galeata), and Pied-billed Grebe (Podilymbus
podiceps), in that order. The survey protocols of each of the projects closely followed the Standardized North Amer-
ican Marsh Bird Monitoring Program protocol (Conway 2011).

Analyses—Numerous methods are available for analyzing Great Lakes coastal wetland breeding bird data. Previous
analyses for this report were based on the separate status and trend of the relative abundance of approximately 20
wetland dependent breeding bird species (e.g., Tozer 2014). Alternative approaches include various indices of wet-
land health, which combine data from suites of species (e.g., Chin et al. 2014). The latter approach is likely more
objective and more practical for the purposes of State of the Great Lakes (previously known as SOLEC) because it
provides a single comprehensive metric that represents the collective responses of breeding bird species to wetland
condition. Multi-species metrics, like the widely used index of biotic integrity for fishes (Karr and Chu 1999) and
mean coefficient of conservatism for plants (Taft et al. 1997), tend to be robust because informative values are pro-
duced even when some species are absent due to factors outside the system of interest. For example, a wide-ranging
species might go undetected because, by chance, all individuals of that species happen to be located beyond survey
plots during the sampling period, even though these individuals are resident within the wetland. Similarly, a high
quality wetland might be missing a species because of a regional epidemic that affects individuals regardless of wet-
land condition.

In this report a new approach is introduced for assessing bird community health based on multi-species data from
wetland birds across the Great Lakes Basin (Howe et al. 2007a, 2007b; Hanowski et al. 2007a, 2007b; Tozer 2013,
2016). Quantitative data were used for breeding birds at approximately 4,000 sample points throughout the Great
Lakes in both the U.S. and Canada. At many of these sample points, information is available on three potential envi-
ronmental stressors: 1) agricultural intensity in the contributing watershed (i.e., the landscape draining into the wet-
land), 2) non-agricultural landscape development such as roads, buildings, and human population density in the con-
tributing watershed, and 3) wetland area and fragmentation, measured by the total wetland area within 1 km of the
sampled wetland’s centroid. For convenience, these gradients are referred to in this report as agriculture, develop-
ment, and wetland area, respectively. Clearly, many other stressors affect bird communities in coastal wetlands, but
agricultural intensity, non-agricultural landscape development, and wetland area provide tractable quantitative yard-
sticks from which one can identify sensitive species and community variables (Brazner et al. 2007a, 2007b).

For birds, it was assumed that poor wetland condition was associated with high agriculture, high development, and
small wetland area. As such, values for the agriculture and development stressors were highly skewed in favour of
degraded or unhealthy wetlands, but values for the wetland area stressor suffered from the opposite issue. To allevi-
ate bias that these skewed distributions might cause in later analyses, i.e., to downplay the influence of the small but
highly influential number of sites with extreme values, the Yeo-Johnson transformation was applied (Yeo and John-
son 2000) in R (version 3.1.3, R Core Team 2015) with package “car” (Fox and Weisberg 2011). This normalizing
transformation resembles the general Box-Cox power transformation but allows for zero values in the data. To avoid
power transformations involving decimal values, values of the environmental gradient were first multiplied by a
large constant (e.g., 100). After transformation each stressor was converted to a standard scale with extreme values
representing the most impacted (0) and least impacted (10) sample points with respect to that stressor. Distributions
of the transformed and standardized variables for agriculture, development, and wetland area stressors resembled
normality and could be evaluated alone or in combination. To develop a comprehensive measure of ecosystem
health based on breeding birds, principal components analysis (PCA) was used to combine the agriculture, develop-
ment, and wetland area stressors into a single multi-variate “human footprint” (Gnass Giese et al. 2015), which was
used throughout the analysis described below. Scores from two of the three PCA axes could be ordered and scaled
from most stressed (condition = 0) to least stressed (condition = 10) based on correlations with the original stressor
variables. (The magnitude of scores on one axis was opposite in direction to that of the other axis, so values were
simply inverted to align with the 0-10 scale.) Scores from the two axes were weighted according to the percent vari-
ance explained (total = 61%), summed, and re-scaled from 0-10 to yield the multi-variate “human footprint” stressor
gradient.

The health of coastal wetlands was evaluated using the index of ecological condition (IEC), an objective biotic indi-
cator introduced by Howe et al. (2007a, 2007b), improved by Gnass Giese et al. (2015), and compared to other simi-
lar indices for wetland breeding birds by Chin et al. (2015). Existing data on breeding birds of Great Lakes coastal
wetlands described in more detail below were used for the first step in IEC development. The quantitative response
of a species or multi-species variable to a given stressor gradient can be modeled from presence/absence or abun-
dance of the species at wetlands where accompanying stressor data were available. Parameters of the best-fit math-

Page 165



STATE OF THE GREAT LAKES 2017

ematical function were estimated by computer iteration in R (R Core Team 2015) with package “iec”
(https://github.com/ngwalton/iec). Results of this analysis yielded three parameters (mean, standard deviation, and
height) describing a bell-shaped or truncated Gaussian function within the range of 0-10. These biotic response (BR)
functions provide the basis for estimating the health of coastal wetlands based on bird observations (Figure 1). By
recording the species present at a wetland, one can essentially work backward to calculate an IEC. Species (or relat-
ed biotic variables) that have been shown previously to favour minimally-stressed wetlands will indicate ecological-
ly healthy conditions and high IEC scores. By contrast, species (or related biotic variables) that favour highly-
stressed wetlands will indicate ecologically unhealthy or degraded conditions and low IEC scores. This method re-
sembles other approaches to environmental indicator development, but the IEC framework establishes an explicit
connection between stressors and biotic variables, providing a clear picture about what our indicator truly “indi-
cates.” A more detailed description of IEC methodology is available in a separate document (Howe et al. in prep.)
and at http://www.uwgb.edu/BIODIVERSITY /forest-index/iec.asp.

CWMP data were used (2011-2014) to build BR functions because these samples could be associated with site-
specific stressor data. Samples (n = 1,117) consisted of the maximum abundance of each bird species detected dur-
ing two field surveys at a single observation point within a single year (one morning sample and one evening sam-
ple). Although the distribution of some species varies across the region, all of the species used in this analysis occur
in each of the Great Lakes, so BR functions were generated using data from the entire Great Lakes Basin. Several
alternative approaches were considered for identifying the most informative bird-based indicator. For example, the
use of abundance data versus presence/absence data were compared, which are much less vulnerable to observer
variation or bias. Models using BR functions were also compared of all potentially occurring species versus models
using only BR functions of species that were present at the sample point. The latter is desirable because it avoids
quantitative “penalties” for the absence of species that were present but not detected or species that do not have suit-
able microhabitat conditions at the sample point. To avoid excessive zeros in the response variable, the data were
grouped into “bins” of 10 samples with similar stressor values. The response variable was then the average abun-
dance among the 10 samples or, in the case of presence/absence data, the frequency of occurrence in the 10 samples.
In addition to single species metrics, a number of multi-species metrics was also calculated, including variables such
as total number of individuals of wading birds and number of marsh-obligate bird species. For these variables,
“binned” data consisted of average values for each group of 10 samples. Data from the CWMP were used to derive a
final suite of BR functions, which in turn were used to derive IEC scores for wetlands from the GLMMP, GLEI, and
CWMP projects. The results presented in this report are based on presence/absence data using only BR functions of
individual species that were present at each sample point. Based on this examination of results from the many alter-
native approaches described above, this was the most informative and cost-effective approach for determining
coastal wetland health based on wetland breeding birds.

The final suite of species was identified for calculating BR functions and IECs via the following steps. The process
started with all species in the dataset, and then eliminated all non-wetland affiliated species (e.g., forest birds), mi-
grants, wintering species, unidentified species, and species present at fewer than five of the sample points. This left a
suite of candidate species that were associated at least partly with open wetlands during the spring and early sum-
mer, i.e., “wetland breeding birds”. This definition includes “marsh obligates” (species that live and breed exclusive-
ly or almost exclusively in open marshes) and “marsh users” (species that forage, rest or roost, use, or occasionally
breed in an open marsh, but are more typical of other habitats, e.g., upland grasslands or woodlands). Species were
then eliminated for which the BR functions were uninformative (lowest 10% range between minimum and maxi-
mum predicted response) or highly variable (10% poorest goodness-of-fit). Non-native species were also excluded
that favoured minimally-stressed wetlands (e.g., Mute Swan [Cygnus olor]) or species of conservation concern (e.g.,
Common Tern [Sterna hirundo]) that favoured stressed sites where features like artificial nesting structures were
present. While these species are predictive of the gradient, they are likely to be present due to factors other than wet-
land health. The resulting 52 species used to generate BR functions for calculating IECs are shown in Table 1.

IECs for each sample point were calculated in each year based on species observed across either two field visits (for
CWMP and GLMMP) or a single visit (GLEI). Next the point-level IECs were averaged across all sample points
within each wetland or wetland complex in each year, which adjusted for wetlands containing differing numbers of
sample points. Means of these wetland-level IECs for coastal wetlands in each basin and throughout the entire Great
Lakes Basin were reported (hereafter “overall”) in each year. These means form the basis for the status and trend
assessments, but comparable IEC metrics for inland wetlands are also reported. In addition, distributions of IECs for
coastal and inland wetlands in each basin and overall for recent years from 2011-2014 were reported to illustrate
variation in the health of wetlands. In these calculations bird-based IEC values were averaged across years for wet-
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lands that were sampled in multiple years. Note that data from 2011-2014 were used in these calculations to increase
sample sizes for illustrating the distribution of IECs of inland wetlands, but assessments of current coastal wetland
status are based on 2014 data only.

Status—Dentitions of good, fair, and poor condition were assigned based on wetland-level IECs from all years and
all wetlands across all basins (n = 4,938). IEC values greater than the 66™ percentile were good, values between and
including the 33" and 66™ percentiles were fair, and values less than the 33 percentile were poor. This translated
into the following definitions:

e Good: IEC>4.2
e Fair:3.1<IEC<4.2
e Poor:IEC<3.1

Trend—The terms improving, unchanging, and deteriorating were applied based on geometric mean rates of change
(%/ yr) using equation 4 in Smith et al. (2014). The statistical significance of trends was assessed via parametric
bootstrapping in R (R Core Team 2015) with package “boot” (Canty and Ripley 2013). Bootstrapping in this manner
was necessary to account for the varying precision of the beginning annual estimate and the ending annual estimate
used to calculate each trend. Trend estimates with 95% confidence intervals that did not overlap zero were consid-
ered statistically significant. The short- and long-term trends were calculated but the trend assessments for the Great
Lakes Basin and each individual basin are based on short-term changes in bird assemblages. Short term was defined
as the period 2011-2014, whereas long term was 1995-2014 or 2002-2014 in cases where < 10 wetlands were sam-
pled in 1995. The following definitions were used to describe the status of bird assemblages at Great Lakes coastal
wetlands:

e Improving: statistically significant short-term increase in [EC
e Unchanging: no statistically significant short-term increase or decrease in IEC
e Deteriorating: statistically significant short-term decrease in IEC

Endpoint— The endpoint of this sub-indicator was defined as the level when mean IECs were confidently above the
lower cutoff for good condition. In other words, the endpoint was reached when the lower 95% confidence limit for
mean [EC was > 4.2

Status and trend of coastal wetland birds

Data coverage—The dataset available for scoring sites consisted of mean annual wetland-level IECs based on
30,252 point counts conducted at 3,932 sample points in 1,511 wetlands over 20 years from 1995-2014 throughout
the Great Lakes Basin (Figure 2). The number of years that each wetland was surveyed varied from 1 to 20, with a
mean of 3.3 £ 3.7 (SD), due mostly to large differences in observer participation in the long running, broad scale
GLMMP (Figure 2). The majority of the surveyed wetlands were coastal (n = 1,078; 71%) rather than inland (n =
433; 29%) because both the GLEI and CWMP projects focused entirely on coastal wetlands, whereas the GLMMP
surveyed both (Figure 2).

The number of wetlands surveyed per year (296 + 127 [mean + SD]) ranged from 123 to 513 with substantially
more wetlands surveyed from 2002-2003 and from 2011-2014 due to the GLEI and CWMP projects operating dur-
ing those years (Figure 3). Annual coverage was also higher in Lake Erie and Lake Ontario compared to the upper
Great Lakes mostly because GLMMP coverage is more extensive in the lower lakes. Annual coverage also was
higher at coastal compared to inland wetlands (Figure 2).

Overall—Mean IEC in coastal wetlands ranged from 3.3 to 4.0 from 1995-2014, with no significant increase or de-
crease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 3.9 in 2014 (Fig-
ure 4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 approximated a nor-
mal distribution (Figure 5). Based on these patterns, the status of coastal wetland health in the Great Lakes overall is
fair and the trend is unchanging. Similar patterns occurred at inland wetlands (Figures 4, 5).

Lake Superior—Mean IEC in coastal wetlands ranged from 1.8 to 5.3 from 1995-2014, with no significant increase
or decrease from 1995-2014, or more recently from 2011-2014, ending the period above the endpoint at 4.7 in 2014
(Figure 4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 approximated a

normal distribution, notably with no wetlands scoring less than 2.0 (Figure 5). Based on these patterns, the status of
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coastal wetland health in Lake Superior is good and the trend is unchanging. Similar patterns occurred at inland wet-
lands in the Lake Superior watershed, although the status of inland wetlands was fair rather than good and low sam-
ple sizes precluded trend estimates, or clear determination of the distribution of inland IECs from 2011-2014 (Fig-
ures 4, 5). Although landscapes in the coastal zone of Lake Superior are generally non-agricultural and minimally
developed compared with wetlands in the more southern lakes (Bourgeau-Chavez et al. 2015), it was calculated that
coastal wetlands of Lake Superior (with a few notable exceptions) are relatively small in area, accounting at least
partially for the modest scores in comparison with those from other lakes.

Lake Michigan—Mean IEC in coastal wetlands ranged from 2.8 to 4.3 from 1995-2014, with no significant increase
or decrease from 1995-2014, or more recently from 2011-2014, ending the period below the endpoint at 3.9 in 2014
(Figure 4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 approximated a
normal distribution (Figure 5). Based on these patterns, the status of coastal wetland health in Lake Michigan is fair
and the trend is unchanging. Similar patterns occurred at inland wetlands in the Lake Michigan watershed, although
low sample sizes precluded trend estimates, or clear determination of the distribution of inland IECs from 2011-
2014 (Figures 4, 5). Some of the highest quality wetlands with respect to birds occur in Lake Michigan, even though
development and agricultural stressors are fairly strong in parts of the coastal zones of this lake (Bourgeau-Chavez
et al. 2015).

Lake Huron—Mean IEC in coastal wetlands ranged from 3.8 to 5.0 from 1995-2014, with no significant increase or
decrease from 1995-2014, or more recently from 2011-2014, ending the period above the endpoint at 4.6 in 2014
(Figure 4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 deviated from a
normal distribution, with more wetlands located towards the degraded end of the gradient (Figure 5). Based on these
patterns, the status for coastal wetland health in Lake Huron is good and the trend is unchanging. Similar patterns
occurred at inland wetlands in the Lake Huron watershed, although the status of inland wetlands was fair rather than
good and low sample sizes precluded clear determination of the distribution of inland IECs from 2011-2014 (Figures
4, 5). Some of the highest quality wetlands with respect to birds occur in Lake Huron, even though development and
agricultural stressors are fairly strong in parts of the coastal zones of this lake (Bourgeau-Chavez et al. 2015).

Lake Erie—Mean IEC in coastal wetlands ranged from 2.8 to 4.1 from 1995-2014, with a significant decrease from
1995-2014, as well as more recently from 2011-2014, ending the period below the endpoint at 3.0 in 2014 (Figure
4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 deviated from a normal
distribution, with more wetlands located towards the pristine end of the gradient (Figure 5). Based on these patterns,
the status of coastal wetland health in Lake Erie is poor and the trend is deteriorating. Similar patterns occurred at
inland wetlands in the Lake Erie watershed in terms of the distribution of IECs across the degraded-pristine gradient
from 2011-2014 (Figure 5). By contrast, there were no significant trends over time at inland wetlands, partly be-
cause mean [EC at inland wetlands started out relatively low in 1995, unlike the comparatively high scores at coastal
wetlands (Figure 4).

Lake Ontario—Mean IEC in coastal wetlands ranged from 3.1 to 3.9 from 1995-2014, with a significant increase
from 1995-2014, as well as more recently from 2011-2014, ending the period below the endpoint at 3.8 in 2014
(Figure 4). The distribution of coastal IECs across the degraded-pristine gradient from 2011-2014 approximated a
normal distribution (Figure 5). Based on these patterns, the status of coastal wetland health in Lake Ontario is fair
and the trend is improving. Similar patterns occurred at inland wetlands in the Lake Ontario watershed in terms of
the distribution of IECs across the degraded-pristine gradient from 2011-2014 (Figure 5). By contrast, there were no
significant trends over time at inland wetlands (Figure 4).

Discussion—Throughout the Great Lakes Basin, the current status of coastal wetland health based on wetland breed-
ing birds is fair, with current status of Lake Superior and Lake Huron being good, Lake Michigan and Lake Ontario
being fair, and Lake Erie being poor. In addition, we found that coastal IECs located towards the degraded end of
the degraded-pristine gradient are more common in Lake Michigan, Lake Erie, and Lake Ontario compared to Lake
Superior and Lake Huron. For instance, the proportion of coastal wetlands from 2011-2014 with [ECs <5 was 73-
94% in Lake Michigan, Lake Erie, and Lake Ontario, with degraded wetlands especially prevalent in Lake Erie and
Lake Ontario. By contrast, the proportion was 46-52% in Lake Superior and Lake Huron (Figure 5). These patterns
are probably due to greater anthropogenic stress from agriculture, development, and perhaps wetland loss in Lake
Michigan south of the Canadian Shield, and in all of Lake Erie and Lake Ontario compared to Lake Superior and
most parts of Lake Huron (Allan et al. 2013, Bourgeau-Chavez et al. 2015, Danz et al. 2007, Niemi et al. 2009).
Nonetheless, some high quality coastal wetlands are still present in all of the Great Lakes (Figure 5). By illustrating
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and documenting differences in wetland health in these ways, the analysis provides a unique baseline for assessing
long-term changes in wetland quality and for quantifying the success of restoration efforts in individual wetlands,
regions, and the entire Great Lakes basin. A more detailed analysis of species’ responses to individual stressors is
available, but these results are beyond the scope of this report. The condition of sites based on a multi-variate “hu-
man footprint” stressor that incorporates measures of all three stressor variables (agriculture, development, and wet-
land area) was reported.

Throughout the Great Lakes Basin, coastal wetland health based on wetland breeding birds did not significantly in-
crease or decrease over the short term from 2011-2014, or over the long term from 1995-2014, with trends in most
individual lake basins showing no significant increase or decrease over the short or long term. Exceptions were in
Lake Ontario, where IECs significantly increased both over the short term from 2011-2014 and over the long term
from 1995-2014, and in Lake Erie, where IECs significantly decreased both over the short term from 2011-2014 and
over the long term from 1995-2014 (Figure 4). The cause of Lake Ontario’s recent increase in IECs is unclear,
whereas the short- and long-term decreases in IECs in Lake Erie may be associated with increasing amounts of an-
thropogenic stress from agriculture, development, and perhaps wetland loss (e.g., Danz et al. 2007, Wolter et al.
2006). Thus, given that Lake Erie was the only lake basin where coastal IECs significantly decreased over time may
suggest that the health of Lake Erie’s coastal wetlands are particularly compromised compared to coastal wetlands
in the remaining lake basins. The declining trends may also indicate that Lake Erie is experiencing unique stressors
or relatively high intensities of stressors compared with stressors in the other lake basins.

In addition to assessing status and trend of the health of coastal wetlands, status and trend of inland wetlands were
examined for comparison (Figures 4, 5). The ability to compare coastal and inland wetlands due to differences in
sample sizes was best for Lake Erie and Lake Ontario, whereas it was limited for the other lake basins. Similar pat-
terns across coastal and inland wetlands were found, with the following exceptions. In Lake Erie, coastal IECs sig-
nificantly decreased over the short term from 2011-2014, and over the long term from 1995-2014, but inland IECs
showed no significant corresponding short- or long-term decreases (Figure 4). In Lake Ontario, coastal IECs signif-
icantly increased over the short-term from 2011-2014, but inland IECs exhibited no significant corresponding in-
crease (Figure 4). Thus, wetland health as represented by wetland birds may be responding to different intensities of
stressors in coastal versus inland wetlands within the Lake Erie and Lake Ontario watersheds. Similarly, a previous
study using only the GLMMP dataset observed that mean abundance of certain wetland-dependent bird species was
lower at coastal marshes compared to inland marshes (Tozer 2013). Thus, continued sampling of both coastal and
inland wetlands throughout the Great Lakes Basin is needed to completely monitor and assess the health of wetlands
based on birds throughout the entire region.

The overall fair status and unchanging trend reported for coastal wetlands throughout the Great Lakes Basin con-
trasts with previous reports for this sub-indicator, which noted overall poor status and deteriorating trends based on
the prevalence of significant negative trends in abundance among approximately 20 wetland-dependent breeding
bird species using the GLMMP dataset alone (e.g., Tozer 2014). The apparent discrepancy in overall status and trend
between this report and previous reports is likely at least partially due to differences in sampling coverage, with pre-
vious reports summarizing the status and trend of predominantly the southern portion of the Great Lakes basin due
to reliance on the mostly southern GLMMP dataset; the current report provides a more balanced assessment
throughout the entire Great Lakes Basin by bringing GLMMP data together with data from the southern and north-
ern GLEI and CWMP projects. Thus, the overall poor status and deteriorating trend reported previously may have
only been most representative, for instance, of the current poor status and deteriorating trend reported for Lake Erie.
Nevertheless, it is important to note that the patterns summarized in this report are based on a comprehensive IEC
metric, which represents the collective responses of dozens of breeding bird species to wetland condition. Therefore,
one should not lose sight of the fact that there are particular species, including bitterns (e.g., Botaurus), shallow-
(e.g., Porzana) and deep-water rails (e.g., Gallinula), and marsh-nesting terns (e.g., Chlidonias), which have experi-
enced long-term declines at various scales in the Great Lakes (e.g., Tozer 2013, 2016) that may be responding in
species-specific ways to environmental stressors that warrant unique management actions or present unique oppor-
tunities for improving wetland health.

Linkages

Coastal wetland breeding birds are influenced by numerous local and landscape-level characteristics, some of which
are monitored by other Great Lakes (previously known as SOLEC) indicators. For instance, coastal wetland breed-
ing birds are known to be influenced by changing water levels at local and individual Great Lakes Basin scales (e.g.,
Timmermans et al. 2008, Jobin et al. 2009). Thus, the Coastal Wetland Birds sub-indicator can be expected to co-

Page 169



STATE OF THE GREAT LAKES 2017

vary with the Water Levels sub-indicator (e.g., Chin et al. 2014). Similarly, the Coastal Wetland Birds sub-indicator

can be expected to co-vary with sub-indicators that track the extent and spatial arrangement of wetland breeding bird
habitat (e.g., Coastal Wetland Landscape Extent and Composition) and prey (Coastal Wetland Invertebrate Commu-

nities; Coastal Wetland Fish Community Health). It can also be expected to co-vary with invasive plant species (e.g.,
Phragmites australis) that encroach upon preferred native vegetation (e.g., Aquatic and Terrestrial Non-Native Spe-

cies) and pollution that may reduce prey abundance and/or availability (e.g., Contaminants in Sediments and Fish).

Comments from the Author(s)

This approach has been completed using the GLMMP component of the larger dataset analyzed in this report. Using
multi-season site occupancy models and data from 21,546 GLMMP point counts conducted at 2,149 sample points,
Tozer (2016) determined important local, wetland, and landscape-scale factors influencing occupancy of 15 wetland
breeding marsh bird species in wetlands throughout the southern portion of the Great Lakes Basin.

The status and trend assessment of coastal wetland health based on wetland breeding birds is based on BR functions
developed using CWMP data only. The BR functions were also developed based on information from three stressor
gradients: agriculture, development, and wetland area. The ability of the IEC to capture the health of coastal wet-
lands based on bird data might be improved by expanding the development of the BR functions to include all of the
marsh bird data that are available from the GLMMP, GLEI, and CWMP projects. The performance of the IEC might
also be improved by incorporating other known wetland bird stressors in the development of BR functions, particu-
larly within-wetland attributes like relative dominance of invasive plant species. These ideas are fruitful areas for
future expansion.

For the first time, three large marsh bird datasets were brought together, specifically the GLMMP, GLEI, and
CWMP project datasets to perform the analyses summarized in this report. This provided a tremendous improve-
ment in analytical power at many different scales compared to using only one of the datasets. However, it was evi-
dent that the combined dataset is lacking information from healthy wetlands. Future collection of bird data from
wetlands located towards the pristine end of the degraded-pristine gradient might improve the performance of the
IEC.

Assessing Data Quality

. Strongl Neutral or . Strongl Not
Data Characteristics Agrgey Agree Unknown Disagree Disaggr]e)é Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X

3. The source of the data is a known,

reliable and respected generator of data *
4. Geographic coverage and scale of data

are appropriate to the Great Lakes Basin X
5. Data obtained from sources within the

U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data

are documented and within acceptable X

limits for this sub-indicator report
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No. | Common name Scientific name
1 American Bittern Botaurus lentiginosus
2 American Crow Corvus brachyrhynchos
3 American Goldfinch Spinus tristis
4 American Robin Turdus migratorius
5 Bald Eagle Haliaeetus leucocephalus
6 Barn Swallow Hirundo rustica
7 Belted Kingfisher Megaceryle alcyon
8 Black Tern Chlidonias niger
9 Black-crowned Night-Heron Nycticorax nycticorax
10 | Blue-winged Teal Anas discors
11 Bobolink Dolichonyx oryzivorus
12 | Brown-headed Cowbird Molothrus ater
13 | Canada Goose Branta canadensis
14 | Caspian Tern Hydroprogne caspia
15 | CIiff Swallow Petrochelidon pyrrhonota
16 | Common Gallinule Gallinula galeata
17 | Common Goldeneye Bucephala clangula
18 | Common Grackle Quiscalus quiscula
19 | Common Loon Gavia immer
20 Common Merganser Mergus merganser
21 | Common Yellowthroat Geothlypis trichas
22 | Double-crested Cormorant Phalacrocorax auritus
23 | Eastern Kingbird Tyrannus tyrannus
24 | European Starling Sturnus vulgaris
25 | Forster's Tern Sterna forsteri
26 | Green Heron Butorides virescens
27 | Herring Gull Larus argentatus
28 | Hooded Merganser Lophodytes cucullatus
29 | House Sparrow Passer domesticus
30 | Killdeer Charadrius vociferus
31 | Least Bittern Ixobrychus exilis
32 | Mallard Anas platyrhynchos
33 | Northern Harrier Circus cyaneus
34 | Norhtern Rough-winged Swallow Stelgidopteryx serripennis
35 | Osprey Pandion haliaetus
36 | Purple Martin Progne subis
37 | Red-breasted Merganser Mergus serrator
38 | Red-winged Blackbird Agelaius phoeniceus
39 | Ring-billed Gull Larus delawarensis
40 | Sandhill Crane Grus canadensis
41 | Sedge Wren Cistothorus platensis
42 | Song Sparrow Melospiza melodia
43 | Sora Porzana carolina
44 | Spotted Sandpiper Actitis macularius
45 | Swamp Sparrow Melospiza georgiana
46 | Traill's Flycatcher Empidonax alnorum/traillii
47 | Tree Swallow Tachycineta bicolor
48 | Trumpeter Swan Cygnus buccinator
49 | Virginia Rail Rallus limicola
50 | Wilson's Snipe Gallinago delicata
51 | Wood Duck Aix sponsa
52 | Yellow Warbler Setophaga petechia

Table 1. Wetland breeding bird species (n = 52) used to generate biotic response functions for calculating indices of
wetland health for Great Lakes coastal wetlands.
Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 1. Biotic response functions (solid lines) for selected bird species from coastal wetlands throughout the Great
Lakes Basin. Shown is the probability of occurrence as a function of a combined “human footprint™ variable incor-
porating environmental condition due to agriculture, development, and wetland area (0 = poor condition, 10 = good
condition). Open circles represent binned data at 10 observations per bin. See Table 1 for scientific names.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 2. Wetlands surveyed for birds from 1995-2014 throughout the Great Lakes Basin for the purpose of
estimating indices of wetland health. Shown are wetlands as a function of the number of years that each wetland was
surveyed (upper map) and as a function of coastal versus inland (lower map). Note that coastal wetlands (n = 1,078)
far outnumber inland wetlands (n = 433), although this does not appear to be the case due to tightly overlapping
symbols.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 3. Number of wetlands surveyed for birds per year from 1995-2014 throughout the Great Lakes Basin for the
purpose of estimating indices of wetland health. Shown are wetlands surveyed as a function of the entire Great
Lakes Basin (overall) and each individual lake basin for coastal and inland wetlands.
Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 4. Temporal trends in mean index of ecological condition (IEC) based on bird data from 1995-2014
throughout the Great Lakes Basin (solid lines). Shown are means across all surveyed wetlands in each year as a
function of the entire Great Lakes Basin (overall) and each individual lake basin for coastal and inland wetlands.
Dashed lines are 95% confidence limits. Also shown are geometric mean rates of change (%/yr) over the long or
short term. Short term was 2011-2014, whereas long term was 1995-2014 or 2002-2014 in cases where < 10
wetlands were sampled in 1995.

Source: Great Lakes Coastal Wetland Monitoring Program
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Figure 5. Distribution of index of ecological condition (IEC) scores based on bird data from 2011-2014 throughout
the Great Lakes Basin. Shown are IECs for all surveyed wetlands as a function of the entire Great Lakes Basin
(overall) and each individual lake basin for coastal and inland wetlands. Note that prior to these calculations we
averaged across years for wetlands that were sampled in multiple years. We also note that the vertical axes differ
among overall and each lake for clarity of small sample sizes, but are the same within overall and each lake to

facilitate comparisons between coastal and inland.
Source: Great Lakes Coastal Wetland Monitoring Program

Page 179



STATE OF THE GREAT LAKES 2017

Sub-Indicator: Coastal Wetland Fish

Overall Assessment

Status: Fair

Trend: Improving

Rationale: As of 2015, the majority of wetland sites were in the moderately degraded category based on the
health of coastal wetland fish communities. The trend is determined by comparing the current status of
coastal wetland fish to that of three years prior and whether the metric increased, decreased, or showed no
substantial change in score. Data are not currently available for long-term trend analysis. In 2012, 17% of
wetland sites were in the degraded score category. In 2015, only 8% of wetlands were in the degraded score
category. Fair is defined as “the vast majority of the wetlands are not in the degraded category”.

Lake-by-Lake Assessment

In an effort funded by the Great Lakes Restoration Initiative (GLRI) through 2020 (about $2 million per year),
approximately 200 wetlands were sampled annually since 2011. A total of 176 wetlands were sampled in 2011, 206
sampled in 2012, 201 in 2013, 216 in 2014, and 211 in 2015 for a total of 1010 Great Lakes coastal wetland
sampling events. As of 2015, nearly 100% of the medium and large (> 4 hectares), hydrologically-connected coastal
wetlands on the Great Lakes have been sampled. With respect to the entire Great Lakes, about 80% of coastal
wetlands by count and area have been sampled (Figure 1).

Individual lake basin assessments were not prepared for this report.

Sub-Indicator Purpose

e The purpose of this sub-indicator is to track the trends of Great Lakes coastal wetland ecosystem health by
measuring the composition and density of fish communities, and to infer suitability of habitat and water quality
for Great Lakes coastal wetland fish communities.

Ecosystem Objective

Coastal Wetland habitats are critical spawning and nursery areas for many fish species of ecological and economic
importance. Conservation of remaining coastal wetlands and restoration of previously destroyed wetlands are vital
components of restoring the Great Lakes ecosystem and this sub-indicator can be used to report progress toward
such an objective.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality
Agreement which states that the Waters of the Great Lakes should “support healthy and productive wetlands and
other habitats to sustain resilient populations of native species.”

Restore and maintain the diversity of the fish community of Great Lakes coastal wetlands while indicating overall
ecosystem health (Annex 7 GLWQA). Significant wetland areas in the Great Lakes system that are threatened by
urban and agricultural development and waste disposal activities should be identified, preserved and, where
necessary, rehabilitated. This sub-indicator supports the restoration and maintenance of the chemical, physical and
biological integrity of the Great Lakes basin and beneficial uses dependent on healthy wetlands (Annex1 GLWQA).

Ecological Condition

Coastal wetlands trap, process, and remove nutrients and sediment from Great Lakes nearshore waters and recharge
groundwater supplies. However, over half of all Great Lakes coastal wetlands have been destroyed by human
activities, and many remaining coastal wetlands suffer from anthropogenic stressors such as nutrient and sediment
loading, fragmentation, invasive species, shoreline alteration, and water level control, as documented by a binational
Great Lakes-wide mapping and attribution project (Albert and Simonson 2004; Ingram and Potter 2004).
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In order to properly manage the Great Lakes coastal wetland fish community health there must be consistent
sampling methods. Sampling was conducted no earlier than mid-June and no later than August due to migration
patterns of the fish communities. Fish should be sampled using three replicate fyke nets of 4.8 mm mesh in each
major plant zone in each wetland for one net-night. Dominant vegetation zones were identified because different
zones support different fishes (Uzarski et al. 2005). There are two sizes of fyke nets that can be used: 0.5-m x 1-m
opening and 1-m x 1-m opening. The smaller nets are placed in water that is 0.25-0.5 m deep and the larger fyke
nets are placed in water that is greater than 0.50 m deep. The leads are 7.3 m long with 1.8 m long wings. Nets were
haphazardly placed a minimum of 20 m apart in each vegetation zone. The fyke nets are placed perpendicular to the
vegetation zone, therefore, fish swimming along the edge of the vegetation zone are captured. This sub-indicator can
only be used where there is sufficient water depth to use fyke nets and a minimum of 10 fish must be captured or the
sites must be fished another net-night.

Any fish collected that is greater than 25 mm were identified down to species. The number of the fish caught per
fyke net were recorded. Fish abundance by taxon is used to calculate the Great Lakes Coastal Wetland Monitoring
Program (GLCWMP) IBI scores (Uzarski et al. 2016). The GLCWC developed indices of biological integrity (1BIs)
in 2002 and protocols were finalized in 2008 (GLCWC 2008). These were further developed by the GLCWMP. The
Index of Biotic Integrity (IBI) was developed based on measures of richness and abundance, percent exotic species,
functional feeding groups, and other species-level parameters. Several different fish metrics are being utilized. See
GreatLakeswetlands.org ‘Documents’ for details on indicator metrics.

The IBI provides a rigorous approach to quantify the biological condition of fish communities within the Great
Lakes. It is based on reference conditions and is developed from a composite of specific measures used to describe
fish community, structure, function, individual health, and abundance. Specific parameters, termed "metrics," are
scored based on how similar they are to the reference condition. Individual IBIs are derived for each of the measures
and can be used independently as a measure of coastal wetland health, based on a percentage of points possible
reflected as ‘reference conditions’ to ‘extremely degraded’. The IBI also provides a narrative characterization that
provides a measure of the environmental condition and will be calibrated for regional use.

From 2011 to 2015, an average of 10 to about 13 fish species were collected in Canadian and U.S. Great Lakes
coastal wetlands, respectively (Table 1). These data include sites in need of restoration, and some had very few
species. However, wetlands with the highest richness had as many as 23 (CA) or 28 (US) fish species. The average
number of non-native fish species per wetland was approximately one, though some wetlands had as many as 5
(U.S.). There are wetlands in which no non-native fish species were caught in fyke nets, although some non-native
fish are adept at net avoidance (e.g. common carp).

From 2011-2015, total fish species did not differ greatly by lake, averaging 12-14 species per wetland (Table 2).
Lake Ontario wetlands had the lowest maximum number of species, with the other lakes all having similar
maximums of 27-28 species. Lake Huron wetlands averaged the lowest mean number of non-native fish taxa. All
other lakes had a similar average number of non-native fish species per wetland, about 1.

When the fish communities of reference wetlands are compared across the entire Great Lakes, the most similar sites
come from the same ecological province rather than from any single Great Lake or specific wetland types. Data
from several studies indicate that the characteristic groups of fish species in reference wetlands from each ecological
province tend to have similar water temperature and aquatic productivity preferences.

There are a number of carp introductions that have the potential for substantial impact on Great Lakes fish
communities, including coastal wetlands. Goldfish (Carassius auratus) are common in some shallow habitats, and
they occurred along with common carp young-of-the-year in many of the wetlands sampled along Green Bay. In
addition, there are several other carp species, e.g., grass carp (Ctenopharyngodon idella), bighead carp
(Hypophthalmichthys nobilis) and silver carp (Hypophthalmichthys molitrix) that escaped aquaculture operations
and are now in the Illinois River and migrating toward the Great Lakes through the Chicago Sanitary and Ship
Canal. Most of these species attain large sizes. Some are planktivorous, but also eat phytoplankton, snails, and
mussels, while the grass carp eats vegetation. These species represent yet another substantial threat to food webs in
wetlands and nearshore habitats with macrophytes (U.S. Fish and Wildlife Service (USFWS) 2002).
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Linkages
Pressures

Agriculture

Agriculture degrades wetlands in several ways, including nutrient enrichment from fertilizers, increased sediments
from erosion, increased rapid runoff from drainage ditches, introduction of agricultural non-native species (reed
canary grass), destruction of inland wet meadow zone by plowing and diking, and addition of herbicides. In the
southern lakes, Saginaw Bay, and Green Bay, agricultural sediments have resulted in highly turbid waters which
support few or no submergent plants.

Urban development

Physical modifications to the shoreline have disrupted coastal and nearshore processes, flow and littoral circulatory
patterns, altered or eliminated connectivity to coastal wetlands/dunes, and have altered nearshore and coastal habitat
structure. Urban development degrades wetlands by hardening shoreline, filling wetland, adding a broad diversity of
chemical pollutants, increasing stream runoff, adding sediments, and increased nutrient loading from sewage
treatment plants. In most urban settings, almost complete wetland loss has occurred along the shoreline. Thoma
(1999) and Johnson et al. (2006) were unable to find coastal wetlands on the U.S. side of Lake Erie that experienced
minimal anthropogenic disturbances. According to Seilheimer and Chow-Fraser (2006; 2007), there has been
accelerated loss of wetland fish habitat in Lake Ontario, Lake Erie and Lake Michigan near urban areas and
agriculture.

Residential shoreline development

Along many coastal wetlands, residential development has altered wetlands by nutrient enrichment from fertilizers
and septic systems, shoreline alterations for docks and boat slips, filling, and shoreline hardening. Agriculture and
urban development are usually less intense than local physical alteration which often results in the introduction of
non-native species. Shoreline hardening can completely eliminate wetland vegetation, which results in degradation
of fish habitat. It appears that when a wetland becomes affected by human development, the fish community
changes to that typical of a warmer, richer, more southerly wetland. This finding may help researchers anticipate the
likely effects of regional climate change on the fish communities of Great Lakes coastal wetlands.

Mechanical alteration of shoreline

Mechanical alteration takes a diversity of forms, including diking, ditching, dredging, filling, and shoreline
hardening. With all of these alterations, non-native species are introduced by construction equipment or in
introduced sediments. Changes in shoreline gradients and sediment conditions are often adequate to allow non-
native species to become established.

Introduction of non-native species

Non-native species are introduced in many ways. Some were purposefully introduced as agricultural crops or
ornamentals, later colonizing in native landscapes. Others came in as weeds in agricultural seed. Increased sediment
and nutrient enrichment allow many of the worst aquatic weeds to out-compete native species. Most of the worst
non-native species are either prolific seed producers or reproduce from fragments of root or rhizome. Non-native
animals have also been responsible for increased degradation of coastal wetlands. Common and grass carp
reproductive and feeding behaviour results in loss of submergent vegetation in shallow marsh waters.

Precipitation Amounts— change in atmospheric temperature will potentially affect the number of extreme storms in
the Great Lakes region which will, in turn, affect coastal wetlands

Water Levels — water level change has strong influences on Great Lakes habitat and biological communities
associated with Coastal Wetlands. Lake levels have a major influence on undiked coastal wetlands and are basic to
any analysis of wetland change trends

Pressures were also described in the Coastal Wetland Plants sub-indicator.

Comments from the Authors(s)
Individual I1BIs can be used independently as a measure of coastal wetland health, based on a percentage of points
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possible reflected as ‘reference conditions’ to ‘extremely degraded’. The sub-indicator has been used basin wide
(U.S. and Canada) over the past four years and much longer in some regions. This sub-indicator can also be
evaluated as part of an overall analysis of biological communities of Great Lakes coastal wetlands and nearshore
aquatic systems. This can be done by by considering the coastal wetland sub-indicators in combination, because they
function and indicate anthropogenic disturbance at different spatial and temporal scales and have varying resolution
of detection. For example, fish tend to detect disturbance somewhere between the local and regional scale.

The sites sampled in 2015 are shown in Figure 2 and are colour coded by which taxonomic groups were sampled at
the sites. Many sites were sampled for all taxonomic groups. Sites not sampled for birds and amphibians typically
were sites that were impossible to access safely without a boat, and often related to private property access issues.
Most bird and amphibian crews do not operate from boats since they need to arrive at sites in the dark or stay until
well after dark. There are also a number of sites sampled only by bird and amphibian crews because these crews can
complete their site sampling more quickly and thus have the capacity to sample more sites than do the fish,
macroinvertebrate, and vegetation crews.

Assessing Data Quality

Strongl Neutral or . Strongl Not
N Agree Disagree gy
Agree
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6. Uncertainty and variability in the data
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Country Sites Mean Max Min St. Dev.
Overall

Canada 156 10.0 23 2 3.9
u.s. 365 13.3 28 2 5.2
Non-natives

Canada 156 0.7 3 0 0.7
u.s. 365 0.7 5 0 0.9

Table 1. Total fish species in wetlands, and non-native species; summary statistics by country for sites sampled
from 2011 through 2015.
Source: Great Lakes Coastal Wetland Monitoring Program (CWMP), Uzarski et al. 2016
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Total Fish Non-native Fish
Lake Sites Mean Max Min Mean Max Min
Erie 66 12.2 27 2 1.1 4 0
Huron 180 11.5 27 2 0.4 2 0
Michigan 75 13.1 28 5 0.8 4 0
Ontario 135 12.3 23 4 0.8 3 0
Superior 65 14.1 28 3 0.9 5 0

Table 2. Fish total species and non-native species found in Great Lakes coastal wetlands by lake. Mean, minimum,

and minimum number of species per wetland. Data from 2011 through 2015.

Source: Great Lakes Coastal Wetland Monitoring Program (CWMP), Uzarski et al. 2016
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Figure 2. The sites sampled in 2015 are color coded by which taxonomic groups were sampled at the sites.
Source: Great Lakes Coastal Wetland Monitoring Program (CWMP), Uzarski et al. 2016
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Sub-Indicator: Coastal Wetland Invertebrates

Overall Assessment

Status: Fair

Trend: Deteriorating

Rationale: As of 2015, the vast majority of wetland sites are not in the degraded category based on the health
of coastal wetland invertebrate communities. However, in the southern portion of the basin most sites fall
within the moderately impacted category or worse. In the norther region, most fall within the moderately
impacted category or better. The trend is determined by comparing the current status of invertebrate
communities in coastal wetlands to that of three years prior and whether the metric increased, decreased, or
showed no substantial change in score. Data are not currently available for long-term trend analysis. In 2012,
17% of wetland sites were in the degraded score category. In 2012, 15% of wetland sites were in the degraded
score category. In 2015, 19% of wetlands were in the degraded score category. Fair is defined as “the vast
majority of the wetlands are not in the degraded category”.

Lake-by-Lake Assessment

In an effort funded by the Great Lakes Restoration Initiative (GLRI) through 2020 (about $2 million per year),
approximately 200 wetlands were sampled annually since 2011. A total of 176 wetlands were sampled in 2011, 206
sampled in 2012, 201 in 2013, 216 in 2014, and 211 in 2015 for a total of 1010 Great Lakes coastal wetland
sampling events. As of 2015, nearly 100% of the medium and large (> 4 hectares), hydrologically-connected coastal
wetlands on the Great Lakes have been sampled. With respect to the entire Great Lakes, about 80% of coastal
wetlands by count and area have been sampled, however the most recent sub-indicator map includes data from years
2011 through 2014 as data from 2015 are still being processed into map configuration (Table 1).

Individual lake basin assessments were not prepared for this report.

Sub-Indicator Purpose
e The purpose of this sub-indicator is to assess the diversity of the invertebrate community, especially aquatic
insects; to track the trends of Great Lakes coastal wetland ecosystem health by measuring the composition
and density of macroinvertebrates; and to infer water quality, habitat suitability, and biological integrity of
Great Lakes coastal wetlands.

Ecosystem Obijective

Coastal Wetland habitats are critical spawning and nursery areas for many invertebrate species of ecological and
economic importance. Conservation of remaining coastal wetlands and restoration of previously destroyed wetlands
are vital components of restoring the Great Lakes ecosystem and this sub-indicator can be used to report progress
toward such an objective.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality
Agreement which states that the Waters of the Great Lakes should “support healthy and productive wetlands and
other habitats to sustain resilient populations of native species.”

Significant wetland areas in the Great Lakes system that are threatened by urban and agricultural development and
waste disposal activities should be identified preserved and, where necessary, rehabilitated. Conducting monitoring
and surveillance activities will gather definitive information on the location, severity, aerial or volume extent, and
frequency of the monitoring of Great Lakes coastal wetlands. This sub-indicator supports the restoration and
maintenance of the chemical, physical and biological integrity of the Great Lakes Basin and beneficial uses
dependent on healthy wetlands (Annex 1 GLWQA).
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Ecological Condition

Coastal wetlands trap, process, and remove nutrients and sediment from Great Lakes nearshore waters; and recharge
groundwater supplies. However, over half of all Great Lakes coastal wetlands have been destroyed by human
activities and many remaining coastal wetlands suffer from anthropogenic stressors such as nutrient and sediment
loading, fragmentation, invasive species, shoreline alteration, and water level control, as documented by a binational
Great Lakes-wide mapping and attribution project (Albert and Simonson 2004; Ingram and Potter 2004).

To restore/maintain the overall biological integrity of Great Lakes coastal wetlands, the various ecological
components need to be adequately represented. The Great Lakes Coastal Wetland Consortium (GLCWC)-adopted
Index of Biotic Integrity (IBI, Uzarski et al. 2004) and further developed by the Great Lakes Coastal Wetland
Monitoring Program (GLCWMP) offers information on overall diversity of the invertebrate community and trends
over time (Uzarski et al. 2016). The presence, diversity and abundance of invertebrates tend to correlate with factors
such as water depth, vegetation, and sediment type. Such localized conditions influence the invertebrate community
present in each wetland. Therefore, a sufficient number of representative wetlands were needed to characterize each
lake basin adequately. The SOLEC 98 Biodiversity Investment Areas paper on Coastal Wetland Ecosystems
identified the eco-reaches from which representative wetlands were selected.

Macroinvertebrate samples should be collected annually from the dominant plant zones in each wetland using dip
nets in accordance with standard protocols initially developed by the GLCWC and further developed by the
GLCWMP. Plant zones are defined as patches of vegetation in which a particular plant type or growth form
dominates the plant community based on visual coverage estimates. Numerous replicate samples are collected from
each plant zone within each wetland. Samples should be collected annually and depending on latitude and wetland
type during either June, July, or August when vegetation has developed. Southern drowned river mouths should be
sampled during June while lacustrine sites should be sampled during July in the south latitudes and during August in
the northern latitudes.

The invertebrate IBI has been applied to coastal wetlands basin-wide by a syndicate of universities from 2011 to
2015. 1BI scores were primarily based on richness and relative abundance of Odonata; richness and relative
abundance of Crustacea plus Mollusca taxa; total genera richness; relative abundance of Gastropoda; relative
abundance of Sphaeriidae; richness of Ephemeroptera plus Trichoptera taxa; relative abundance Isopoda; relative
abundance of Amphipoda; Evenness; Shannon Diversity Index; and Simpson Index. See GreatLakeswetlands.org
‘Documents’ for details on indicator metrics.

As of 2014, the average number of macroinvertebrate taxa (taxa richness) per site was about 40, but some wetlands
had more than twice this number (Table 1). Sites scheduled for restoration and other taxonomically poor wetlands
had fewer taxa, as little as 10 at a Canadian site and as little as zero at restoration sites in the US. However, the
average number of non-native invertebrate taxa in coastal wetlands was less than 1, with a maximum of no more
than 5. It is important to note that the one-time sampling method used at coastal wetland sites may not be capturing
all of the non-native taxa and it is not necessarily intended to. Furthermore, some non-native macroinvertebrates are
very cryptic, may resemble native taxa, and may not yet be recognized as invaders to the Great Lakes.

There is some variability among lakes in the mean number of macroinvertebrate taxa per wetland. Lake Ontario and
Erie wetlands averaged 32 and 35 taxa, respectively (Table 2), while Lakes Huron and, Superior, and Michigan
about 42-47 taxa. The maximum number of invertebrate taxa was higher in lakes Huron and Michigan wetlands
(>80) than for the most invertebrate-rich wetlands in other lakes, which have a maximum of 60-70 taxa. Wetlands
with the fewest taxa are sites in need of restoration and have as few as no taxa found at all (in both Erie and
Ontario). Patterns are likely driven by differences in habitat complexity, which may in part be due to the loss of
wetland habitats on lakes Erie and Ontario from diking and water level control, respectively. There is little
variability among lakes in non-native taxa occurrence, although Erie and Huron had wetlands with 4-5 non-native
taxa. In each lake, a portion of wetlands had zero non-native taxa; however, as noted above, this does not necessarily
mean that these sites do not harbor non-native macroinvertebrates.

Linkages
Pressures

Physical alteration and eutrophication of wetland ecosystems continue to be a threat to invertebrates of Great Lakes
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coastal wetlands. Both can promote establishment of non-native vegetation, and physical alteration can destroy plant
communities altogether while changing the natural hydrology to the system. Invertebrate community composition is
directly related to vegetation type and densities; changing either of these components will negatively impact the
invertebrate communities.

Agriculture

Agriculture degrades wetlands in several ways, including nutrient enrichment from fertilizers, increased sediments
from erosion, increased rapid runoff from drainage ditches, introduction of agricultural non-native species (reed
canary grass), destruction of inland wet meadow zone by plowing and diking, and addition of herbicides.

Urban development

Physical modifications to the shoreline have disrupted coastal and nearshore processes, flow and littoral circulatory
patterns, altered or eliminated connectivity to coastal wetlands/dunes, and have altered nearshore and coastal habitat
structure. Urban development degrades wetlands by hardening shoreline, filling wetland, adding a broad diversity of
chemical pollutants, increasing stream runoff, adding sediments, and increased nutrient loading from sewage
treatment plants. In most urban settings, almost complete wetland loss has occurred along the shoreline.

Residential shoreline development

Along many coastal wetlands, residential development has altered wetlands by nutrient enrichment from fertilizers
and septic systems, shoreline alterations for docks and boat slips, filling, and shoreline hardening. Agriculture and

urban development are usually less intense than local physical alteration which often results in the introduction of

non-native species.

Mechanical alteration of shoreline

Mechanical alteration takes a diversity of forms, including diking, ditching, dredging, filling, and shoreline
hardening. With all of these alterations, non-native species are introduced by construction equipment or in
introduced sediments.

Introduction of non-native species

Non-native species are introduced in many ways. Some were purposefully introduced as agricultural crops or
ornamentals, later colonizing in native landscapes. Others came in as weeds in agricultural seed. Increased sediment
and nutrient enrichment allow many of the worst aquatic weeds to out-compete native species. Most of the worst
non-native species are either prolific seed producers or reproduce from fragments of root or rhizome. Non-native
animals have also been responsible for increased degradation of coastal wetlands. The faucet snail (Bithynia
tentaculata) is an example of a prolific macroinvertebrate invader of particular interest to USFWS and others
because it carries parasites that can cause disease and die-offs of waterfowl.

Pressures were also described in the Coastal Wetland Plants sub-indicator.

Precipitation Amounts — change in atmospheric temperature will potentially affect the number of extreme storms in
the Great Lakes region which will, in turn, affect coastal wetlands

Water L evels — water level change has strong influences on Great Lakes habitat and biological communities
associated with Coastal Wetlands. Lake levels have a major influence on undiked coastal wetlands and are basic to
any analysis of wetland change trends

Comments from the Author(s)

The invertebrate IBI is a multi-indicator, developed from a composite of specific parameters, termed "metrics," used
to describe the invertebrate community, structure, function, and abundance. The IBI provides a rigorous approach
that quantifies the biological condition of the invertebrate community of Great Lakes coastal wetlands based on data
from least-impacted sites that are representative of Great Lakes coastal wetlands, referred to as a reference
condition. These are then compared to sites experiencing a gradient of the amount and type of anthropogenic
disturbance and stratified by region and wetland type. It is important to note that the invertebrate IBI has been
developed for coastal wetlands that are directly connected to the Great Lakes, not for those wetlands that are only
connected hydrologically via groundwater.
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This sub-indicator can also be evaluated as part of an overall analysis of biological communities of Great Lakes
coastal wetlands and nearshore aquatic systems. This can be done by considering the coastal wetland sub-indicators
in combination, because they function and indicate anthropogenic disturbance at different spatial and temporal
scales and have varying resolution of detection. For example, invertebrates detect much more local disturbance of
the lakeward portion of the wetland within regions.

The sites sampled in 2015 are shown in Figure 2 and is colour coded by which taxonomic groups were sampled at
the sites. Many sites were sampled for all taxonomic groups. Sites not sampled for birds and amphibians typically
were sites that were impossible to access safely, and often related to private property access issues. Most bird and
amphibian crews do not operate from boats since they need to arrive at sites in the dark or stay until well after dark.
There are also a number of sites sampled only by bird and amphibian crews because these crews can complete their
site sampling more quickly and thus have the capacity to sample more sites than do the fish, macroinvertebrate, and
vegetation crews.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St.rongly Not .
Agree Unknown Disagree | Applicable

1. Data are documented, validated, or

quality-assured by a recognized agency or X

organization
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3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data

are appropriate to the Great Lakes Basin X
5. Data obtained from sources within the
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Canada

6. Uncertainty and variability in the data

are documented and within acceptable X

limits for this sub-indicator report
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Country Sites Mean Max Min St. Dev.
Overall

Canada 149 39.8 76 10 13.5
u.s. 326 40.7 85 0 5.2
Non-natives

Canada 149 0.8 3 0 0.9

u.s. 326 0.7 5 0 1.0

Table 1. Total macroinvertebrate taxa in Great Lakes coastal wetlands, and non-native species; summary statistics
by country. Data from 2011 through 2014.

Source: Uzarski, D.G., V.J. Brady, M.J. Cooper, D.A. Wilcox, D.A. Albert, R. Axler, P. Bostwick, T.N. Brown,
J.J.H. Ciborowski, N.P. Danz, J. Gathman, T. Gehring, G. Grabas, A. Garwood, R. Howe, L.B. Johnson, G.A.
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T.K. O'Donnell, and J.P. Schneider. 2016. Standardized measures of coastal wetland condition: implementation at
the Laurentian Great Lakes basin-wide scale. Wetlands doi:10.1007/s13157-016-0835-7.
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Total Macroinvertebrates Non-native Macroinvertebrates
Lake Sites Mean Max Min Mean Max Min
Erie 58 34.9 70 0 1.1 4 0
Huron 168 44.7 81 13 0.7 5 0
Michigan 66 42.1 85 19 0.7 3 0
Ontario 114 323 63 0 0.8 3 0
Superior 67 46.7 69 15 0.1 2 0

Table 2. Macroinvertebrate total taxa and non-native species found in Great Lakes coastal wetlands by lake. Mean,
maximum, and minimum number of taxa per wetland. Data from wetlands sampled in 2011 through 2014.

Source: Uzarski, D.G., V.J. Brady, M.J. Cooper, D.A. Wilcox, D.A. Albert, R. Axler, P. Bostwick, T.N. Brown,
J.J.H. Ciborowski, N.P. Danz, J. Gathman, T. Gehring, G. Grabas, A. Garwood, R. Howe, L.B. Johnson, G.A.
Lamberti, A. Moerke, B. Murry, G. Niemi, C.J. Norment, C.R. Ruetz I1l, A.D. Steinman, D. Tozer, R. Wheeler,
T.K. O'Donnell, and J.P. Schneider. 2016. Standardized measures of coastal wetland condition: implementation at
the Laurentian Great Lakes basin-wide scale. Wetlands doi:10.1007/s13157-016-0835-7.
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Figure 1. Condition of coastal wetland macroinvertebrate communities based upon data from all sites sampled from
2011 through 2014.

Source: Uzarski, D.G., V.J. Brady, M.J. Cooper, D.A. Wilcox, D.A. Albert, R. Axler, P. Bostwick, T.N. Brown,
J.J.H. Ciborowski, N.P. Danz, J. Gathman, T. Gehring, G. Grabas, A. Garwood, R. Howe, L.B. Johnson, G.A. Lam-
berti, A. Moerke, B. Murry, G. Niemi, C.J. Norment, C.R. Ruetz Ill, A.D. Steinman, D. Tozer, R. Wheeler, T.K.
O'Donnell, and J.P. Schneider. 2016. Standardized measures of coastal wetland condition: implementation at the
Laurentian Great Lakes basin-wide scale. Wetlands doi:10.1007/s13157-016-0835-7.
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Figure 2. The sites sampled in 2015 are color coded by which taxonomic groups were sampled at the sites.
Source: Uzarski, D.G., V.J. Brady, M.J. Cooper, D.A. Wilcox, D.A. Albert, R. Axler, P. Bostwick, T.N. Brown,

J.J.H. Ciborowski, N.P. Danz, J. Gathman, T. Gehring, G. Grabas, A. Garwood, R. Howe, L.B. Johnson, G.A.
Lamberti, A. Moerke, B. Murry, G. Niemi, C.J. Norment, C.R. Ruetz I1l, A.D. Steinman, D. Tozer, R. Wheeler,
T.K. O'Donnell, and J.P. Schneider. 2016. Standardized measures of coastal wetland condition: implementation at
the Laurentian Great Lakes basin-wide scale. Wetlands doi:10.1007/s13157-016-0835-7.
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Sub-Indicator: Coastal Wetland Plants

Overall Assessment

Status: Fair

Trend: Undetermined

Rationale: Based on scores of three plant community measures from the Coastal Wetland Monitoring* in-
ventory between 2011 and 2014 (Tables 1 and 2, Figures 1 and 2), status of the coastal wetland plant commu-
nity in the Great Lakes is fair. The three measures tell a similar story, although IBI scores (Albert 2008) are
consistently higher than Mean C (Herman et al. 2001) and weighted Mean C (wC) (Bourdaghs et al. 2006)
scores. On average, wetlands in Lakes Huron, Michigan, and Superior generally harbour fair or good wet-
land plant communities with some very high quality sites and lower numbers of poor sites. Wetlands in
Lakes Erie and Ontario tend to be of more uniformly low quality, with only scattered high quality sites.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Undetermined

Rationale: Lakewide average values for the three plant community measures all fall in the ‘good’ category. Over
half the surveyed wetland sites in Lake Superior have overall site scores categorized as good. While there are low-
quality sites adjacent to urban centers and in other scattered locations, most wetlands in Lake Superior have good
quality plant communities. The highest quality wetlands in Lake Superior tend to be barrier-protected poor fens (av-
erage mean C and wC >5), since many species in these wetlands are habitat specialists with high conservatism val-
ues. Trends cannot be determined because of the lack of comparable pre-existing data of the measures. Benchmark
and lake-wide data for all of the Great Lakes will limit the use of the undetermined category in the future.

Lake Michigan

Status: Fair

Trend: Undetermined

Rationale: Among all Great Lakes, Lake Michigan has the widest distribution of sites across the gradients. On aver-
age, most wetland plant communities are considered having fair condition, with the higher quality wetlands general-
ly occurring in the northern part of the lake. Riverine wetlands have lower average scores, especially those in the
south with extreme urban and agricultural nutrient enrichment, while open lacustrine and barrier wetlands farther
north have higher scores associated with surrounding forest cover. Many wetlands in the Green Bay, WI region
have experienced severe wetland degradation resulting from long-term agricultural and urban nutrient enrichment
and more recent low water levels and associated invasion by reed (Phragmites australis). Restoration efforts in this
region are improving wetland plant condition. Trends cannot be determined because of the lack of comparable pre-
existing data of the measures. Benchmark and lake-wide data for all of the Great Lakes will limit the use of the un-
determined category in the future.

Lake Huron

Status: Fair

Trend: Deteriorating

Rationale: The overall status of Lake Huron wetlands is fair based on Mean C and wC scores, and good based on
IBI scores. Wetlands in Lake Huron occur across a wide gradient in plant community condition, with some very
poor and high quality sites and many good sites. Sites in the northern and eastern portion of Lake Huron tend to be
of higher quality for barrier (protected), lacustrine, and riverine wetlands that reflect surrounding forest cover and
management. Extensive plowing, raking, and mowing during recent low water periods has led to vast areas of na-
tive wetland vegetation in open lacustrine wetlands being replaced by Phragmites australis and Typha x glauca,
particularly in the Saginaw Bay region. This long-term change was documented by observed changes between sur-
veys conducted in the mid-1990s and those conducted between 2011-2015. During the recent extended low-water
conditions, Phragmites australis has expanded lakeward beyond native emergent vegetation on Ontario’s Bruce
Peninsula and eastern shoreline of Lake Huron, although perhaps recent high water conditions will erode these ex-
tensive Phragmites beds. Loss of emergent vegetation has also occurred in wetlands bordering the St. Marys River,
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the connecting river between Lakes Superior and Huron during the 1999 to 2013 low-water conditions, probably the
result of both winter ice and ship wakes on exposed sediments and vegetation beds. This long-term change is based
on surveys conducted in the late 1980s, mid 1990s (summarized in Minc 1997), and between 2011 and 2015. Wet-
lands in eastern Georgian Bay are susceptible to nutrient enrichment from runoff through shallow soils or on ex-
posed bedrock; in this area, increasing pressures from development and changing water levels are expected to have
the greatest impacts in the near future. Overall, wetland quality in this lake is considered deteriorating.

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: Wetlands of Lake Erie have plant communities of generally poor status. Some high quality sites exist at
Presque Isle, Pennsylvania and at several large Ontario sites along the north shore, including Long Point, Turkey
Point, Rondeau, and Point Pelee, while restoration activities have recently improved Metzger Marsh, Ohio. Overall,
the coastal wetland plant communities of Lake Erie are also classified as deteriorating based on historical data from
1975 in Lake Erie (Stuckey 1989). In Lake Erie, riverine wetlands have slightly lower average quality than barrier
or lacustrine wetlands. Mean C scores are consistently higher than Weighted Mean C, indicating widespread domi-
nance by species with low Conservatism values, including cattails and invasive species.

Lake Ontario

Status: Fair

Trend: Unchanging

Rationale: The overall status of Lake Ontario’s coastal wetlands is fair. There are very few high quality coastal wet-
lands in Lake Ontario, whereas there are many wetlands of moderately low quality. Riverine wetlands have lower
average quality than barrier or lacustrine wetlands. Substantially lower scores for Weighted Mean C compared to
Mean C indicate Lake Ontario wetlands tend to be dominated by species with low Conservatism scores, including
cattails and invasive species. There is a strong east to west gradient in condition, due largely from high levels of
urbanization in the western portion of the basin.

Sub-Indicator Purpose

The purpose of this sub-indicator is to assess the quality of the vegetation as an integral component of the condition
of coastal wetlands.

Ecosystem Objective

Coastal wetlands throughout the Great Lakes basin are influenced by coastal manipulations and the input of sedi-
ments, nutrients, and pollutants. About half of coastal wetlands have been lost basinwide. Remaining wetlands
should be dominated by native vegetation with low numbers of invasive plant species at low levels of coverage.
Conservation of these wetlands and restoration of previously destroyed wetlands are vital components of restoring
the Great Lakes ecosystem and this sub-indicator can be used to report progress toward such objectives.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment that states the Waters of the Great Lakes should “support healthy and productive wetlands and other habitats to
sustain resilient populations of native species.”

Ecological Condition

Across the entire Great Lakes basin, the state of the wetland plant community is quite variable, ranging from good to
poor depending primarily on local land use history, nearshore management, and the prevalence of invasive plant
species. Plant communities in some wetlands have deteriorated rapidly in recent years due to extremely low water
levels that have allowed invasion and dominance by exotic species. With water levels rebounding in 2014-2015, it
will be critical to evaluate how these wetlands respond. In other wetlands, there have been recent improvements to
plant community condition. For example, the turbidity of the southern Great Lakes has reduced with expansion of
zebra mussels, resulting in improved submergent plant diversity in many wetlands. Moreover, wetland restoration
activities have been undertaken throughout the basin over the past 5 years, especially targeting wetlands dominated
by invasive plants.

Short- and long-term trends in wetland condition based on plants have not been well-established in the Great Lakes.
In the southern lakes (Lake Erie, Lake Ontario, and the Upper St. Lawrence River), almost all wetlands are degraded
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by water-level control, nutrient enrichment, sedimentation, or a combination of these factors. Probably the strongest
demonstration of this is the prevalence of broad zones of cattails, reduced submergent diversity and coverage, and
prevalence of non-native plants, including reed (Phragmites australis), reed canary grass (Phalaris arundinacea),
purple loosestrife (Lythrum salicaria), curly pondweed (Potamogeton crispus), Eurasian milfoil (Myriophyllum spi-
catum), frog bit (Hydrocharis morsus-ranae), and water chestnut (Trapa natans).

In the remaining Great Lakes (Lake St. Clair, Lake Huron, Lake Michigan, Georgian Bay, Lake Superior, and their
connecting rivers), intact, diverse wetlands can be found for most geomorphic wetland types. However, low water
conditions have resulted in the explosive expansion of reed in many wetlands, especially in Lake St. Clair and
southern Lake Huron, including Saginaw Bay (Albert and Brown 2008) as well as Green Bay in Lake Michigan. As
water levels rise, the response of reed should be monitored.

One of the disturbing trends is the expansion of frog bit, a floating plant that forms dense mats capable of eliminat-
ing submergent plants, from the St. Lawrence River and Lake Ontario into Lake Erie, Lake St. Clair, Lake Huron,
and the St. Mary’s River. This expansion will probably continue into all of the remaining Great Lakes. In addition,
our sampling has shown water chestnut to be expanding rapidly in Lake Ontario—increasing in both distribution and
density.

Studies in the northern Great Lakes have demonstrated that non-native invasive species like reed, reed canary grass,
and purple loosestrife have become established throughout the Great Lakes but that the abundance of these species is
low, often restricted to only local disturbances such as docks and boat channels. It appears that undisturbed marshes
are not easily colonized by these species. However, as these species become locally established, seeds or fragments
of plants may be able to establish themselves when water-level changes create appropriate sediment conditions.
Hybrid cattail (Typha x glauca) expansion has also been recently documented in northern Lakes Michigan and Hu-
ron and the St. Marys River (Lishawa et al. 2010).

Regional Wetland Types

The conditions of the plant community in coastal wetlands naturally differ across the Great Lakes basin, due to dif-
ferences in geomorphic and climatic conditions. The characteristic size and plant diversity of coastal wetlands vary
by wetland type, lake, and latitude; in this document these differences will be described broadly as “regional wetland

types.”

Coastal wetlands are divided into three main categories based on the hydrology of the area. Lacustrine wetlands are
connected to the Great Lakes, and they are largely impacted by fluctuations in lake levels. Riverine wetlands occur
in the lower reaches of rivers that flow into the Great Lakes basin. Typically, the quality of riverine wetlands is in-
fluenced by the river drainage system; however, coastal processes cause lakes to flood back into these wetlands,
which control water levels. The last type of coastal wetlands is barrier protected. Barrier protected wetlands are de-
rived from coastal processes that deposit sediment to create barrier beaches that separate wetlands from the Great
Lakes. Coastal wetlands contain different vegetation zones (treed or shrub swamp, meadow, emergent, submergent
and floating), some of which may be absent in certain types of wetlands and under different water-level conditions.
Great Lakes wetlands were classified and mapped in 2004 (see http://glc.org/wetlands/inventory.html) with coastal
wetland inventory maps developed for the United States (see http://glc.org/wetlands/us_mapping.html) and Canada
(see http://glc.org/wetlands/can_mapping.html).

Lake Variations

Physical properties such as the type of shoreline, substrate, bedrock, and chemical and physical water quality param-
eters vary between Great Lakes. Variation in nutrient levels creates both a north to south gradient, and an increase in
nutrient levels from Lake Erie in the west to Lake Ontario and the upper St. Lawrence River in the east. Lake Supe-
rior is the most distinct Great Lake due to its low alkalinity and prevalence of bedrock shoreline.

Differences in Latitude

Latitudinal variations result in different climatic conditions based on the location of the coastal wetlands. Tempera-
ture differences between the north and south lead to differences in the species of plants found in coastal wetlands.
Watersheds in the southern portion of the Great Lakes also have increased agricultural activity, resulting in in-
creased nutrient loads, sedimentation, and non-native species introductions.

Linkages
There are characteristics of coastal wetlands that make use of plants as indicators difficult in certain conditions.
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Among these are:

Water-level fluctuation

Great Lakes water levels fluctuate greatly from year to year. Either an increase or decrease in water level can result
in changes in numbers of species or overall species composition in the entire wetland or in specific zones with
change in level of human disturbance. Such changes make it difficult to monitor change over time. Changes are
great in two zones: the wet meadow, where grasses and sedges may disappear in high water or new annuals may
appear in low water, and in shallow emergent or submergent zones, where submergent and floating plants may dis-
appear when water levels drop rapidly. Recent studies indicate that prolonged periods of low water favor rapid ex-
pansion of invasive species like Phragmites australis (Albert and Brown 2008, Lishawa etal. 2010, Wilcox 2012).
In addition, water levels of Lakes Superior and Ontario are regulated, which has altered plant community dynamics.
This is most obvious in Lake Ontario, where cattails have displaced sedge/grass meadow (Wilcox et al. 2008).
Pressures

Lake-wide alterations

For the southern lakes, most wetlands have been dramatically altered by both intensive agriculture and urban devel-
opment of the shoreline. Alterations of coastal wetland especially in the wet meadow and upper emergent zone will
lead to drier conditions which may allow invasive species to establish.

Agriculture

Agriculture degrades wetlands in several ways, including nutrient enrichment from fertilizers, increased sediments
from erosion, increased rapid runoff from drainage ditches, introduction of agricultural non-native species (reed ca-
nary grass), destruction of inland wet meadow zone by plowing and diking, and addition of herbicides. In the south-
ern lakes, Saginaw Bay, and Green Bay, agricultural sediments have resulted in highly turbid waters that support
few or no submergent plants.

Lake-level regulation

Regulation of Lake Ontario water levels since 1960 has reduced the range of fluctuations. The most evident effect
has been the elimination of low lake-level periods, even when water supplies are low. The competitive advantage of
sedges and grasses at higher elevations due to their tolerance of low water levels and low soil moisture has been lost,
and they have been displaced by larger cattails that are no longer limited by their need for more water.

Urban development

Urban development degrades wetlands by hardening shoreline, filling wetland, adding a broad diversity of chemical
pollutants, increasing stream runoff, adding sediments, and increased nutrient loading from sewage treatment plants.
In most urban settings, almost complete wetland loss has occurred along the shoreline.

Residential shoreline development

Along many coastal wetlands, residential development has altered wetlands by nutrient enrichment from fertilizers
and septic systems, shoreline alterations for docks and boat slips, filling, and shoreline hardening. Agriculture and
urban development are usually less intense than local physical alteration, which often results in the introduction of
non-native species. Shoreline hardening can completely eliminate wetland vegetation.

Mechanical alteration of shoreline

Mechanical alteration takes a diversity of forms, including diking, ditching, dredging, filling, shoreline hardening,
and disking and plowing of coastal vegetation by private landowners. With all of these alterations, non-native spe-
cies are introduced by construction equipment or in introduced sediments. Changes in shoreline gradients and sedi-
ment conditions are often adequate to allow non-native species to become established. Disking and plowing of
coastal wetlands continued through 2011 in exposed coastal marshes along Saginaw Bay, Grand Traverse Bay, and
on islands within the St. Clair River delta.

Introduction of non-native species

Non-native species are introduced in many ways. Some were purposefully introduced as agricultural crops or orna-
mentals, later colonizing in native landscapes. Others came in as weeds in agricultural seed. Increased sediment and
nutrient enrichment allow many of the worst aquatic weeds to out-compete native species. Most of the worst non-
native species are either prolific seed producers or reproduce from fragments of root or rhizome. Non-native animals
have also been responsible for increased degradation of coastal wetlands. One of the worst invasive species has been
common carp, whose mating and feeding habits result in loss of submergent vegetation in shallow marsh waters.
The most prevalent non-native plants including common reed (Phragmites australis), reed canary grass (Phalaris
arundinacea), purple loosestrife (Lythrum salicaria), curly pondweed (Potamogeton crispus), and Eurasian milfoil
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(Myriophyllum spicatum). Low water conditions have resulted in the almost explosive expansion of common reed in
many wetlands, especially in Lake St. Clair and southern Lake Huron, including Saginaw Bay (Albert and Brown
2008). One of the disturbing recent trends is the expansion of frog bit, a free floating plant that forms dense mats
along the emergent margin capable of eliminating submergent and emergent plants, from the St. Lawrence River and
Lake Ontario into Lake Erie, Lake St. Clair, Lake Huron, and the St. Mary’s River. This expansion will likely con-
tinue to all of the remaining Great Lakes. In addition, our sampling has shown water chestnut to be expanding rap-
idly in Lake Ontario—increasing in both distribution and density. The recent rediscovery of a non-native macroal-
gae, starry stonewort (Nitellopsis obtusa), is of conservation concern because of its long-term establishment since
the 1970s and its current distribution within better quality wetlands in northeastern Lake Ontario as well as wetlands
in Saginaw Bay, Lake St. Clair, and the Detroit River.

Comments from the Authors

*The Coastal Wetland Monitoring program was funded by the Great Lakes Restoration Initiative 2011-2015 to im-
plement statistically sound basin-wide monitoring of select physical and biotic components (Uzarski et al.). This
binational program involved a consortium of universities and agencies with the goal of producing scientifically-
defensible information on status and trends of Great Lakes coastal wetlands. As of 2015, the majority of coastal
wetlands >4 ha with a surface water connection to the lakes have been surveyed at least once since 2011. Data from
2011-2014 were included in the analysis reported here. In each wetland, data from up to three wetland zones (wet
meadow, emergent, submergent) are included if all zones are present.

The tables in this document summarize data collected between 2011 and 2014 on three broad hydrogeomorphic wet-
land types: barrier, lacustrine, and coastal wetlands that were characterized for each separate Great Lake. In subse-
quent analyses these types will be further divided into recognized subtypes (Albert et al. 2006) that are subject to
different environmental and human stresses, and thus characterized by different status and potential for restoration.

This sub-indicator incorporates information on the presence, abundance, and diversity of aquatic macrophytes within
Great Lakes coastal wetlands. Plant abundance data are used to calculate three measures of wetland plant quality
including: 1.Mean Coefficient of Conservatism (C); 2.Weighted Mean Coefficient of Conservatism (wC); and 3.
Vegetation Index of Biological Integrity (IBI). The Mean C approach is preferred by many, because it provides a
nice, neat, easily computed number however, it provides little understanding of the overall diversity of the wetlands
within the lake. In both Lake Michigan and Lake Huron there is an extreme environmental gradient [climate and
hydro-geomorphology] that are reflected in land use and vegetation response, and a single FAIR designation ignores
that gradient. One number or condition cannot reflect these lakes. The IBI better demonstrates the breadth of types
and conditions. However, for the purposes of this sub-indicator report, if calculation results fall into different as-
sessment categories than the conservative score is used. More information on these calculations can be found in the
Coastal Wetlands Plant sub-indicator description.

It has been estimated that approximately half of the coastal wetlands have been lost basinwide, but this estimate does
not include degraded wetlands, but just those that have been lost by shoreline hardening or complete erosion of veg-
etation from an area. There is no agreed on approach to providing a more accurate estimate for several reasons, the
most important of which are 1) The original land surveys, the basis of many original plant community area esti-
mates, did not consistently reference herbaceous wetland vegetation along the shoreline, 2) Emergent wetland vege-
tation is not easily seen in aerial photos limiting the use of 1930s and 1940s early aerial photos to estimate original
wetland sites, and 3) the earliest Great Lakes-wide surveys of coastal wetlands were conducted in the late 1970s and
early 1980s, well after most of the coastal wetland destruction had occurred due to a combination of shoreline hard-
ening, dredging, agricultural planting, and destruction by invasive fish [carp].

While no Great Lake-wide surveys of coastal wetland vegetation were conducted before the 1980s, cluster analyses
of physical and vegetation data from field surveys conducted in the 1980s and 1990s identify several distinct native
plant communities, as well as some plant communities dominated by invasive plants, that show strong relationships
to regional climatic, sediment, and hydro-geomorphic conditions (Minc 1997, Albert and Minc 2001, Albert et al.
2006) that can justifiably be used as the basis for assuming there are predictable regional wetland vegetation types or
communities.

Cattails have been noted as a major source of degradation because the expansion of cattails into wetlands following
nutrient enrichment and water-level manipulation had been documented in numerous studies (Prince and D”Itri
1985, Stuckey 1989, Wilcox 1993, Minc 1997, Wilcox et al. 2008, Lishawa et al. 2010, and Robert Humphreys
(refuge manager for MI DNR), personal communications). The native cattail in Great Lakes coastal wetlands was
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Typha latifolia (common or wide-leaved cattail) a species that was limited in distribution by characteristic fluctua-
tions in Great Lakes water levels. Typha angustifolia (narrow-leaved cattail) has expanded into Great Lakes wet-
lands, where it tolerates deeper water levels than common cattail, expanding its range rapidly through the eastern
U.S. and the Midwest along roadside ditches. Common and narrow-leaved cattails hybridized, forming Typha x
glauca (hybrid cattail), a larger and more aggressive plant that along with narrow-leaved cattail created broad, dense
monocultures that did not meet the habitat needs of many native waterbirds and waterfowl. Their dense mats were
also able to float in drown river mouth wetlands, eliminating important fish habitat as well.

Damage to Great Lakes wetlands by exotic invasive plants during the most recent low-water event (1999-2013 in
Lakes Michigan and Huron) is considered to be linked to anthropogenic degradation because all of the invasive
plants that have expanded dramatically into Great Lakes coastal wetlands were introduced into the Great Lakes by
humans and respond aggressively to agricultural and urban nutrient enrichment and/or sedimentation. Earlier sur-
veys of Great Lakes wetlands in low-water conditions in the 1980s and 1990s documented existing large-scale or
localized expansions of these invasive plants in Lakes Ontario, Erie, and Lake St. Clair, but the expansion of these
same plants was much greater than the extended low-water conditions in Lakes Huron and Michigan between 1999
and 2013. Prior to the 1970s, our most aggressive invasive plants (Phragmites australis, Typha angustifolia, Typha
x glauca, Lythrum salicaria, Hydrocharis morsus-ranae, etc.) that respond to low-water conditions were not wide-
spread along the Great Lakes shoreline, but since then and into the future prolonged periods of low-water can be
expected to result in at least localized expansions of invasive wetland plants.

Baseline condition in biological or restoration studies has typically been based on characteristic native flora and fau-
na in an ecosystem. Several examples of wetlands with no extensive populations of invasive plants were inventoried
during the 2011-2015 of invasive plants and animals (Uzarski et al. 2016) is the definition of baseline condition and
the goal of restoration. These high quality wetlands will remain the basis for monitoring wetland condition and guid-
ing restoration efforts, even if it is determined in the future that returning degraded wetlands to these conditions is
impossible.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St.rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data x
4. Geographic coverage and scale of data
are appropriate to the Great Lakes basin x
5. Data obtained from sources within the
U.S. are comparable to those from X
Canada
6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report
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Mean C and wC Veg IBI Veg IBI x2
Lake n Mea(rjl 95(‘?; WwC 95(‘?; n \;E% 95(":/(1)
Lake Erie 52 2.53 0.19 | 2.22 0.25 50 1.6 | 0.15 3.2
Lake Huron 162 433 0.17 | 4.21 0.19 140 30| 0.15 6.0
Lake Michigan 65 3.57 0.26 | 3.46 0.30 61 29| 0.20 5.8
Lake Ontario 107 3.02 0.13 | 2.53 0.16 104 1.9 0.10 3.8
Lake Superior 65 5.18 0.30 | 5.19 0.34 60 371 0.23 7.4

Table 1. Lakewide means and 95% confidence intervals for three measures of Great Lakes coastal wetland plant
community condition observed 2011-2014. Some sites with missing vegetation zones were not used in calculations
for the vegetation IBI, resulting in slightly lower sample size. Mean C and wC scores are based on a maximum score
of 10, while Veg IBI scores are based on a maximum score of 5. Vegetation IBI scores must be doubled to be equiv-
alent of Mean C and wC scores.

Source: Great Lakes Coastal Wetlands Consortium

Measures
Weighted

Lake Mean C Mean C VegIBI | Overall
Lake Erie Poor Poor Fair Poor
Lake Huron Fair Fair Good Fair
Lake Michigan | Fair Fair Good Fair
Lake Ontario Fair Poor Fair Fair
Lake Superior Good Good Good Good

Table 2. Condition class categories based on sub-indicator definitions for three measures of coastal wetland plant
communities.
Source: Great Lakes Coastal Wetlands Consortium
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Mean C and wC Veg IBI
Hydrogeomorphic 95%
Lake Type n| MeanC 95% CI wC | 95% CI IBI CI
Erie Barrier (protected) 10 2.61 0.25 2.34 0.44 5] 1.78 | 049
Lacustrine (coastal) 22 2.66 0.33 2.40 041 ] 17 ] 1.61 | 0.22
Riverine 31 240 0.30 2.06 039 ] 28] 145 0.21
Huron Barrier (protected) 16 4.60 0.70 4.58 0.76 | 12| 346 | 0.57
Lacustrine (coastal) 113 4.23 0.23 4.07 026 | 82 ] 295 0.18
Riverine 62 4.46 0.25 4.36 030 | 46| 3.03 | 0.27
Michigan Barrier (protected) 11 3.75 0.65 3.69 0.80 | 10| 3.32 | 0.68
Lacustrine (coastal) 37 3.74 0.39 3.67 042 | 30| 2.88 | 0.27
Riverine 26 3.25 0.39 3.07 047 21| 2.67| 0.28
Ontario Barrier (protected) 27 3.39 041 2.95 048] 23| 199 0.27
Lacustrine (coastal) 28 3.04 0.20 2.49 024 | 24| 1.88 ] 0.18
Riverine 68 2.87 0.15 2.38 020 ] 57| 1.81] 0.13
Superior Barrier (protected) 17 6.29 0.55 6.48 0.55| 15| 435 0.29
Lacustrine (coastal) 9 5.12 0.51 4.99 0.78 71 3.63 | 0.56
Riverine 42 4.75 0.33 4.71 039 ] 38| 348 0.29

Table 3. Lakewide and wetland-type means and 95% confidence intervals for three measures of Great Lakes coastal

wetland plant community condition observed 2011-2014. Some sites with missing vegetation zones were not used

in calculations for the vegetation IBI, resulting in slightly lower sample size. Mean C and wC have a maximum

score of 10, while Vegetation IBI has a maximum score of 5 and the value noted above must be doubled to be the

equivalent of Mean C and wC.

Source: Great Lakes Coastal Wetlands Consortium
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Figure 1. Frequency histogram of overall site Mean C (blue) and Weighted Mean C (red) values for 451 Great
Lakes coastal wetland sites surveyed between 2011 and 2014. Lake Assessment Scale for Mean C and wC are
Good: 5.0 and above; Fair: 3.0 - 4.9 and Poor: 0.0 - 2.9. Please note the difference in scale between Figure 1 and 2
on the x-axis.

Source: Great Lakes Coastal Wetlands Consortium
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Figure 2. Frequency histogram of overall site Vegetation IBI values for 415 Great Lakes coastal wetland sites sur-
veyed between 2011 and 2014. Lake Assessment Scale for IBI are Good: 5.0 and above; Fair: 3.0 - 4.9; and Poor:
0.0 - 2.9. Please note the difference in scale between Figure 1 and 2 on the x-axis.

Source: Great Lakes Coastal Wetlands Consortium
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Sub-Indicator: Coastal Wetlands: Extent and Composition

Overall Assessment

Status: Undetermined

Trend: Undetermined

Rationale: Mapping and estimation of the areal coverage of Great Lakes coastal wetlands was done in 2004.
An update is underway but has not yet been completed. Because there has not been an update to the estima-
tion of areal extent in over 10 years, the status and trend are undetermined.

Lake-by-Lake Assessment
Lake-by-lake assessments are not available for the same reason the basin-wide assessments are not available.

Sub-Indicator Purpose

e To assess the periodic changes in area (particularly losses) of coastal wetland types, taking into account
natural lake level variations. Coastal wetlands provide critical breeding and migratory habitat for wildlife
such as birds, mammals, reptiles, and amphibians. These habitats are also critical spawning and nursery ar-
eas for many fish species of ecologic and economic importance.

Ecosystem Objective

Maintain total areal extent of Great Lakes coastal wetlands, ensuring adequate representation of coastal wetland
types across their historical range. Conservation of remaining coastal wetlands and restoration of previously de-
stroyed wetlands are vital components of restoring the Great Lakes ecosystem and this sub-indicator can be used to
report progress toward such an objective.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

This sub-indicator will measure areal extent of coastal wetlands by hydro geomorphic type for a specific time period
based on data sources/imagery available. Coastal wetlands trap, process, and remove nutrients and sediment from
Great Lakes nearshore waters, and recharge groundwater supplies. However, over half of all Great Lakes coastal
wetlands have been destroyed by human activities and many remaining coastal wetlands suffer from anthropogenic
stressors such as nutrient and sediment loading, fragmentation, invasive species, shoreline alteration, and water level
control (Albert and Simonson, 2004; Ingram and Potter, 2004).

An existing baseline map circa 2004 of the binational coastal wetland occurrence and general boundaries was pro-
duced from available data sources on wetland occurrence including the USFWS National Wetland Inventory, Mich-
igan National Wetland Inventory, Ohio Wetlands inventory, Wisconsin DNR Wetlands Inventory, and best profes-
sional judgement (Figures 1, 2, and 3). There has not yet been a complete update to this map, so current areal extent
and composition of coastal wetlands across the entire Great Lakes basin cannot be reported.

New data sets have been produced that allow the circa 2004 data set to be reexamined and refined, which will ulti-
mately allow determination of a more current status and trend over time. For example, a multi-season (spring, sum-
mer and fall) satellite optical and L-band radar data with a minimum mapping unit of 0.2 ha (Bourgeau-Chavez et al.
2015) for wetland plant communities and other landuse classes was produced (Figure 4). This map delineates eco-
system type (i.e. emergent, shrub and forested wetland) as well wetland monocultures (Typha, Phragmites, Schoe-
noplectus) and peatland types (fens and bogs). In addition, upland and landuse classes, potential wetland stressors,
are mapped. An overall accuracy of 94% was documented by this effort when the map was compared to vegetation
types identified in field studies between 2008 and 2011. The bands found most important for wetland mapping were
the thermal, NIR and L-band SAR and should be integrated into any map update to maintain the integrity and level
of accuracy. Optical data alone may be used but woody wetlands in particular are not mapped as accurately with
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optical data alone (e.g. forested wetlands, scrub shrub, bogs, fens). This map could be updated on an incremental
basis, such as a five year cycle, using change detection methods.

Updating maps in a standardized way across the whole Great Lakes Basin is now planned, and there are efforts un-
derway to use the 2008-2011 field study data set and update the circa 2004 coastal wetland data set in select geo-
graphic areas (e.g., Saginaw Bay to Western Lake Erie Basin — US side only, state of Michigan.)

It should be noted that the assessment in the State of the Great Lakes 2011, 2009, 2007 and 2005 reports was Fair
(Mixed) and Deteriorating for this sub-indicator, based on historical data, 1981-1997.

Linkages

Linkages to other sub-indicators in the indicator suite include:
e Hardened Shorelines — physical modifications to the shoreline have disrupted coastal and nearshore processes,
flow and littoral circulatory patterns, altered or eliminated connectivity to coastal wetlands/dunes, and have al-
tered nearshore and coastal habitat structure
e  Precipitation Events — change in atmospheric temperature will potentially affect the number of extreme storms
in the Great Lakes region which will, in turn, affect coastal wetlands
e Terrestrial Invasive Species — many terrestrial invaders are found in Great Lakes coastal wetlands and can dis-

place native vegetation as they spread

o Water Levels — water level change has strong influences on Great Lakes habitat and biological communities
associated with Coastal Wetlands. Water levels have a major influence on un-diked coastal wetlands and are
basic to any analysis of wetland change trends

This sub-indicator links directly to the other sub-indicators in the Habitats and Species indicator, particularly the

other coastal wetlands-related sub-indicators.

Comments from the Author(s)

This sub-indicator needs to be evaluated in terms of both wetland quality and extent. While some wetlands may de-
crease in both area and quality due to the lack of water level fluctuation, as on Lake Ontario, the area of other wet-
lands could remain within the range determined by natural water level fluctuations, but be degraded by other factors,
such as sedimentation, excessive nutrients, invasive species or land use pressures. When interpreting the data, the
other coastal wetland sub-indicators that evaluate wetland quality need to be considered. Measurement should be
based upon total area of inventoried coastal wetlands where known. Where areal extent is not known, efforts should
be focused on collecting that baseline data. Total change can be roughly determined on a lake basin basis and for
scientifically-based sampling, priority sites should be established where regular ground-truthing facilitates a statisti-

cal analysis.

An overall view of wetland health can be derived by considering the 6 Coastal Wetland sub-indicators in combina-
tion, because they function and indicate anthropogenic disturbance at different spatial and temporal scales and have
varying resolution of detection. For example, landscape measures are used to determine loss, transformation and
restoration of wetland types experiencing varying degrees of anthropogenic disturbance. However, landscape
measures have been challenging due to data gaps and because coastal wetlands are extremely dynamic systems; they
migrate, disappear, and appear with changing water levels not necessarily related to anthropogenic disturbance.

Assessing Data Quality

- Strongl Neutral or . Strongl Not
Data Characteristics gy Agree Disagree . gy .
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X

organization

2. Data are traceable to original sources

3. The source of the data is a known,
reliable and respected generator of data
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4. Geographic coverage and scale of data

. . X
are appropriate to the Great Lakes Basin

5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Clarifying Notes:

The Data Quality assessment given here is copied from the State of the Great Lakes (previously known as SOLEC) 2009 data quality
assessment, which was based on the State of the Great Lakes (SOLEC) 2005 report. This is done because the majority of this report
still refers to the SOGL 2005 report.

Acknowledgments
Author of 2016 update: Kevin O’Donnell, US EPA Great Lakes National Program Office

Authors of original 2007 report:

Joel Ingram, Canadian Wildlife Service, Environment Canada

Lesley Dunn, Canadian Wildlife Service, Environment Canada

Krista Holmes, Canadian Wildlife Service, Environment Canada

Dennis Albert, Michigan Natural Features Inventory, Michigan State University Extension

Information Sources

Bourgeau-Chavez, Laura. 2015. Implementation of Great Lakes Coastal Wetlands Consortium Protocol. USEPA
Grant GL-00E00559-0 Final Report.

Bourgeau-Chavez, L.; Endres, S.; Battaglia, M.; Miller, M.E.; Banda, E.; Laubach, Z.; Higman, P.; Chow-Fraser, P.;
Marcaccio, J. Development of a Bi-National Great Lakes Coastal Wetland and Land Use Map Using Three-Season
PALSAR and Landsat Imagery. Remote Sens. 2015, 7, 8655-8682.

Great Lakes Wetlands Consortium. 2004. Great Lakes Coastal Wetland GIS Shapefile. Available at:
http://glc.org/projects/habitat/coastal-wetlands/cwc-mapping/

Albert, D.A., Wilcox, D.A., Ingram, J.W., and Thompson, T.A. 2005. Hydrogeomorphic classification for Great
Lakes coastal wetlands. J. Great Lakes Res 31(1):129-146.

Environment Canada and Ontario Ministry of Natural Resources. 2003. The Ontario Great Lakes Coastal Wetland
Atlas: a summary of information (1983 - 1997). Canadian Wildlife Service (CWS), Ontario Region,

Environment Canada; Conservation and Planning Section-Lands and Waters Branch, and Natural Heritage Infor-
mation Center, Ontario Ministry of Natural Resources.

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981a. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 1: Overview. U.S. Fish and Wildlife Service, Washington, DC.
FWS/OBS-81/02-v1.

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981b. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 2: Lake Ontario. U.S. Fish and Wildlife Service, Washington, DC.
FWS/OBS-81/02-v2.

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981c. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 3: Lake Erie. U.S. Fish and Wildlife Service, Washington, DC.
FWS/OBS-81/02-v3.

Page 210




STATE OF THE GREAT LAKES 2017

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981d. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 4: Lake Huron. U.S. Fish and Wildlife Service, Washington, DC.

FWS/OBS-81/02-v4.

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981e. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 5: Lake Michigan. U.S. Fish and Wildlife Service, Washington, DC.

FWS/OBS-81/02-v5.

Herdendorf, C.E., Hartley, S.M., and Barnes, M.D. (eds.). 1981f. Fish and wildlife resources of the Great Lakes
coastal wetlands within the United States, Vol. 6: Lake Superior. U.S. Fish and Wildlife Service, Washington, DC.

FWS/OBS-81/02-v6.

List of Figures

Figure 1. Great Lakes coastal wetland distribution and total area by lake and river.

Source: Great Lakes Coastal Wetlands Consortium

Figure 2. Coastal wetland area by geomorphic type within lakes of the Great Lakes system.

Source: Great Lakes Coastal Wetlands Consortium

Figure 3. Coastal wetland area by geomorphic type within connecting rivers of the Great Lakes system.

Source: Great Lakes Coastal Wetlands Consortium

Figure 4: Wetlands and land use land cover (LULC) classes within a 10 km buffer of the Great Lakes coastline in

both the United States and Canada.
Source: Bourgeau-Chavez, Laura. 2015

Last Updated
State of the Great Lakes 2017 Technical Report

Figure 1. Great Lakes coastal wetland distribution and total area by lake and river.

ey it %
o e
o
£ =5 o .
o 2 o
:
. 9
- " "-'-.‘
i
i
-
[Lake | River Arca (ha)
Lake Supprior 28 B8
5L Marys River 10,790
Lake Huron 61461
Lake Michigan 44 518
S Chair Ribed 13,642
Lake 5L Clair 3217
Deelrait River LEF:
Lake Erie 18,127
Niagara River 196
Lake Oniarin 22 025
lipoar 59 Lawrenzs Rivar 8454
Tedtal 216,545

Source: Great Lakes Coastal Wetlands Consortium, from SOGL 2007 report

Page 211



STATE OF THE GREAT LAKES 2017

AREA (Hectares)

Superior

Figure 2. Coastal wetland area by geomorphic type within lakes of the Great Lakes system.

el . 1 .

5,000 I[I IH | I’ I|'

2,500 L:Il
0

Huron Michigan St. Clair Erie  Ontario
LAKE

|m Barrier Protected |
8 Open Embayment

O Protected Embayment
B Drowned River-Mouth
BDelta

Source: Great Lakes Coastal Wetlands Consortium, from SOGL 2007 report
13,146

6,000
5,500
w 5,000
4,500 -
4,000
3,500

AREA [Hectares

1,000 -
500

3,000 -
2,500 1
2,000 -
1,500 4

0

Figure 3. Coastal wetland area by geomorphic type within connecting rivers of the Great Lakes system.

ln |l .

5t. 5t.

Marys  Clair
CONNECTING RIVER

mBarrier Protected

m Open Embayment

o Protected Embayment
m Drowned River- I'U'Iouth
mDelta

N

Detmlt Nlagara Upper St.
Lawrence

Source: Great Lakes Coastal Wetlands Consortium, from SOGL 2007 report

Page 212



STATE OF THE GREAT LAKES 2017

RO B L bgiiug ] ST
i i i i

oo
Legend
e
e
B e Gras
B e s
[~ P

B oo ot
—
e

Bl ot
—

[ 1 s Ligt
B oo oo
. e

[l Aquatc Bed
R vrsna

| [
B

- Phumgmiey
[] cwen Peattana
B =voss Pestlang
B reed Peatiand
[ weettanat St

B e etans

a5T0NS

AT -

AN

&5 TN~

&4 0T T

ATUN

420N

41U N

i, L L T S VRt GOy Fen Delorms AATED
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Sub-Indicator: Aquatic Habitat Connectivity

Overall Assessment

Status: Fair

Trend: Improving

Rationale: Dams and barriers have been impacting the health of aquatic ecosystems in the Great Lakes Basin
for over a century and are limiting the recovery of some fish populations. In addition to limiting access of
fishes to spawning and nursery habitats, loss of aquatic connectivity impacts nutrient flows, and riparian and
coastal processes. The construction of new dams and barriers on Great Lakes tributaries peaked over a cen-
tury ago when water power was primary energy source in the basin. Many of the larger dams were built in
the 20th century for hydro-electric power generation. Over the last few decades very few new dams have been
built, and there has been a recent trend to remove old dams. The potential impacts of road-stream crossings
are now better understood, and there have been several regional initiatives to identify and mitigate culverts
that act as barriers. The assessments are based on expert opinion and data review, and are largely based on
Biodiversity Conservation Strategies developed for each lake.

Lake-by-Lake Assessment
Lake Superior

Status: Fair

Trend: Improving

Rationale: Dams and barriers are identified as a high threat to migratory fishes (Lake Superior LAMP 2013) and are
considered an impediment to the recovery of some fishes, such as Lake Sturgeon, Brook Trout and Walleye (Horns
et al. 2003). There are several projects that have been completed or are exploring options to improve connectivity
(http://greatlakes.fishhabitat.org/projects) such as the Camp 43 dam on the Black Sturgeon River. A collaborative
geo-database of inventoried connectivity barriers within the South Central Superior Basin will be used to prioritize
restoration for approximately 1,800 inventoried road-stream crossings and is an example of the efforts to address
connectivity (https://www.fws.gov/glri/documents/GLRIBook2014.pdf ).

Lake Michigan

Status: Poor

Trend: Improving

Rationale: Approximately 83% of tributary stream habitat is unavailable to migratory fish due to fragmentation
caused by dams and dams are ranked as a high threat to migratory fishes (Pearsall et. al 2012a). Several dam remov-
al and mitigation projects have been initiated through the Great Lakes Restoration Initiative (e.g. Boardman River
dam removal projects will connect over 250 km of stream habitat back to Lake Michigan - the dam closest to the
river mouth will be modified to allow for fish passage while blocking access for sea lamprey.)

Lake Huron

Status: Poor

Trend: Improving

Rationale: Approximately 86% of major tributaries are no longer connected to the Lake Huron basin (Gebhardt et al.
2005) and dams are ranked as a high threat to migratory fishes (Franks Taylor et al. 2010). Aquatic habitat connec-
tivity varies in the basin. Franks Taylor et al. (2010) identified that Eastern Georgian Bay has sufficient access to
spawning habitat to maintain fish population while in Saginaw Bay access to spawning habitat is severely limiting
fish populations.

Lake Erie

Status: Fair

Trend: Improving

Rationale: Approximately 64% of tributary stream habitat is unavailable to migratory fish due to fragmentation
caused by dams, and dams are ranked as a medium threat to migratory fishes (Pearsall et. al 2012b) Several dam
removal and mitigation projects have been initiated in the last few years through the Great Lakes Restoration Initia-
tive (e.g. Ballville Dam on the Sandusky River will open up 35 km of river habitat for walleye).
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Lake Ontario

Status: Fair

Trend: Improving

Rationale: The Lake Ontario Biodiversity Conservation Strategy identified dams and barriers as critical threat to the
health of the lake (Lake Ontario Biodiversity Conservation Strategy Working Group, 2009). In addition to dams on
Lake Ontario tributaries, the Moses-Saunders Power Dam on the St. Lawrence River impacts habitat connectivity,
particularly for the migration of the American Eel (MacGregor et. al 2013). The Eel Passage Research Center was
established in 2013 to address this issue. Several dam mitigation projects have been initiated including dam removal
in the Duffins Creek watershed by the Toronto Region Conservation Authority to improve access for Atlantic Salm-
on and removal of the Hogansburg dam to restore connectivity in the St. Regis River.

Other Spatial Scales

To assist in targeting these investments to reconnect habitats and barrier removal, spatial data on the location and
attributes of barriers (dams and road-stream crossings) throughout the Great Lakes Basin is being synthesized and
used to analyze the optimal strategy for enhancing connectivity to restore fish migrations by the University of Wis-
consin. The project will provide the basis for a decision-support tool to guide restoration at scales from individual
watersheds to the entire basin, and provide a systematic framework for comparing costs (direct economic costs, spe-
cies invasions) and benefits (connectivity, focal fish species) of barrier removal (Januchowski-Hartley et al. 2013).

Sub-Indicator Purpose

e To determine the amount of accessible tributary habitat for migratory Great Lakes fishes;
e Tosummarize key initiatives to improve the connectivity of aquatic habitat; and
e To highlight some of the issues related to barrier mitigation.

Ecosystem Objective

Maintaining or increasing the aquatic habitat/connectivity to native fish would be considered desirable. Conversely,
decreases in aquatic habitat connectivity would be considered undesirable.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

The installation and management of dams threatens the diversity of native Great Lakes fishes by restricting or elimi-
nating connectivity between the lake and critical spawning, nursery, and overwintering habitats (Januchowski-
Hartley et al. 2013). For example, in Lake Huron before the 1800’s, over 10,000 km (more than 6,000 miles) of trib-
utary habitats were accessible to Lake Huron fish (Liskauskas et al. 2004, LHBP 2008). In 2005, 86% of major trib-
utaries were no longer connected to the Lake Huron basin (Gebhardt et al. 2003). This loss of tributary habitat has
resulted in significant declines in native fish populations in the lake, such as Lake Herring, Yellow Perch, Walleye,
Lake Sturgeon, River Redhorse, Black Redhorse, Eastern Sand Darter, and Channel Darter (Great Lakes Fishery
Commission. 2007, Bredin 2002).

Linkages
Linkages to other sub-indicators in the indicator suite include:

e Aguatic Invasive Species — There are examples in all of the Great Lakes where dams and barriers, in some
instances, are protecting the native stream assemblages from competition and physical disturbance of sub-
strates from non-native salmonids (Bredin 2002). Hence, decisions about removal of dams and barriers in
Lake Huron must balance competing interests and goals, which may not always be explicit. Some dams and
barriers may also play a role in limiting the spread. of other invasive species such as Round Gobies,
Tubenose Gobies, and Viral Hemorrhagic Septicemia

e Lake Sturgeon — Loss of aquatic connectivity has contributed to the decline of the species

e Lake Trout — Removed barriers that result in more parasitic Sea Lampreys would likely cause declines in
numbers of lake trout and slow progress towards restoration.

e Sea Lamprey — Barrier removal is not straightforward as there are also potential ecological benefits to
some dams and barriers. For example, dams and barriers currently limit the spread of some Great Lakes in-
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vaders. Lake Huron supports the largest population of sea lamprey in the Great Lakes (Liskauskas et al.
2007), and dams and low-head barriers are a major control mechanism used by managers

o Walleye — Loss of aquatic connectivity has contributed to the decline of the species

e Water Quality in Tributaries — Barrier removal could improve water quality as natural flow patterns are
restored and stream temperatures are reduced.

This sub-indicator also links directly to the other sub-indicators in the Habitats and Species indicator.

Comments from the Author(s)

Aquatic habitat connectivity is defined for the purposes of this report as the direct connection between the
Great Lakes and waterways that are used by migratory fishes.

Aguatic connectivity provides chemically and physically unobstructed routes to fulfill life history requirements of
aquatic species, including access to intact refugia and opportunities for genetic exchange. Certain migratory fish
species (e.g. Atlantic Salmon and Walleye) depend on unimpeded access to spawning habitats in streams. In many
cases dams and other obstructions (e.g. perched culverts) prevent mature fish from reaching spawning habitat and
thus compromise stock and species diversity, losses in annual recruitment and reduced production and harvests. For
some fishes (e.g. Walleye, Lake Sturgeon) passage facilities will mitigate these effects, because these species cannot
jump. In addition to impacting the fishes that migrate from the Great Lakes into tributaries, many stream-dwelling
species of fish (e.g. suckers and minnows) suffer discontinuity in their ranges because of barriers.

Although there have been significant improvements in the cataloging of dams and barriers across the basin in the
last few years, some dams are undocumented. Spatial analysis of connectivity can be challenging if dams coordi-
nates do not intersect with the hydrology layer. Road stream crossing can highlight potential barriers, but these need
to be ground-truthed to assess their impact. Recent efforts to relicense hydropower dams in the United States have
led to a reconsideration of the habitat losses associated with these dams and a useful picture is emerging which al-
lows an assessment of the adverse impacts of habitat fragmentation on migratory and resident stream-fish communi-
ties. Data for tributary habitat are being developed in connection with Federal Energy Regulatory Commission
(FERC) dam relicensing procedures in the United States. Data are presently available for Michigan, New York
State, and Wisconsin. The identification of new projects will require research and contact with agencies.

The Upper Midwest and Great Lakes Landscape Conservation Cooperative has established an Aquatic Connectivity
Collaborative to provide tools for strategic planning and optimization of efforts to connect habitats. The Collabora-
tive will develop, prioritize, review, recommend and fund research that supports connectivity in the Great Lakes.
This effort should increase the amount of habitat connected in each of the Great Lakes in the future.
(https://lccnetwork.org/group/great-lakes-aquatic-connectivity-collaborative)

Assessing Data Quality

- Strongl Neutral or . Strongl Not
Data Characteristics gy Agree Disagree . gy .
Agree Unknown Disagree | Applicable

1. Data are documented, validated, or
quality-assured by a recognized agency or
organization

2. Data are traceable to original sources

3. The source of the data is a known,

reliable and respected generator of data X

4. Geographic coverage and scale of data «

are appropriate to the Great Lakes Basin

5. Data obtained from sources within the

U.S. are comparable to those from X

Canada
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6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report
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Source: Lake Superior Lakewide Action and Management Plan - Superior Work Group (2013)
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Figure 2. Lake Michigan Aquatic Habitat Connectivity — Stream Accessibility
Source: Pearsall et al. (2012a)
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Figure 3. Lake Huron Aquatic Habitat Connectivity — Stream Accessibility
Source: Franks Taylor et. al (2010)
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Figure 4. Lake Erie Aquatic Habitat Connectivity — Stream Accessibility
Source: Pearsall et al. (2012Db)
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Figure 5. Lake Ontario Aquatic Habitat Connectivity — Tributary Connectivity
Source: Lake Ontario Biodiversity Conservation Strategy Working Group (2009)
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Sub-Indicator: Phytoplankton
Open water

Overall Assessment

Status: Fair

Trend: Deteriorating

Rationale: Phytoplankton are a critical food resource for zooplankton and small fish. Invasive mussels have
caused algal reductions in Lake Michigan and Lake Huron, negatively impacting food webs of those lakes.
Re-eutrophication has occurred in Lake Erie. Changes in Lake Superior and Lake Ontario are more subtle.

Lake-by-Lake Assessment

Lake Superior

Status: Good

Trend: Unchanging

Rationale: The lake has maintained a phytoplankton assemblage reflecting oligotrophic conditions. Invasive species
are not notably affecting phytoplankton, but there is evidence from paleolimnological data of gradual assemblage
reorganization due to recent climate changes.

Lake Michigan

Status: Fair

Trend: Deteriorating

Rationale: The lake has a phytoplankton assemblage reflecting oligotrophic conditions. A reduction in phytoplank-
ton and consequent diminution in seasonality has occurred. Lower levels of primary production could be reducing
resources for higher trophic levels.

Lake Huron

Status: Fair

Trend: Deteriorating

Rationale: The lake has a phytoplankton assemblage reflecting oligotrophic conditions, more so due to the recent
invasion by mussels that have reduced pelagic primary producers (negatively affecting invertebrate grazers).

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: Re-eutrophication and proliferation of undesirable cyanobacteria is an increasing problem, particularly in
the western basin. The central basin exhibits substantial spring diatom blooms indicating periodic eutrophic or
mesotrophic conditions.

Lake Ontario

Status: Good

Trend: Unchanging

Rationale: The lake has a phytoplankton assemblage reflecting mesotrophic to oligotrophic conditions. There is
some evidence of assemblage changes due to invasive dreissenids.

Sub-Indicator Purpose

The purpose of this indicator is to directly assess phytoplankton species composition, biomass, and primary produc-
tivity in the Great Lakes, and to indirectly assess the impact of stressors on Great Lakes lower food webs. This in-
cludes inferring impacts from water quality changes, invasive non-native species and climate change.

Ecosystem Objective
(3] Maintain trophic states with phytoplankton biomass and composition consistent with a healthy aquatic
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ecosystem in open waters of the Great Lakes. Desired objectives are phytoplankton biomass and
community structure indicative of oligotrophic conditions (i.e. a state of low biological productivity, as
is generally found in the cold open waters of large lakes) for Lakes Superior, Huron and Michigan; and
of mesotrophic (or better) conditions for Lakes Erie and Ontario.

)] Qualitatively and quantitatively detect and predict changes in phytoplankton biomass and composition
and apply those changes to stressor impacts or recovery. Desired outcomes are maintenance of good
condition over several years or a detectable transition to better conditions.

3) This indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality
Agreement which states that the Waters of the Great Lakes should “support healthy and productive
wetlands and other habitats to sustain resilient populations of native species.” Also, as an indicator at
the bottom of the food chain phytoplankton are capable of detecting subtler ecosystem changes, so
Article 2(1)(b) of the GLWQA (“develop programs, practices and technology necessary for a better
understanding of the Great Lakes Basin Ecosystem”) applies.

Ecological Condition

The amount and taxonomic structure of phytoplankton populations can be related to anthropogenic stressors, thereby
permitting inferences to be made about lake condition and change (Stoermer 1978). Recently, the most important,
comprehensive data sources for phytoplankton-based assessments have been time series data on phytoplankton
community size and composition (e.g. Reavie et al. 2014a; Figure 1), satellite-based measurements of chlorophyll
(e.g. Barbiero et al. 2012) and recent paleolimnological studies of fossil phytoplankton (e.g. Chraibi et al. 2014).
Additional phytoplankton data have been collected by Canadian agencies, such as that for Lake Erie winter condi-
tions (Twiss et al. 2012; Environment and Climate Change Canada 2015).

Status of the Great Lakes ecosystem as whole is characterized as fair although condition and trends vary significant-
ly among lakes. Invasive mussels have caused reductions in algae in Lake Michigan and Lake Huron, negatively
impacting food webs of those lakes. Re-eutrophication has occurred in Lake Erie in the last decade, mainly indicated
by cyanobacterial blooms that are occurring with greater frequency in the western basin of Lake Erie. Slower, long-
term changes are occurring in Lake Superior and Lake Ontario, but these changes are not yet well understood. How-
ever, with the exception of Lake Erie, trophic status across the basin would generally be considered good. For the
most part, trends herein reflect compiled datasets from 2001 through 2014 (*long-term”), as well as some long-term
inferences from previous collections.

Assigning firm condition assessments was also complicated in individual lakes. Consider Lake Michigan and Lake
Huron, for instance: if trophic status was the only factor considered their low phytoplankton abundance would su-
perficially reflect good conditions. However, the periodic, mussel-driven depletion of phytoplankton in these lakes
represents food web stress. From an ecological perspective that simultaneously considers multiple parameters fair is
a more appropriate assessment.

The 2011 State of the Great Lakes report noted the rapid changes that occurred in the phytoplankton community of
several Great Lakes in the decade prior. In general, these changes are continuing, or the lakes remain in the
“changed” state reported in 2011. In association with the dreissenid advance, the spring phytoplankton bloom in
Lake Huron, which practically disappeared in 2003 (Barbiero et al. 2011), remains absent. Declines in the spring
bloom were also seen in Lake Michigan (Reavie et al. 2014a). Such trends of oligotrophication can be viewed posi-
tively, but it likely also represents an overall reduction in the carrying capacity of the two lakes, as evidenced by
coinciding losses of invertebrates and reductions in fish energy content (Pothoven and Fahnenstiel 2014).

Lake Superior will always be oligotrophic, so in that context it will remain in good condition. But, it is noteworthy
that the lake’s phytoplankton assemblage continues to change over decadal timescales, likely associated with atmos-
pheric warming that is changing the physical properties of the lake (Chraibi et al. 2014). Such a shift has now been
recognized across all of the Great Lakes and their sub-basins (Reavie, unpublished data), so such longer-term
changes in primary producers should continue to be observed to determine future impacts.

In the western basin of Lake Erie, blooms of the nuisance algae Microcystis (among other cyanobacteria) have con-
tinued to occur (Michalak et al. 2013). The spring algal bloom in the central basin, largely attributed to filamentous
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diatoms (Reavie et al. 2014a, Twiss et al. 2012) is likely contributing substantial biomass to the hypolimnion and
exacerbating hypoxia.

Over the last decade in Lake Ontario spring chlorophyll levels have remained stable, but there is evidence of a slight
summer chlorophyll increase (USEPA, unpublished data) since declines seen in the 1980s (Johengen et al. 1994).
This corresponds with recent changes in Lake Erie, albeit at a smaller scale. Future conditions in Lake Ontario
should be observed carefully.

Linkages

Linkages to other indicators include:

(1) Nutrients and Dreissenid Mussels — it is well known that the phytoplankton population and its productivity
changes with anthropogenic pollution. The ecosystem changes are reflected by the change of phytoplankton compo-
sition and productivity. For example, Lake Superior represents an oligotrophic ecosystem and is widely considered
to be in the best condition of the Great Lakes. Similarly, Lake Erie’s phytoplankton composition, which was once
eutrophic, dramatically changed to meso-oligotrophic status due to phosphorous abatement and the invasion of zebra
mussels, a trophic trend that has since reversed to indicate re-eutrophication. A great deal of recent data are available
for phytoplankton biomass, composition and primary productivity which will reflect the overall ecosystem health
including grazing pressures of non-native filter-feeders and bottom-up influences from nutrients.

(2) This sub-indicator also links directly to the other sub-indicators in the Habitat and Species indicator, such as in-
vertebrate grazers that rely on phytoplankton as a primary food resource. The cycling of phosphorus is being driven
by catchment inputs and sedimentary processes, impacting the food web and having implications on many forms of
aquatic life, especially benthos, zooplankton and phytoplankton. Effects on fish communities are less direct, but
must also be considered.

Comments from the Author(s)

Obijective, quantitative mechanisms for evaluating ecosystem health from phytoplankton are gradually being devel-
oped. For instance, nutrient optima and tolerances for indicator species are now available for the Great Lakes
(Reavie et al. 2014b), thereby allowing quantitative reconstructions of water quality variables from assemblage data.
Several qualitative indicators also exist: the abundance of cyanobacteria is a clear indicator for nutrient stress; reduc-
tions in algal abundance signal dreissenid-driven oligotrophication; and phytoplankton assemblage changes reflect
changes in pelagic ecology due to climate change and other factors. The U.S. Environmental Protection Agency has
an active program for phytoplankton collection and analysis in the pelagic regions of all Great Lakes in spring and
summer, and other, more localized programs are ongoing (e.g. Fahnenstiel et al. 2010). Satellite imagery has also
enabled the detection of chlorophyll trends in the surface waters of the Great Lakes (e.g., Kerfoot et al., 2010), and
these data can provide a broad overview of algal abundance.

To date the main purposes of this indicator have been to (1) measure biological responses of primary producers to
changing water quality and invasive species abundance; (2) evaluate direct problems (e.g. blooms) associated with
phytoplankton; (3) indirectly evaluate the trophic efficiency of the food web at transferring algal production to fish.
As a sensitive indicator of changes in primary producers due to various drivers (invasive species effects, nutrients,
climate, etc.), phytoplankton provide information on the effects of multiple stressors. As a newly-recognized driver
of phytoplankton assemblages in Lake Superior (Chraibi et al. 2014), climate change effects on phytoplankton and
their potential impacts on food webs will be tracked.

Assessing Data Quality

Strongly Neutral or Strongly Not

Data Characteristics Agree Disagree
Agree g Unknown g

1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization

2. Data are traceable to original sources

3. The source of the data is a known,
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4. Geographic coverage and scale of data

. . X
are appropriate to the Great Lakes Basin

5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report

Clarifying Notes: These data have been derived from many sources, including scientific literature, satellite data, and unpublished
data.
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Figure 1. Histograms of phytoplankton biovolume and community composition in the Great Lakes basins from
2001 through 2013. Spring and summer assemblages are provided from offshore, surface waters. Small numbers at
the bottom of each bar indicate the number of samples averaged. Major noteworthy trends include: declines in
phytoplankton abundance in Lake Huron and Lake Michigan (particularly in spring and attributed to diatom loss);
and increases in spring and summer phytoplankton in central and western Lake Erie (mainly attributed to increases
in spring diatoms and summer cyanophytes).

Source: U.S. Environmental Protection Agency, Great Lakes National Program Office. Modified from Reavie et al.
(2014a).
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Figure 1. Histograms of phytoplankton biovolume and community composition in the Great Lakes basins from
2001 through 2013. Spring and summer assemblages are provided from offshore, surface waters. Small numbers at
the bottom of each bar indicate the number of samples averaged. Major noteworthy trends include: declines in
phytoplankton abundance in Lake Huron and Lake Michigan (particularly in spring and attributed to diatom loss);
and increases in spring and summer phytoplankton in central and western Lake Erie (mainly attributed to increases
in spring diatoms and summer cyanophytes).

Source: U.S. Environmental Protection Agency, Great Lakes National Program Office. Modified from Reavie et al.
(2014a).
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Sub-Indicator: Zooplankton
Open water

Overall Assessment

Status: Good

Trend: Unchanging

Rationale: Zooplankton biomass levels and community composition are consistent with the oligotrophic state
of the four deepest Great Lakes. Lake Erie has more cladocerans which is typical of a shallow productive
lake. The 14 year trends are declining in Lake Huron and perhaps Lake Ontario, unchanging in Lakes Supe-
rior and Michigan and perhaps increasing in Lake Erie. The proportion of calanoid copepods, an index of
oligotrophication has increased in Lakes Michigan, Huron and Ontario. Shorter term trends are largely un-
changing (2006-2011).

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Unchanging

Rationale: Zooplankton biomass stable and near 3 g m™. Community composition also stable with high prevalence
of calanoid copepods including the large copepod Limnocalanus, an indicator of cold deep oligotrophic lakes.

Lake Michigan

Status: Good

Trend: Unchanging

Rationale: Zooplankton biomass higher than Lake Superior near 5-6 g m™. No overall decline in zooplankton de-
spite observed declines in primary productivity. Shift in zooplankton community was apparent around 2001-2004
with reduction of daphnid cladoceran biomass by 50%, and increased prevalence of calanoid copepods particularly
Limnocalanus. However since that time, there has been no change in community composition.

Lake Huron

Status: Fair (low)

Trend: Unchanging

Rationale: Zooplankton biomass has remained low in Lake Huron since 2003. In 2003, zooplankton biomass de-
creased from 4-8 g m™ to 2 g m~, falling below Lake Superior biomass levels. Sharp declines in cladoceran bio-
mass, particularly daphnids, yielded a community dominated by calanoid copepods. Zooplankton biomass decrease
coincided with decline in primary productivity and fishery indicators (Riley et al. 2008, Barbiero et al. 2011). How-
ever, since that decline, there has been no further change in biomass or community composition. Although the cur-
rent status is similar to Lake Superior, the abrupt change that the zooplankton community underwent in 2003 has
had ecosystem implications.

Lake Erie

Status: Good

Trend: Unchanging

Rationale: Note: Areal biomass goals are lower for shallow Lake Erie relative to the deeper Great Lakes.

Lake Erie has three distinct basins- Western, Central, and Eastern. Biomass in shallow (10 m depth) Western Basin
has increased from 0.5 g m™ to 1.0 g m™ with persistent cyclopoid copepods and cladocerans and a small but in-
creasing calanoid copepod component. Deeper Central (20 m) and Eastern (50 m) Basins have similar overall zoo-
plankton biomass at 2-4 g m™. Although areal (total water column) biomass levels are similar to oligotrophic Lake
Superior, zooplankton are more concentrated (more individuals per unit volume) in the shallower basins of Lake
Erie. Some evidence of increased overall biomass in later years, 2010-2011. Lake Erie has the highest zooplankton
diversity rich in cladoceran species. Deep-dwelling Limnocalanus, increasingly important in other Great Lakes, is
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rare in Lake Erie due to limited hypolimnetic habitat. Limnocalanus copepodites can be washed into Western Lake
Erie from Lake Huron in the spring.

Lake Ontario

Status: Good

Trend: Unchanging

Rationale: Zooplankton biomass levels are intermediate between Lake Michigan and Lake Superior at levels around
4-5 g m™. Some recovery occurred after a biomass minimum during the time period 2004-2007, however, for the
most part, the biomass in Lake Ontario has not changed significantly since 2000. Community shift away from cy-
clopoid copepods toward calanoid copepods suggests oligotrophication. Some signs of recovery in daphnid cladoc-
eran biomass in 2010-2011. Predation by alewife is high relative to other Great Lakes.

Sub-Indicator Purpose

e The offshore zooplankton biomass sub-indicator assesses the standing stock and community composition of
zooplankton in the Great Lakes over time and space.

e  Changes in the offshore zooplankton biomass sub-indicator track forcing from both bottom-up (primary
production) and top-down (vertebrate or invertebrate predation) mechanisms as well as energy transfer
across trophic levels. The purpose of this sub-indicator is to measure the trophic efficiency of the food web
at transferring algal production to fish.

e  Zooplankton biomass has often been used to explain deviations in the relationship of nutrients (total phos-
phorus, TP) and phytoplankton biomass (chl &) (Taylor and Carter 1997).

e Mean body size and species composition of zooplankton are also sensitive indicators of predatory pressure
by planktivorous fish and large invertebrates (Mysis and predatory cladocerans). Such indicators need fur-
ther development.

Ecosystem Obijective

Maintain and support a healthy and diverse fishery; maintain trophic states consistent with the lake-specific goals —
oligotrophic Lake Superior, Huron, Michigan, and Ontario, and mesotrophic Lake Erie. Zooplankton represent an
important trophic link from primary production to fish and abundant zooplankton tend to improve water quality and
fish production capacity.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment that states that the Waters of the Great Lakes should “support healthy and productive wetlands and other habi-
tats to sustain resilient populations of native species.”

Ecological Condition

Lakes with lower target Total Phosphorus (TP) concentrations (e.g. Lake Superior and Huron at 5 pg P 1" and Lake
Michigan at 7 pg P 1) will have a lower target offshore zooplankton biomass of 3 g m™ than lakes with higher tar-
get TP concentrations (e.g. Lake Ontario at 10 ug P I'") having a target offshore zooplankton biomass of 5 g m™.
Although Lake Erie has a similar TP target as Lake Ontario, a shallower habitat suggests a lower zooplankton bio-
mass goal of 3 g m™ for the central (20 m) and eastern (40 m) basins and 1 g m™ for the western basin (10 m).
Summer biomass of crustacean zooplankton communities in the offshore waters of Lake Superior has remained at a
relatively low but stable level near 3 g m™ since at least 1998 (Figure 1). The plankton community is dominated by
large calanoid copepods (Leptodiaptomus sicilis and Limnocalanus macrurus) that are characteristic of oligotrophic,
coldwater ecosystems. In 2003, the biomass of cladocerans and cyclopoid copepods in Lake Huron declined dra-
matically, with total biomass falling below that of Lake Superior (Barbiero et al. 2011). Our updated time series
shows that there has been little additional change since 2003 in Lake Huron. Similar declines of cladocerans oc-
curred in Lake Michigan, although this decline has been offset by the increase in L. macrurus (Barbiero et al. 2009).
Our time series suggest overall zooplankton biomass levels near 5-6 g m™ have been maintained. Summer zoo-
plankton communities in Lakes Huron and Michigan have become increasingly similar to that of Lake Superior,
with composition characteristic of cold oligotrophic systems (Barbiero et al. 2012).
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Overall zooplankton biomass of Lake Ontario (4-5 g m™) is between that of Lake Michigan and Lake Superior. Cy-
clopoid copepods comprised a large part of the zooplankton community before decreasing in 2004. Cladocerans
biomass was also important but has varied over time. Decreases in cyclopoid and cladoceran biomass have been
offset by increases in calanoid copepods including L. macrurus. Thus, changes in the zooplankton community of
Lake Ontario mirror that of lakes Superior, Michigan, and Huron although cyclopoid copepods and cladocerans re-
main higher than in the other deep lakes (Barbiero et al. 2014, Rudstam et al. 2015).

Zooplankton biomass of shallow Western Lake Erie has slightly increased to levels near 1-2 g m™. Zooplankton
biomass in the deeper central and eastern basins has maintained levels near 3 g m™ and community composition has
remained diverse and rich in native and non-native cladoceran species.

The proportion of biomass represented by calanoid copepods in Lake Superior has remained fairly stable at 85%,
indicating oligotrophic conditions. Summer zooplankton communities in lakes Huron, Michigan, and Ontario have
shown an increasing proportion of calanoid copepods in recent years, which suggests increased oligotrophication. It
has been a result primarily of substantial declines in cladoceran and cyclopoid copepod populations. This had led to
decreased overall zooplankton biomass in Lake Huron to levels that may be limiting to alewife, although other fish
species have increased (Riley et al. 2008). In contrast, calanoid biomass has made up for the decrease in cladocer-
ans in Lakes Michigan and Ontario. Limnocalanus is a large deep dwelling copepod so that, although overall bio-
mass has been maintained, the zooplankton community has shifted toward less dense, larger organisms that live
deep in colder water. Therefore, zooplankton production decreases following these species changes even though
biomass does not change. Some fish species (e.g. native coregonids) may benefit from this change but others (e.g.
alewife) may not. Primary production, and in particular the spring phytoplankton bloom, has indeed declined nota-
bly in lakes Huron and Michigan coincident with the shifts in the zooplankton communities. Lake Ontario has not
experienced recent declines in primary production, suggesting that top-down control from alewife and predatory
cladocerans (particularly Bythotrephes) may better explain observed zooplankton community shifts in this lake
(Barbiero et al. 2014, Rudstam, et al. 2015). Maintenance of cladoceran fauna relative to calanoids in Lake Erie can
be attributed to shallow habitat as well as a mesotrophic state.

Linkages
Linkages to other sub-indicators in the indicator suite include:

e  Other Habitat and Species sub-indicators (phytoplankton and benthos).

e Nutrients in Lakes (open water) — phosphorus levels regulate primary productivity by phytoplankton and
thus food levels for zooplankton.

e Dreissenid Mussels — filter feeding of phytoplankton by mussels competes with zooplankton grazers.
Smaller zooplankton may be ingested by mussels. Increased water clarity shifts primary production to
deeper depths in the form of deep chlorophyll layers (DCL).

e  The connection of the zooplankton sub-indicator to other trophic levels provides a test of the principle de-
veloped in marine settings that pelagic communities, on average, have approximately equal biomass in ex-
ponentially widening size classes (Sheldon et al. 1972). Material and energy flow up this size spectrum
from bacteria and phytoplankton via zooplankton to fish with varying efficiency (Borgmann 1987). Some
of this production sinks from the surface euphotic zone to nourish the benthos. It may flow efficiently, with
high productivity across the size-spectrum, or it may accumulate as algae, negatively affecting water quali-
ty while little energy reaches top predators.

Comments from the Author(s)

Changes in the zooplankton communities of Lake Huron and Lake Michigan, and to a lesser extent Lake Ontario,
are consistent with reductions in nutrient levels, which have been seen in all three lakes, and could represent a con-
sequence of nutrient reduction activities, perhaps compounded by effects of dreissenid mussels. The reductions in
cladocerans in the former two lakes, along with continued declines in populations of the benthic amphipod Diporeia,
could represent a decreasing food base for forage fish. However, exact mechanisms of these declines, and the rela-
tive strength of bottom-up versus top-down forcing, have yet to be fully determined.
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An important threat to the zooplankton communities of the Great Lakes is posed by invasive species. The continued
proliferation of dreissenid populations can be expected to impact zooplankton communities through the alteration of
the structure and abundance of the phytoplankton community that many zooplankton depend on for food. Predation
from the non-native cladocerans Bythotrephes longimanus and Cercopagis pengoi may also have an impact on zoo-
plankton abundance and community composition. Invasive predatory cladocerans have been shown to have had a
major impact on zooplankton community structure in the Great Lakes (Lehman 1991; Barbiero and Tuchman 2004;
Warner et al. 2000).

Currently U.S. EPA monitoring data for crustaceans are available through 2011. Details on methods for zooplank-
ton sampling and analysis can be found in Barbiero et al. (2001). Summer offshore crustacean zooplankton biomass
is the main indicator reported this year.

Note that unlike previous indicator reports, we use areal biomass (g m™) rather than volumetric (mg m™) units to
better evaluate the overall standing biomass of these lakes for connecting to fish production potential (Bunnell et al.
2014). Whole water column (in this case maximum of 100 m) tows in deep lakes include large strata of hypolimni-
on that have few zooplankton. Volumetric biomass estimates are thus “diluted” relative to shallower lakes that have
less hypolimnion. Areal biomass is calculated by summing the zooplankton biomass found within one meter
squared of lake water column. Note that for Lakes Superior, Michigan, and Ontario most offshore GLNPO sites are
> 100 m but many of the sites for Lake Huron are < 100 m. In Lake Erie, depths range from 10 m in the Western to
20 m in the Central to 50 m in the Eastern basins.

The length-weight coefficients have been updated for calanoid copepods based on recent studies to better reflect
their contribution (Watkins et al. 2011, Burgess et al. 2015). This update leads to an increase in estimated calanoid
biomass by a factor of 2 compared to previous State of the Great Lakes (previously known as SOLEC) indicator
reports and Bunnell et al. 2014.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St.rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data x
4. Geographic coverage and scale of data X
are appropriate to the Great Lakes Basin
5. Data obtained from sources within the
U.S. are comparable to those from X
Canada
6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report
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Sub-Indicator: Benthos
Open water

Overall Assessment

Status: Good

Trend: Unchanging

Rationale: Based on the benthic community, both the long-term (1997 - 2012) and short-term (2010-2012) trends in
the trophic condition of the lakes are generally considered to be good and unchanging, except for the Lake Erie
where the long-term trends are indicative of increased eutrophication. Overall, an increasing Oligochaete Trophic
Index (OTI) means increasing eutrophication or increasing trophic conditions.

Lake-by-Lake Assessment

Lake Superior

Status: Good

Trend: Unchanging

Rationale: All sites in Lake Superior were classified as oligotrophic based on the oligochaete community index both
long-term (since 1997) and in the recent years. The endpoint for this sub-indicator is to maintain oligotrophic condi-
tions in the open waters of Lake Superior.

Lake Michigan

Status: Good

Trend: Unchanging

Rationale: All sites in northern and central Lake Michigan, as well as deep sites in the southern part of the lake have
a trophic index value below 0.6 indicating an oligotrophic condition. Overall, no significant negative trends were
found in the trophic condition of the lake since 1997 and in the last few years. Poor OTI (> 1.0) scores were found in
recent years at two nearshore sites (of 16 total) in the southeastern part of the lake, and significant trends of increas-
ing eutrophication are evident at one of these two sites (near the Grand River outlet) since 2002. The endpoint for
this sub-indicator is to maintain an oligotrophic state in the open waters of Lake Michigan.

Lake Huron

Status: Good

Trend: Unchanging

Rationale: Almost all sites in northern, southern and central Huron are oligotrophic, except for one mesotrophic site
in the southern part and two eutrophic sites: on the eastern shore near the outlet of Saugeen River in Ontario, Cana-
da, and in Saginaw Bay. The trophic state of the lake has not changed significantly in the last 16 years. The endpoint
for this sub-indicator is to maintain an oligotrophic state in the open waters of Lake Huron.

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: All sites on Lake Erie are eutrophic, and several have a long-term trend of increasing OTI. The highest
OTI values are found in the eastern basin. The endpoint for this sub-indicator is to maintain mesotrophic conditions
in the open waters of the western and central basins of Lake Erie, and oligotrophic conditions in the eastern basin of
Lake Erie.

Lake Ontario

Status: Fair

Trend: Unchanging

Rationale: All deep-water sites (>80 m) in both basins of Lake Ontario are oligotrophic, and one shallow site is eu-
trophic. Most of the nearshore sites are mesotrophic and two sites in western basin showed trends toward eutrophi-
cation in the last decade. Overall, no significant negative trends were found in the trophic condition of the lake since
1997 and in the last few years.
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There are no permanent stations on connecting channels, so they are not assessed as part of this sub-indicator report.

Sub-Indicator Purpose

e The purpose of this sub-indicator is to assess trends in trophic conditions in the Great Lakes using oligo-
chaete diversity, abundances, and the individual species responses to organic enrichment and to infer health
of the benthic community.

Ecosystem Objective

The Ecosystem Objective is that the benthic community in the Great Lakes should remain relatively constant over
time and be comparable to unimpaired waters with similar depth and substrate. One estimate is based on the Oligo-
chaete Trophic Index which uses oligochaete diversity, trophic classifications and abundance to compute trophic
status of a body of water.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

This sub-indicator will evaluate trophic conditions in the Great Lakes using oligochaete diversity, abundances, and
the individual species responses to organic enrichment.

Calculation of the Oligochaete Trophic Index (OTI)

To evaluate trends in the benthic community of the Great Lakes, an Oligochaete Trophic Index (OTI) is used. The
OTI was initially described by Mosley and Howmiller (1977) with subsequent modifications by Howmiller and
Scott (1977), Milbrink (1983), and Lauritsen et al. (1985). This sub-indicator primarily follows Milbrink’s formula
(Riseng et al. 2014). Milbrink classifies Tubificids and Lumbriculids oligochaetes into four ecological classes rela-
tive to trophic status of the lake. The values range from 0 indicating intolerant of enrichment (oligotrophic condi-
tions) to 3 indicating tolerant of enrichment (highly eutrophic conditions). The index is calculated as:

Xny+YXn +2Y¥n, +3¥n
Xng+Xn +Xn, +Xng

OTI = ¢ X

where ng, Ny, Ny, and N3 indicate the abundances of organisms in each of the four trophic categories (Table 1) and ¢ is
a density coefficient that scales the index to absolute densities of Tubificids and Lumbriculids. The ¢ coefficient is
calculated as follows (Milbrink 1983):

c¢=1ifn> 3,600
¢=10.75if 1,200 <n <3,600
€¢=0.50if400<n < 1,200
c=0.25if 130 <n <400
c=0ifn<130

In this modification of original Milbrink’s OTI calculations (Riseng et al. 2014):

* only lumbriculids and tubificids were used to calculate the index;

« all immature lumbriculids were classified as Stylodrilus heringianus (Styheri);

* the ¢ coefficient was estimated from abundances (n) of mature and immature lumbriculids and tubificids;
Milbrink (1983) assigned the tubificid Tubifex tubifex (Tubtubi) dual classifications depending on the dominance of
Stylodrilus heringianus or Limnodrilus hoffmeisteri (Limhoff). Riseng et al (2014) formalized the dual classification
as follows: if the ratio of abundances of ng oligochaetes to n3 oligochaetes (Limhoff) < 1 then Tubtubi is classified
as a 3; if the ratio is > 1 then Tubtubi is classified as a 0; however, if the ratio is close to one (0.75 to 1.25) then
Tubtubiisa3ifc>0.5anda0ifc<0.5;
if Limhoff density is zero and Ny is relatively high and/or total density is low, then Tubtubi is 0, otherwise 3; and,
finally, if the total density of oligochaetes is zero, then the index is zero.

Trophic classifications were obtained from literature for the Great Lakes and are shown in Table 1.
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Ecological Condition

In the 2012 Great Lakes Water Quality Agreement (GLWQA), the Areas of Concern (AOC) Annex’s purpose is to
contribute to the achievement of the General and Objectives of the Agreement by restoring the beneficial uses that
have become impaired due to location conditions. Beneficial Use Impairments are the measures of the environmen-
tal, human health or economic impact of poor water quality. The GLWQA defines 14 Beneficial Use Impairments
that contribute to a location’s designation as an AOC. Degradation of Benthos is one of the BUIs for the Great Lakes
and further emphasizes the importance of the sub-indicator in the suite.

State of the Great Lakes reporting (previously knowns as SOLEC) uses the modified oligochaete-based trophic con-
dition index (OTI, Milbrink 1983; Howmiller and Scott 1977) to assess trophic status of each site. The trophic con-
dition index is calculated based on known organic enrichment tolerances and abundances of oligochaete taxa (see
attached summary of calculation procedure). The index ranges from 0 — 3: scores less than 0.6 (the lower blue line
in Figure 1) indicate oligotrophic conditions; scores above 1 (the top black line in Figure 1) indicate eutrophic con-
ditions; and scores between 0.6 and 1.0 suggest mesotrophic conditions. Scores approaching 3 indicate high densi-
ties of oligochaetes dominated by the pollution tolerant tubificidae including Limnodrilus hoffmeisteri. Overall, an
increasing OTI means increasing eutrophication or increasing trophic conditions.

A consistent difference in trophic conditions among and within Great Lakes was found during the study period
(1997-2012) (Figure 1). Trophic state was significantly inversely related to site depth (r = —0.58), with Lake Erie
being the most eutrophic lake, followed in order of decreasing trophic state by lakes Ontario, Michigan, Huron and
Superior. To assess the temporal trends in OTI at each site we used linear regression. The only significant lake-wide
long-term trend of increasing trophic conditions or becoming more eutrophic (P < 0.005) was observed in Lake Erie,
where significant trends were found in half of the sampled sites. Localized increases in OTI over time were found at
nearshore sites in southeastern Lake Michigan, eastern Lake Huron, and western Lake Ontario (Figure 2).

The most eutrophic sites in Lake Erie were found in the eastern basin, where OTI at deep sites doubled since the
early 2000s as a result of drastic decrease in pollution-intolerant species. Significant trends of OTI increase were
found here at 4 of 5 sampled sites (Figure 3). One more site that showed a significant trend of increasing trophic
conditions was a nearshore site in the central basin located between Ashtabula and Erie, PA (Figure 3). The average
OTI for the eastern basin (1.96+0.45, mean + standard deviation) exceeded those for both the western (1.41+£0.51)
and the central basins (1.39+0.36). The overall phytoplankton biomass in the lake has increased since the mid-
1990s (Conroy et al. 2005b), potentially a result of the dramatic increase in dissolved reactive phosphorus loads
from tributaries (Richards et al. 2010), in contrast to the relatively constant Total Phosphorus loads (Scavia et al.
2014). In addition, dreissenid populations declined in the central basin in early 2000s (Patterson et al. 2005; Karata-
yev et al. 2014) most likely due to hypoxia events. Considering that the eastern basin is the main region of sediment
and organic matter deposition in Lake Erie, the increase in basin- and lake-wide OTI may be indicative of increasing
trophic state of the lake.

Deepwater sites in Lake Ontario continue to be oligotrophic throughout the whole study period. In contrast, the
nearshore sites, especially along the southern shore, are mesotrophic or eutrophic (Figure 2). Two nearshore sites in
the western basin showed a trend toward increasing eutrophication since 2001 (Figure 3), likely being affected in the
southern shore by the outlet of the Niagara River, and on the northern shore by the Toronto metropolitan area.

All sites in northern and central Lake Michigan, as well as deep sites in the southern part of the lake are oligotrophic
(Figure 2). Two nearshore sites in southeastern Michigan (near the Grand and Kalamazoo River outlets) are eu-
trophic and one of them (at the mouth of Grand River) had a significant trend of increasing eutrophication (P <
0.001). One site in northern Michigan and one in Green Bay showed opposite trends of increasing oligotrophication
(Figure 3).

Almost all sites in northern, southern and central Huron are oligotrophic; one site in the southern part is mesotrophic
(Figure 2). Only two sites in Lake Huron are eutrophic: one on the central-eastern shore (near the outlet of Saugeen
River in Ontario, Canada) where the total density of Oligochaeta increased 20-fold since the early 2000s, and eu-
trophication is significantly increased (P = 0.004), and the other in Saginaw Bay, which was highly eutrophic in late
1990s, improved to mesotrophic in 2002, but has trended towards eutrophic again starting in 2007.

All sites in Lake Superior were oligotrophic based on OTI values since 1997, and one easternmost site even showed
trends of decreasing OTI in the last four years (Figure 3). There was an increase in OTI at one western site north of
Duluth (Figure 3) but the change was minimal (from 0 to 0.125).
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Linkages

Linkages to other sub-indicators in the indicator suite include:

* Dreissenid Mussels — the relative abundance of non-native benthos such as zebra and quagga mussels can change
dramatically the structure of aquatic communities including the benthos, affect ecosystem functioning and lake
trophic state. In addition to direct local effects, dreissenid mussels also interact indirectly with benthic community
by affecting other sub-indicators such as Nutrients in Lakes, therefore decreasing the amount of available food.
There are strong interactions between these sub-indicators although not well understood and require further investi-
gation.

* Nutrients in Lakes (open water) — nutrients impact the food web and are important for many forms of aquatic life,
especially benthos, zooplankton and phytoplankton. Addition of nutrients affects the structure and abundance of
benthic community, changing the share of tolerant and intolerant species, but the magnitude of changes varies de-
pending on the depth and lake trophic status. Since the OTI was designed to reflect community changes following
organic enrichment, it can be expected to co-vary with increase in nutrients. Indeed, OTI positively correlates with
the amount of Total Phosphorus and Total Soluble Phosphorus measured at the bottom (Burlakova et al. in prepara-
tion).

* Diporeia (open water) — Diporeia is a benthic macroinvertebrate in the cold, deep-water habitats of all the Great
Lakes (except Lake Erie), an indicator of oligotrophic conditions, and an important fish food item. Historically Di-
poreia has been a dominant benthic macroinvertebrate in profundal regions of all five of the Great Lakes (Cook and
Johnson, 1974). Proliferation of dreissenid mussels coincided with significant declines in Diporeia in Lakes Ontario,
Michigan and Huron, but the nature of these interactions is not yet well understood. While the abundance of Di-
poreia is not considered by the current index (OTI), a significant increase in organic enrichment may negatively
affect Diporeia.

This sub-indicator also links directly to the other sub-indicators in the Habitat and Species indicator.

Comments from the Author(s)

The oligochaete sub-indicator used for the State of the Great Lakes (previously known as SOLEC) assesses trophic
status of the lakes and may suggest pressures due to organic enrichment. Most of the sites that showed increasing
eutrophication are located near large river mouths, suggesting that pollution abatement mitigation in the upland wa-
tersheds could help to improve water quality and sediment conditions at these sites. Other pressures not accounted
for in the oligochaete trophic index include invasive species, regional climate change, water level changes, toxic or
other contaminants. The tendency of decreasing OTI with depth (due to the lack of pollution tolerant species at
depths over 60m) may affect the lake-wide index depending on the ratio of deep to shallow sites sampled in each
lake. The regular benthic monitoring program of U.S. EPA Great Lakes National Program Office (U.S. EPA
GLNPO) has a relatively small number of stations, with poor representation of nearshore areas, and complement-
ing these annual surveys with a wider range of sites during CSMI years will aid greatly in identifying trends in
benthic community.

Invasive species that strongly affect freshwater ecosystems (e.g., Dreissena spp.) can alter the composition and
abundance of benthic communities, affecting behavior of benthic indices, including OTI. Even though mussel bio-
mass has been declining in the 30-90m depth zones in some of the lakes, dreissenids are still a dominant compo-
nent of the benthos.

There is an emerging realization of the importance of benthic processes and pathways within whole-lake context
(Vander Zanden and Vadeboncoeur 2002). Recent analysis of long-term dynamics of major trophic levels in Lauren-
tian Great Lakes revealed a far greater prevalence of bottom-up regulation since 1998, emanated from long-term
declines in TP inputs and the more recent proliferation of nonindigenous dreissenid mussels (Bunnell et al. 2013).
Filter feeding Ponto-Caspian bivalves Dreissena polymorpha and D. rostriformis bugensis are powerful ecosystem
engineers that affect both abiotic (e.g., enhance water clarity and alter nutrient cycling) and biotic (e.g., reduce
abundance of phytoplankton and microzooplankton, enhance benthic algae and macrophytes, induce changes in ben-
thic community) components of the ecosystem (Karatayev et al. 1997, 2002; Higgins and Vander Zanden 2010).
Filter-feeding activity, sediment deposition and habitat provided by dreissenids directly affect benthic macroinverte-
brate community abundance and composition by promoting epifaunal predators, scavengers and collectors while
replacing native filter feeders (e.g., Karatayev et al. 1997; 2002; Burlakova et al. 2012; Ward and Ricciardi 2007;
Higgins and Vander Zanden 2010). However, most of the changes in benthic community following dreissenid inva-
sion are described for the littoral zone rich in epifaunal species while changes in profundal infaunal community are
poorly understood (Burlakova et al. 2014; Karatayev et al. 2015). The abundance of non-dreissenid taxa (e.g., Di-
poreia, Sphaeriidae) declined in profundal habitats after Dreissena invasion (Higgins and Vander Zanden 2010;
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Nalepa et al. 2007, 2009; reviewed in Karatayev et al. 2015) where quagga mussels compete for space and food re-
sources with most of native invertebrates. This may be a result of system-wide (e.g. food interception effect, result-
ing in strong decline of spring phytoplankton blooms) vs. local Dreissena effects (e.g. enrichment of sediments with
biodeposits). The resulting effect of Dreissena on oligochaete community may induce changes in the OTI that will
not reflect the changes in the trophic status of the ecosystem. Therefore, more data on the effect of dreissenids on
species composition and abundance of benthic invertebrates in profundal vs. nearshore zone are needed to fully un-
derstand their impact on benthic communities.

Assessing Data Quality

Data Characteristics

Strongly
Agree

Agree

Neutral or
Unknown

Disagree

Strongly
Disagree

Not
Applicable

1. Data are documented, validated, or
quality-assured by a recognized agency or
organization

X

2. Data are traceable to original sources

3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin

X*

5. Data obtained from sources within the
U.S. are comparable to those from
Canada

6. Uncertainty and variability in the data
are documented and within acceptable
limits for this sub-indicator report

Clarifying Notes:

*The regular benthic monitoring program of U.S. EPA GLNPO has a relatively small number of stations, with poor

representation of nearshore areas and thus it provides limited information.
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Figure 1. Scatterplot of the index values for Milbrink’s (1983) Modified Environmental Index, applied to data from
GLNPO’s 1997 through 2012 summer surveys. Values ranging from 0 to less than 0.6 indicate oligotrophic condi-
tions (blue line); values from 0.6 to 1.0 indicate mesotrophic conditions (black line); and values greater than 1.0
indicate eutrophic conditions. Data points represent the average of triplicate samples taken at each sampling site;
immature specimens were included in the analysis for calculation of overall density used to establish the coefficient
¢ but only mature specimens were used to calculate the number belonging to each ecological group of oligochaetes
(see attached description of index calculation).

Source: 1997-2012 U.S. EPA GLNPO benthic data collected from permanent stations.

Figure 2. Map of the Great Lakes showing the mean trophic status at each sampling site calculated for 2010-2012.
Trophic status was based on the modified trophic index for oligochaete worms from Milbrink (1983).

Source: 2010-2012 U.S. EPA GLNPO benthic data.

Figure 3. Maps of the Great Lakes showing sites with significant temporal trend in trophic status between 1997 and
2012. Sites without significant changes in oligochaete trophic index with time (“no change”, P > 0.10, linear regres-
sion), with marginally significant trends (“‘eutrophication or oligotrophication”, 0.05 <P < 0.10) and with significant
trends (“strong eutrophication or oligotrophication”, P < 0.05) are indicated.

Source: 1997-2012 U.S. EPA GLNPO benthic data.
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SPEC-

Trophic

CODE GENUS SPECIES Class Source Comment
RHY- Rhyacodrillus coccineus 0 Howmiller & Same classification as Krieger 1984 & Lauri-
COocCC Scott 1977 tsen et al. 1985
TASA- Tasserkidrilus americanus 0 Howmiller & Formerly T. Kessler i in both Lauritsen et al.
MER Scott 1977 1985 and Krieger
LIM- Limnodrilus profundicola 0 Howmiller & Same classification as Krieger 1984 & Lauri-
PROF Scott 1977 tsen et al. 1985
RHYMO Rhyacodrilus montana 0 Krieger 1984 Same classification as Lauritsen et al. 1985
NT
RHYSP Rhyacodrilus spp. 0 Krieger 1984 Same classification as Lauritsen et al. 1985
SPINIK Spirosperma nikolskyi 0 Krieger 1984 Same classification as Lauritsen et al. 1985
(@)
STYHER | Stylodrilus heringianus 0 Howmiller & General agreement from all sources for this
| Scott 1977 taxon
TAS- Tasserkidrilus superiorensis 0 Krieger 1984 Same classification as Lauritsen et al. 1985
SUPE
AU- Aulodrilus americanus 1 Howmiller & Classification based on Aulodrilus sp.
LAMER Scott 1977
AULL- Aulodrilus limnobius 1 Milbrink 1983
IMN
AULPIG Aulodrilus pigueti 1 Milbrink 1983
U
ILYTEMP | llyodrilus templetoni 1 Krieger 1984 Same classification as Milbrink 1983 & Lauri-
tsen et al. 1985
ISOFRE Isochaetides freyi 1 Krieger 1984 Same classification as Lauritsen et al. 1985
Y
SPIFER Spirosperma ferox 1 Howmiller & Same classification as Krieger 1984 & Lauri-
(@) Scott 1977 tsen et al. 1985
AULPLU | Aulodrilus pluriseta 2 Milbrink 1983
R
LI- Limnodrilus angustipenis 2 Howmiller &
MANGU Scott 1977
LIMCER Limnodrilus cervix 2 Howmiller & Same as Milbrink 1983
\ Scott 1977
LIMCEC Limnodrilus cer- 2 Howmiller & Same as Milbrink 1983
L vix/claparedeianus Scott 1977
LIMCLAP | Limnodrilus claparedeianus 2 Howmiller & Same as Milbrink 1983
Scott 1977
LIM- Limnodrilus maumeensis 2 Howmiller &
MAUM Scott 1977
LIMUDE Limnodrilus udekemianus 2 Howmiller & Same as Milbrink 1983
K Scott 1977
POT- Potamothrix betodi 2 Milbrink 1983
BEDO
POT- Potamothrix moldaviensis 2 Milbrink 1983 | Same classification as Lauritsen et al. 1985
MOLD
POT- Potamothrix vejdovskyi 2 Milbrink 1983 | Same classification as Lauritsen et al. 1985
VEJD
QUIM- Quistadrilus multisetosus 2 Howmiller &
ULT Scott 1977
LIM- Limnodrilus hoffmeisteri 2 Milbrink 1983 | Differs from classification in Lauritsen et al.
HOFF 1985
TUBTUBI | Tubifex tubifex 0OOR3 Milbrink 1983 | Depends on densities of LIMHOFF and

STYHERI and total oligochaete density

Table 1. Trophic classifications for select mature lumbriculids and tubificids taken from Howmiller and Scott
(1977), Milbrink (1983) with additions from Kreiger (1984), Lauritsen et al. (1985). If Milbrink classifications dif-
fered from Howmiller and Scott, Howmiller and Scott was used.

Source: Riseng et al. 2014.
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Figure 1. Scatterplot of the index values for Milbrink’s (1983) Modified Environmental Index, applied to data from
GLNPO’s 1997 through 2012 summer surveys. Values ranging from 0 to less than 0.6 indicate oligotrophic condi-
tions (blue line); values from 0.6 to 1.0 indicate mesotrophic conditions (red line); and values greater than 1.0 indi-
cate eutrophic conditions. Data points represent the average of triplicate samples taken at each sampling site; imma-
ture specimens were included in the analysis for calculation of overall density used to establish the coefficient ¢ but
only mature specimens were used to calculate the number belonging to each ecological group of oligochaetes.
Source: 1997-2012 U.S. EPA GLNPO benthic data collected from permanent stations.
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Figure 2. Map of the Great Lakes showing the mean trophic status at each sampling site calculated for 2010-2012.
Trophic status was based on the modified trophic index for oligochaete worms from Milbrink (1983).

Source: 2010-2012 U.S. EPA GLNPO benthic data.
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Figure 3. Map of the Great Lakes showing sites with significant temporal trend in trophic status between 1997 and
2012. Sites without significant changes in oligochaete trophic index with time (“no change”, P > 0.10, linear regres-
sion), with marginally significant trends (“eutrophication or oligotrophication”, 0.05 < P < (.10) and with significant
trends (“strong eutrophication or oligotrophication”, P < 0.05) are indicated.

Source: 1997-2012 U.S. EPA GLNPO benthic data.
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Sub-Indicator: Diporeia
Open Water

Overall Assessment

Status: Poor

Trend: Deteriorating

Rationale: Abundances of the benthic amphipod Diporeia spp. continue to decline in Lakes Michigan, Huron
and Ontario. Abundances in Lake Superior are variable but overall trends are not apparent. Diporeia is cur-
rently extremely rare in Lake Erie and has likely been extirpated. In all the lakes where Diporeia has de-
clined, lower abundances first became apparent a few years after dreissenid mussels became established.
Because of high variability at depths < 30 m and a preference of Diporeia for offshore regions, trends in popu-
lations are best assessed at depths > 30 m. Assessments are restricted to the main basins of each of the lakes
since Diporeia, being a cold —water stenotherm, is not found in the shallow-warm bays and basins, nor in the
connecting channels. Since lake-wide assessments are mostly based on surveys every 5 years, temporal trends
can be considered mainly at this level of detail. Some regional assessments are made on an annual basis, and
these are included if data are available.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Unchanging

Rationale: Long term monitoring and studies of distribution patterns indicate that, although substantial temporal
variability can occur, there are no directional trends in abundances of Diporeia in the lake.

Lake Michigan

Status: Poor

Trend: Deteriorating

Rationale: Diporeia abundances continue to decline in Lake Michigan. A lakewide survey in 2010 indicated that
Diporeia is now extremely rare at depths < 90 m (297 ft.) over the entire lake (Figure 1). At depths > 90 m, this taxa
can still be found, but abundances were lower by 66 % compared to abundances found in 2005 (Figure 2). Recent
annual surveys (2012-2014) conducted in just the southern basin of Lake Michigan reveal continued declines since
2010 (Figure 4). A lakewide survey of the population occurred again in 2015 but results are not yet available.

Lake Huron

Status: Poor

Trend: Deteriorating

Rationale: Diporeia abundances continue to decline in Lake Huron. The most recent lakewide survey occurred in
2012, and abundances were lower compared to a similar survey in 2007 (Figures 1, 2, 3). Abundances are now <
100 m at depths 31-90 m and < 300 m™ at depths > 90 m.

Lake Erie

Status: Poor

Trend: Deteriorating

Rationale: Because of shallow, warm waters, Diporeia are naturally not present in the western basin and most of the
central basin. Diporeia declined in the eastern basin beginning in the early 1990s and have not been found in that
basin since 1998.

Lake Ontario

Status: Poor

Trend: Deteriorating

Rationale: Diporeia abundances continue to decline in Lake Ontario (Figures 1 and 2). The last lake-wide survey in
Lake Ontario occurred in 2013 and, of the 45 sites sampled, only a single individual was found. That individual
occurred at a 140-m site. Based on these results, this organism is near extirpation in Lake Ontario.
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Sub-Indicator Purpose
e The purpose of this sub-indicator is to show the status and trends in Diporeia populations, and to infer the
basic structure of cold-water benthic communities and the general health of the Great Lakes ecosystem.

Ecosystem Objective

The cold, deep-water regions of the Great Lakes should be maintained as a balanced, stable, and productive oligo-
trophic ecosystem with Diporeia as one of the key organisms in the food chain.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment (GLWQA) which states that the Waters of the Great Lakes should “support healthy and productive wetlands
and other habitats to sustain resilient populations of native species.”

Ecological Condition

This glacial-marine relic was once the most abundant benthic organism in cold, offshore regions (greater than 30 m
(98 ft) of each of the lakes. It was present, but less abundant in nearshore regions of the open lake basins, but natu-
rally absent from shallow, warm bays, basins, and river mouths. Diporeia occurs in the upper few centimetres of
bottom sediment and feeds on algal material that freshly settles to the bottom from the water column (i.e., mostly
diatoms). In turn, it is fed upon by most species of Great Lakes fish; in particular by many forage fish species, which
themselves serve as prey for the larger piscivores such as trout and salmon. For example, sculpin feed almost exclu-
sively upon Diporeia, and sculpin are eaten by lake trout. Also, lake whitefish, an important commercial species,
feeds heavily on Diporeia. Thus, Diporeia was an important pathway by which energy was cycled through the eco-
system, and a key component in the food web of offshore regions.

On a broad scale, abundances are directly related to the amount of food settling to the bottom, and population trends
reflect the overall productivity of the ecosystem. Abundances can also vary somewhat relative to shifts in predation
pressure from changing fish populations. In nearshore regions, this species is sensitive to local sources of pollution,
but because of varying conditions such as temperature fluctuations, substrate heterogeneity, and wave-induced tur-
bulence, it is difficult to assess population trends in this region.

Methods for estimating abundances of Diporeia are generally similar across the Great Lakes. Samples of bottom
substrates are collected with a Ponar grab and contents are washed through a screen (or net mesh) of 0.5-mm open-
ings. All Diporeia retained on the screen are immediately preserved, and later counted and identified. Densities are
reported as numbers per square metre. Nalepa et al. (2009) provides additional details on sampling methods and
abundances.

Diporeia populations are currently in a state of dramatic decline in all the lakes except Lake Superior (Figures 1 and
2). Based on the most recent surveys, Diporeia are present but continue to decline in lakes Michigan and Huron,
while it has likely been extirpated from Lake Erie and is near extirpation in Lake Ontario. The population in Lake
Superior, although highly variable, remains unchanged. Initial declines were first observed in all lake areas within
two to three years after zebra mussels (Dreissena polymorpha) or quagga mussel (Dreissena bugensis) first became
established. These two species were introduced into the Great Lakes in the late 1980s via the ballast water of ocean-
going ships. Reasons for the negative response of Diporeia to these mussel species are not entirely clear. One hy-
pothesis is that dreissenid mussels are out-competing Diporeia for available food. That is, large mussel populations
filter food material before it reaches the bottom, thereby decreasing amounts available to Diporeia. However, evi-
dence suggests that the reason for the decline is more complex than a simple decline in food because Diporeia have
completely disappeared from areas where food is still settling to the bottom and where there are no local populations
of mussels. Also, individual Diporeia show no signs of starvation before or during population declines. Further,
Diporeia and Dreissena apparently coexist in some lakes outside of the Great Lakes (i.e., Finger Lakes in New
York). Some studies suggest that the decline in Diporeia could be related to disease/parasites, but the findings are
often inconclusive and further work is needed in this area. Given the decline and disappearance of Diporeia in near-
shore regions, and very low abundances of Diporeia in offshore regions in each of the lakes except Lake Superior, it
seems that these present monitoring programs are adequate to detect population changes.

Linkages
Linkages of this sub-indicator to other sub-indicators in the indicator suite include:
e Impacts of Aquatic Invasive Species
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e Dreissenid Mussels
e Toxic Chemicals in Sediment

This sub-indicator also links directly to the other sub-indicators in the Habitat and Species indicator, particularly
Lake Trout, as lake trout are among the fish species that are energetically linked to Diporeia. Young lake trout feed
on Diporeia directly, while adult lake trout feed on sculpin, and sculpin feed heavily on Diporeia. Lake trout are a
top predator in the deep-water habitat, and therefore assessments of both Diporeia and lake trout provide an evalua-
tion of lower and upper trophic levels in the cold, deep-water habitat.

Comments from the Author(s)

The continuing decline of Diporeia has strong implications to the Great Lakes food web. As noted, many fish spe-
cies rely on Diporeia as a major prey item, and the loss of Diporeia has impacted many of these species. Fish re-
sponses include changes in diet, movement to areas with more food, or a reduction in weight or energy content. Im-
plications to fish populations include changes in distribution, abundance, growth, recruitment, and condition. Recent
evidence suggests that fish are already being affected. Studies have shown that populations of lake whitefish, an
important commercial species, have been affected, as well as fish species that serve as prey for salmon and trout
such as alewife, sculpin, and bloater.

Because of the rapid rate at which Diporeia has declined in many areas, and its significance to the food web, agen-
cies committed to documenting trends should report data in a timely manner. The population decline has a defined
natural pattern, and studies of food web impacts should be spatially well coordinated. Also, studies to define the
cause of the negative response of Diporeia to Dreissena should continue and build upon existing information. Po-
tential areas of study are physiological and biochemical responses of Diporeia to Dreissena, and influence of poten-
tial pathogens, including bacteria and viruses. With an understanding of exactly why Diporeia populations are de-
clining, one may better predict what additional areas of the lakes are at risk. Also, by better understanding the cause,
one can better assess the potential for population recovery if dreissenid populations significantly decline.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St.rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X

3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data
are appropriate to the Great Lakes Basin

5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report
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List of Figures

Figure 1. Mean densities (number per square metre) of the amphipod Diporeia spp. from sites at 31-90 m in lakes
Michigan, Huron, and Ontario, 1995 — 2014. Data are from lake-wide surveys conducted mostly at 5-year intervals.
Lake Michigan = triangles, dashed line (blue); Lake Huron = squares, dot-dash line (red); Lake Ontario = circles,
solid line (black).

Sources: Watkins et al. 2007; Birkett et al. 2015; Great Lakes Environmental Research Lab, NOAA

Figure 2. Mean densities (number per square metre) of the amphipod Diporeia spp. from sites at > 90 m in lakes
Michigan, Huron, and Ontario, 1995 - 2014. Data are from lake-wide surveys conducted mostly at 5-year intervals.
Lake Michigan = triangles, dashed line (blue); Lake Huron = squares, dot-dash line (red); Lake Ontario = circles,
solid line (black).

Sources: Watkins et al. 2007; Birkett et al. 2015; Great Lakes Environmental Research Lab, NOAA

Figure 3. Diporeia population density (No. m?x 10%) declines in Lake Huron, 2000 — 2012.
Source: Great Lakes Environmental Research Lab, NOAA
Figure 4. Mean densities (number per square metre) of the amphipod Diporeia spp. in southern Lake Michigan,

reported by depth: < 30 m (squares, solid line); 31-90 m (triangles, long dashed line); and > 90 m (circles, short
dashed line), 2010-2014. Note that the axis scale is greatly reduced compared to Figures 1 and 2.
Source: Great Lakes Environmental Research Lab, NOAA
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Figure 1. Mean densities (number per square metre) of the amphipod Diporeia spp. from sites at 31-90 m in lakes

Michigan, Huron, and Ontario, 1995 — 2014.

Data are from lake-wide surveys conducted mostly at 5-year intervals. Lake Michigan = triangles, dashed line
(blue); Lake Huron = squares, dot-dash line (red); Lake Ontario = circles, solid line (black).
Sources: Watkins et al. 2007; Birkett et al. 2015; Great Lakes Environmental Research Lab, NOAA
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Figure 2. Mean densities (number per square metre) of the amphipod Diporeia spp. from sites at > 90 m in lakes
Michigan, Huron and Ontario, 1994 - 2013

Data are from lake-wide surveys conducted mostly at 5-year intervals. Lake Michigan = triangles, dashed line
(blue); Lake Huron = squares, dot-dash line (red); Lake Ontario = circles, solid line (black).

Sources: Watkins et al. 2007; Birkett et al. 2015; Great Lakes Environmental Research Lab, NOAA
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Figure 3. Diporeia population density (No. m?x 10°) declines in Lake Huron, 2000 — 2012.
Source: Great Lakes Environmental Research Lab, NOAA
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Figure 4. Mean densities (number per square metre) of the amphipod Diporeia spp. in southern Lake Michigan,
reported by depth: < 30 m (squares, solid line); 31-90 m (triangles, long dashed line); and > 90 m (circles, short
dashed line), 2010 - 2014. Note that the axis scale is greatly reduced compared to Figures.1 and 2.

Source: Great Lakes Environmental Research Lab, NOAA
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Sub-Indicator: Prey fish
Open water

Overall Assessment:

Status: Fair

Trend: Undetermined

Rationale: Prey fish communities across the Great Lakes continue to change, although the direction and
magnitude of those changes are not consistent across the lakes. The metrics used to categorize prey fish status
in this and previous periods are based on elements that are common among each of the lake’s Fish
Community Objectives and include diversity and the relative role of native species in the prey fish
communities. The diversity index categorized three of lakes as ‘fair’, while Superior and Erie were ‘good’
(Table 1). The short term trend, from the previous period (2008-2010) to the current period (2011-2014)
found diversity in Erie and Superior to be unchanging, but the other three lakes to be ‘deteriorating’,
resulting in an overall trend categorization of ‘undetermined’ (Table 1). The long term diversity trend
suggested Lakes Superior and Erie have the most diverse prey communities although the index for those prey
fish have been quite variable over time (Figure 1). In Lake Huron, where non-native alewife have
substantially declined, the diversity index has also declined. The continued dominance of alewife in Lake
Ontario (96% of the prey fish biomass) resulted in the lowest diversity index value (Figure 1). The
proportion of native species within the community was judged as ‘good’ in Lakes Superior and Huron, ‘fair’
in Michigan and Erie and ‘poor’ in Ontario (Table 2). The short term trend was improving in in all lakes
except Michigan (‘deteriorating”) and Ontario (‘unchanging’), resulting in an overall short term trend of
‘undetermined’ (Table 2). Over the current period, Lake Superior consistently had the highest proportion
native prey fish (87%) while Lake Ontario had the lowest (1%0) (Figure 2). Lake Michigan’s percent native
has declined as round goby increase and comprises a greater proportion of the community. Native prey fish
make up 51% of Lake Erie, although basin-specific values differed (Figure 2). Most notably, native species in
Lake Huron comprised less than 10% of the community in 1970, but since alewife have declined, now
represent nearly 80% of the community (Figure 2). Prey fish data are most consistent for in-lake populations,
which are reported here; data from connecting channels was not consistently available across the basin.
Abundance was not used to judge prey fish status since successful, basin-wide management actions, including
mineral nutrient input reductions and piscivore restoration, both inherently reduce prey fish abundance.
However, recent abundance trends as they relate to predator prey balance are referenced, such as in Lakes
Michigan and Huron where piscivore stocking is being reduced to lower predation demand on prey fish
populations and maintain sport fisheries.

Lake-by-Lake Assessment:

Lake Superior

Status: Good

Trend: Unchanging

Rationale: The average prey fish diversity index of the current reporting period (2011-2014) was 79% of the
maximum value in the time series and the proportion of native species by biomass in the prey fish community was
87%. As these values are greater than 75%, the status of Lake Superior was categorized as ‘good’. There was little
change in the metrics between the current reporting period and the previous period (2008-2010). Despite
fluctuations and current lower overall density, the Lake Superior prey fish community is considered healthy due to
the high number of different native species present, the high proportion of biomass of native versus non-native
species, and the ability of the prey fish community to support a health sustaining predator fish population. More
recently biologists have become concerned that Lake Superior prey fish abundance is declining and may potentially
influence native, sport and commercial fisheries.

Lake Michigan

Status: Fair

Trend: Deteriorating

Rationale: The average prey fish diversity index of the current reporting period (2011-2014) was 72% of the
maximum value in the time series and the proportion of native species by biomass in the prey fish community was
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48%. As these values are between 75% and 25%, the status of Lake Michigan is categorized as ‘fair’. Both metrics
were lower in the current reporting period relative to the previous reporting period (2008-2010) resulting a trend of
‘deteriorating’.

Lake Huron

Status: Fair

Trend: Undetermined

Rationale: The average prey fish diversity index of the current reporting period (2011-2014) was 47% of the
maximum value in the time series and the proportion of native species by biomass in the prey fish community was
77%. These values are categorized as “fair’ and ‘good’, respectively, and the final status was conservatively based
on the lowest status. The trend was ‘undetermined’ since between the current and previous reporting periods the
proportion of native species increased but the diversity index declined slightly.

Lake Erie

Status: Fair

Trend: Improving

Rationale: The average prey fish diversity index of the current reporting period (2011-2014) was 77% of the
maximum value in the time series and the proportion of native species by biomass in the prey fish community was
49%. These values are both categorized as ‘good’ and “fair’, respectively, based on our sub-indicator description.
The overall trend was judged to be ‘improving’ since the variable diversity index was similar to the overall trend
from the previous reporting period, but the proportion of native prey fish has continued to increase over the time
series.

Lake Ontario

Status: Poor

Trend: Deteriorating

Rationale: The average prey fish diversity index of the current reporting period (2011-2014) was 25% of the
maximum value in the time series, a value determined to be at the lowest end of the “fair’ categorization, while the
proportion of native species was judged as ‘poor’ representing only 1% of the total. The overall status of Lake
Ontario was categorized as ‘poor’ while the unchanging trend in proportion native and declining diversity trend
resulted in an overall trend assessment of ‘deteriorating’.

Sub-Indicator Purpose:
The purpose of this sub-indicator is to report on the status of the Great Lakes’ prey fish communities as they relate
to community diversity and proportion of native species.

Ecosystem Objective:

Ecosystem objectives are based on the lake-specific Fish Community Objectives (FCO) that pertain to prey fish.
These FCOs are developed by each of the respective Lake Committees and the Great Lakes Fishery Commission
(GLFC).

Lake Superior: Fish Community Goal — ““To rehabilitate and maintain a diverse, healthy, and self-regulating fish
community, dominated by indigenous species and supporting sustainable fisheries. Additional principals note:
“Preservation of indigenous species is of the highest concern” (Horns et al. 2003).

Lake Michigan: Planktivore Objective — “Maintain a diversity of planktivore (prey) species at population levels
matched to primary production and to predator demands. Expectations are for a lakewide planktivore biomass of
0.5 to 0.8 billion kg.”” (Eshenroder et al. 1995).

Lake Huron: Prey Objective — “Maintain a diversity of prey species at population levels matched to primary
production and to predator demands. Emphasis is placed on species diversity and self-regulation of the fish
community” (DesJardine et al. 1995).

Lake Erie: Forage Fish Objective — “Maintain a diversity of forage fishes to support terminal predators and to sus-
tain human use™ (Ryan et al. 2003).
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Lake Ontario: Offshore Pelagic Zone Objective- “Increase prey-fish diversity — maintain and restore a diverse prey-
fish community that includes Alewife, Lake Herring (Cisco), Rainbow Smelt, Emerald Shiner, and Threespine Stick-
leback. Status and trend indicators are 1) maintaining or increasing populations and increasing species diversity of
the pelagic prey fish community including introduced species (Alewife, Rainbow Smelt) and selected native prey fish
species (Threespine Stickleback, Emerald Shiner and Lake Herring (Cisco)); and 2) increasing spawning popula-
tions of native Lake Herring (Cisco) in the Bay of Quinte, Hamilton Harbor, and Chaumont Bay”” (Stewart et al.
2013).

Ecological Condition:

Lake Superior, Status: Good, Trend: Unchanging

Observations from Lake Superior suggest the prey fish community is both diverse and primarily composed of native
species resulting in a status categorization of good and an unchanging trend. These metrics support the idea that the
Lake Superior food web and fish community is the least-impacted of the five lakes. Unlike the other Great Lakes
that have a variety of non-native prey fish, Rainbow Smelt are the only non-native prey that contributes to the Lake
Superior community. Diversity changes illustrated across the time series are primarily driven by fluctuations in the
coregonid populations which are known to exhibit variable year class strength.

Lake Michigan, Status: Fair, Trend: Deteriorating

Based on the two metrics of this sub-indicator, Lake Michigan prey fish status remains fair, however trends suggest
the community is changing in ways that are inconsistent with the stated fish community objectives. The decline in
proportion of native species was primarily driven by decreased proportions of bloater and increased proportions of
non-native round goby. Diversity index declines were the result of round goby and alewife comprising
proportionally more of the catch and proportional declines in bloater and slimy sculpin, although the current
diversity index is similar to the long term average. Recently, declines in Lake Michigan prey fish abundance
(primarily alewife) have caused resource management to reduce native and sport fish stocking levels in an effort to
reduce predation on prey fish populations and maintain sport fisheries (Tsehaye et al., 2014).

Lake Huron Status: Fair, Trend: Undetermined

Across the entire period of observation the Lake Huron prey fish community has arguably seen the most change.
The prey fish community was dominated by non-native alewife and rainbow smelt from the 1970s through the early
2000s then abruptly shifted to a community dominated by native bloater after alewife populations severely declined
(Dunlop and Riley, 2013). This change has been attributed to physical factors, bottom-up influences of reduced
mineral nutrients, proliferation of dreissenids mussels, as well as top-down forces by increasing populations of
naturally reproduced piscivorous lake trout and Pacific Salmon (Dunlop and Riley, 2013; Kao et al., 2016).
Interestingly, this shift towards a more native community has also resulted in an overall decline in prey fish diversity
as measured by the index used in this analysis. The diversity decline is also partly driven by the decline of
deepwater sculpin in bottom trawls. This species historically comprised approximately 5% of the community
biomass but has declined to 1% of the total.

Lake Erie Status: Fair, Trend: Improving

Lake Erie status, as the warmest and most nutrient-rich Great Lake, likely explains the high prey fish diversity
observed since 1990. Although variable, the proportion of native species observed in bottom trawls has generally
increased over the period of observation although some specific native species are generally in decline such as Silver
Chub (McKenna Jr and Castiglione, 2014). It is important to note that bottom trawl observations of prey fish from
Lake Erie are based on basin-specific surveys by various agencies. Results are reported according to a lake-wide
standardized numerical density as opposed to surveys from other lakes that are reported as biomass density.

Lake Ontario, Status: Poor, Trend: Unchanging

Over the period of observation, the Lake Ontario prey fish community has been dominated by a single, non-native
species, alewife. This results in low and unchanging metrics for prey fish diversity and proportion of native species
between this and the previous reporting periods. Across the time series the proportional importance of alewife
increased from 50-65% of the community to more recently over 96% of the prey fish community. This change was
primarily driven by a steady decrease in the proportional importance of non-native rainbow smelt. The benthic prey
fish community, once dominated by native slimy sculpin, is now primarily composed of non-native round goby with
lower abundances of slimy sculpin and the rebounding native deepwater sculpin. Alewife’s dominance drives both
reported metrics to low values but their high abundance supports abundant and fast-growing populations of stocked
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lake trout and Pacific Salmon. Active management efforts to improve Lake Ontario prey fish diversity and restore
native species began in 2012. Efforts included reintroducing previously-extirpated bloater from Lake Michigan to
Lake Ontario and enhancing the remnant native Cisco population by stocking historically-important spawning
locations.

Linkages:
As an intermediate trophic level within Great Lakes food webs, prey fish are closely linked with many of the other
sub-indicators including those addressing nutrients, physical properties, lower tropic levels and predators. Some
examples of those linkages include:

e Nutrients in Lakes — fuels the food web supporting prey fish

e  Zooplankton —primary food of most prey fish

e Benthos — benthic invertebrates are primary food of some prey fish

e Diporeia — important food of some prey fishes, generally declining

e Dreissenid mussels —provide food for round goby, alter lower trophic levels that support prey fish
e  Surface Water Temperature — drives prey fish energetics and behavior

o Water Levels — regulator of habitat and spawning habitat

e Lake Trout — native predator of prey fish

o Walleye — native predator of prey fish

Comments from the Author(s)

This sub-indicator report is one of the first to provide readily-interpretable, consistent metrics that illustrate prey fish
status across all five Great Lakes. Focusing on prey fish diversity and the proportion of native species across the
basin, this report builds on our understanding of Great Lakes prey fish dynamics such as those illustrated in
aggregate across lakes (Bunnell et al. 2014) or by individual species in each lake such as those illustrated in Gorman
and Weidel (2015). Diversity in both prey fish communities and how they are surveyed across the basin make it
difficult to compare their status along a common gradient. The metrics reported herein were selected based on the
availability of similar data from each lake and common elements found in each of the Lake Committee-created Fish
Community Objectives. For example, the terms diverse or diversity appear in each of the respective lake Fish
Community Objectives. Similarly, the importance of native or indigenous prey fish species is directly referenced or
mentioned in supporting principals of four of the five Fish Community Objectives. In contrast to previous prey fish
indicator reports, prey fish abundance was not directly used as a specific judging metric. Prey fish abundance
depends heavily on intentionally-implemented management actions, specifically nutrient load reductions and
piscivore stocking. These actions improved Great Lakes ecosystems and their services however their success
naturally resulted in reduced prey fish abundance, confounding the utility of abundance as an indicator.

A number of factors likely influence the data and results used to judge this sub-indicator including how the data
were collected, the use of raw or model-based estimates, the metrics chosen, and the thresholds used to create
categories. Data used to judge this sub-indicator came from bottom trawls, however these gears do not catch all
species in equal proportion to their true abundance (catchability) and that catchability can be altered by the
environment (Kocovsky and Stapanian, 2011). Most notably the proportional importance of pelagic species
including alewife, rainbow smelt, bloater and cisco is likely under represented by these gear types. Warner et al.
2015 noted that yearly Lake Michigan alewife biomass estimates generated by acoustic surveys were 4.5 times
greater than bottom trawl-based estimates across a 20+ year time series. In Lake Superior acoustic surveys yielded
greater abundances and more precise estimates of Cisco as compared to bottom trawls (Stockwell et al., 2006). In
addition, seasonal survey timing and methodologies likely influence interpretations. Weidel et al. (2015) illustrated
the biomass density of round goby in Lake Ontario differed by an order of magnitude (10x) between a spring survey
that used a trawl designed to avoid Dreissena mussels and a fall survey that employed the more traditional bottom
trawl. Admittedly, the choice of metrics to illustrate prey fish community diversity is imperfect and intended serve
as a starting point from which to improve. While the Shannon index is commonly applied to describe “diversity” it
has both notable flaws and utility (Hurlbert, 1971; Jost, 2006). Finally, theoretical or widely-agreed upon thresholds
for what constitutes a prey fish community as ‘good’, “fair’, or “poor’ do not exist. Future indicator-type reports
would benefit from thoughtful discussion and thorough examination of how these potential sources of bias and
threshold choices influence this sub-indicator and our understanding of prey fish in the Great Lakes.

An important component missing from this sub-indicator but conspicuous across the prey fish-related Fish
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Community Objectives is the idea of managing prey fish in balance with their food supply or the number of
predators. Potential metrics that could be used in future reports to ‘judge’ this balance include predator:prey biomass
ratios or a simpler approach that uses the condition (fatness) or relative weights of prey fish and predators as
integrated indicators of predator prey balance.

Assessing Data Quality:

Strongly Neutral or Strongly

Data Characteristics Agree Disagree
Agree g Unknown g

Not

Disagree | Applicable

1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization

2. Data are traceable to original sources X

3. The source of the data is a known,
reliable and respected generator of data

4. Geographic coverage and scale of data
are appropriate to the Great Lakes basin

5. Data obtained from sources within the
U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data
are documented and within acceptable X
limits for this sub-indicator report
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Figure 1. Shannon Diversity index values for Great Lakes prey fish communities.

Source: Data primarily derive from bottom trawl surveys conducted by US federal and state and Canadian provincial
agencies.

Figure 2. Proportion of native species in Great Lakes prey fish communities.

Source: Data primarily derive from bottom trawl surveys conducted by US federal and state and Canadian provincial

agencies.

Last Updated:
State of the Great Lakes 2017 Technical Report

Lake Percent of Current Avg. Previous Avg. Longterm Status Trend
maximum  (2011-2014)  (2008-2010) Avg.
Superior 79% 1.33 1.27 1.26 Good  Unchanging
Michigan 72% 1.23 1.60 1.17 Fair  Deteriorating
Huron 47% 0.73 0.76 1.08 Fair  Deteriorating
Erie 7% 1.60 1.70 1.60 Good Unchanging
Ontario 25% 0.25 0.31 0.57 Fair  Deteriorating

Table 1. Diversity index status and trends for Great Lakes prey fish. Diversity is represented by the Shannon
index and status categories are based on the average value of the current reporting period (2011-2014) relative
to the maximum value observed in the time series for a given lake. To attain as status of ‘Good’ the current
period average diversity index must be 75% or more of the maximum value observed in the time series;
similarly, the ‘Poor’ status represents average values that are less than 25% of the maximum observed index
value. Trend judgement is based on comparisons between the current and previous period (2008-2010) average.

Lake Current Previous Longterm Status Trend
Superior 87% 83% 83% Good Improving
Michigan 48% 64% 64% Fair Deteriorating

Huron 77% 69% 36% Good  Improving

Erie 49% 30% 35% Fair Improving

Ontario 1% 1% 5% Poor Unchanging

Table 2. The proportion of native species in the bottom trawl prey fish samples
describes the status and trends for Great Lakes prey fish. For this sub-
indicator’s categorization, status categories are ‘Good’ if the average
proportion native for the current period (2011-2014) is equal to or greater than
75% and ‘Poor’ if that value is less than 25%, and ‘Fair” otherwise.
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Lake Status Trend
Superior Good Unchanging
Michigan Fair Deteriorating

Huron Fair Undetermined

Erie Fair Improving

Ontario Poor Deteriorating

Table 3. Overall assessment for prey fish communities of
the Great Lakes as determined by the community
diversity index and proportion native species.
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Figure 1. Shannon Diversity index values for Great Lakes prey fish communities.

Source: Data primarily derive from bottom trawl surveys conducted by US federal and state and Canadian provincial
agencies.
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Figure 2. Proportion of native species in Great Lakes prey fish communities.
Source: Data primarily derive from bottom trawl surveys conducted by US federal and state and Canadian provincial
agencies.
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Sub-Indicator: Lake Sturgeon

Overall Assessment

Status: Poor

Trend: Improving

Rationale: There are remnant populations of Lake Sturgeon in each basin of the Great Lakes, but few of
these populations are large. Progress continues as agencies learn more about population status in many trib-
utaries and the Great Lakes proper. Confirmed observations and captures of Lake Sturgeon continue to in-
crease in all lakes. Stocking is contributing to increased abundance in some areas. The trend for the overall
and lake-by-lake assessments are improving over the last ten years based on increased observations, stocking,
and habitat restoration efforts. There remains a need for information on some remnant spawning popula-
tions. In many areas habitat restoration is needed because spawning and rearing habitat has been destroyed
or altered, or access to it has been blocked.

Lake-by-Lake Assessment
Lake Superior

Status: Poor

Trend: Improving

Rationale: Populations meet all rehabilitation criteria in two Lake Superior tributaries and most criteria in four other
rivers. Reproduction occurs in at least 10 tributaries and Lake Nipigon. Abundance is increasing through natural
reproduction and limited stocking.

Lake Michigan

Status: Poor

Trend: Improving

Rationale: Remnant populations persist in at least nine tributaries. Natural recruitment supports stable or growing
populations in at least four of these. Streamside hatcheries are being used to rear and stock fingerlings to help reha-
bilitate two populations and reintroduce populations to four other rivers.

Lake Huron (including St. Mary’s River)

Status: Poor

Trend: Improving

Rationale: Consistent Lake Sturgeon spawning occurs in five tributaries, the Garden, Mississaugi, Spanish, and
Nottawasaga Rivers, as well as at the upper St. Clair River. Stocks of mixed sizes are consistently captured in the
North Channel, Georgian Bay, southern Lake Huron and Saginaw Bay.

Lake Erie (including the St. Clair, Detroit, and Niagara rivers)

Status: Poor

Trend: Improving

Rationale: Lakewide incidental catches since 1992 indicate a possible improvement in their status in Lake Erie.
Spawning occurs in the Detroit and St. Clair Rivers, connecting Lakes Huron and Erie and habitat restoration efforts
in this system have created an additional five spawning locations over the last ten years. Spawning is suspected in
Buffalo Harbor and the upper Niagara River, connecting Lakes Ontario and Erie. A restoration plan and stocking
program are being developed for the Maumee River.

Lake Ontario (including the Niagara and St. Lawrence rivers)

Status: Poor

Trend: Improving

Rationale: Lakewide incidental catches since 1995 indicate a possible improvement in their status. Spawning oc-
curs in the lower Niagara River, Trent River, and Black River. There are sizeable populations within the Ottawa and
St. Lawrence River systems. Stocking for restoration began in 1995 in New York.
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Sub-Indicator Purpose
e The purpose of this sub-indicator is to measures status and trends in population abundance of key life
stages, distribution, habitat utilization, and recruitment of Lake Sturgeon in the Great Lakes and their
connecting waterways and tributaries. Lake Sturgeon are representative of healthy fish communities in
major habitats of the Great Lakes and support valuable fisheries in the Great Lakes and that reflect
ecosystem health through their roles in the aquatic food web.

Ecosystem Objective

Conserve, enhance, or rehabilitate self-sustaining populations of Lake Sturgeon where the species historically oc-
curred and at a level that will permit all state, provincial and federal de-listings of classifications that derive from
degraded or impaired populations (e.g. threatened, endangered or at risk species).

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

Background

Lake Sturgeon (Acipenser fulvescens) were historically abundant in the Great Lakes with spawning populations us-
ing many of the major tributaries, connecting waters, and shoal areas across the basin. Prior to European settlement
of the region, they were a dominant component of the nearshore benthivore fish community, with populations esti-
mated in the millions in each of the Great Lakes (Baldwin et al. 1979). In the mid- to late 1800s, they contributed
significantly as a commercial species ranking among the five most abundant species in the commercial catch (Bald-
win et al. 1979, Figure 1).

The decline of Lake Sturgeon populations in the Great Lakes was rapid and commensurate with habitat destruction,
degraded water quality, and intensive fishing associated with settlement and development of the region. Sturgeon
were initially considered a nuisance species of little value by European settlers, but by the mid-1800s, their value as
a commercial species began to be recognized and a lucrative fishery developed. In less than 50 years, their abun-
dance had declined sharply, and since 1900, they have remained a highly depleted species of little consequence to
the commercial fishery. Sturgeon are now extirpated from many tributaries and waters where they once spawned and
flourished (Figures 2-7). They are considered rare, endangered, threatened, or of watch or special concern status by
the various Great Lakes fisheries management agencies. Their harvest is currently prohibited or highly regulated in
waters of the Great Lakes.

Status of Lake Sturgeon

Efforts continue by many agencies and organizations to gather information on remnant spawning populations in the
Great Lakes. Most sturgeon populations continue to sustain themselves at a small fraction of their historical abun-
dance. In many systems, access to spawning habitat has been blocked and other habitats have been altered. Howev-
er, there are remnant populations in each basin of the Great Lakes and some of these populations are large in number
(tens of thousands of fish, Figures 3-7). Genetic analysis has shown that Great Lakes populations are regionally
structured and show significant diversity within and among lakes (DeHaan et al. 2006, Welsh et al. 2008).

Lake Superior

The fish community of Lake Superior remains relatively intact in comparison to the other Great Lakes (Bronte et al.
2003). Historic and current information indicate that at least 21 Lake Superior tributaries supported spawning Lake
Sturgeon populations (Holey et al 2000; Quinlan 2007). Successful reproduction was confirmed in the St. Louis
River in spring 2011 through capture of larval sturgeon. In the White River, Ontario successful spawning was im-
plied through the identification of a staging and spawning location (C. Avery, AOFRC, pers. comm.). Lake Stur-
geons currently reproduce in 11 Lake Superior tributaries. The Lake Sturgeon Rehabilitation Plan for Lake Superior
(Auer 2003) serves as the guiding document for agency activities. Populations in the Sturgeon River, Michigan, and
Bad River, Wisconsin, meet rehabilitation plan criteria for self-sustaining populations (Auer 2003, Auer and Baker
2007, GLIFWC unpublished data, Quinlan 2007, Quinlan et al. 2010). Improvements in assessment techniques have
provided better estimates of lakewide abundance (Auer and Baker 2007, Schram 2007, and GLIFWC unpublished
data). The estimated combined annual spawning run population size in the Bad and White rivers, Wisconsin, was
844 individuals, 666 in the Bad River and 178 in the White River (Schloesser and Quinlan 2011). The estimated
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number of Lake Sturgeon in annual spawning runs in the Sturgeon River, Michigan range from 350 to 400 adults
(Auer and Baker 2007). The abundance of juvenile Lake Sturgeon was estimated at 4,977 (95% CI 3,295-7,517) in
Goulais Bay, eastern Lake Superior (Pratt et al. 2014). Lake Sturgeon abundance in Goulais Bay is the highest
measured in Lake Superior (Schloesser 2014). Stocking in the St. Louis River, Minnesota and Ontonagon River,
Michigan have resulted in increases in abundance in localized areas. Genetic analysis has shown that Lake Sturgeon
populations in most areas of Lake Superior, except eastern waters, are distinct from one another and significantly
different from those in the other Great Lakes (Welsh et al. 2008).

Studies and assessments continue in embayments and nearshore waters associated with each of the 21 historic
spawning tributaries. A key study on the Kaministiquia River, Ontario, examined the effect of controlled flow re-
gimes at Kakabeka Falls on the migratory behavior and reproductive response of Lake Sturgeon from 2002-2009
(Friday 2009). Habitat (substrate type and water depth) for adult and juvenile fish was geo-referenced and quantified
using hydroacoustics in the Kaministiquia River, Ontario (Biberhofer and Prokopec 2005) and Bad River (Cholwek
et al. 2005). Habitat preference of stocked sturgeon in the Ontonagon and St. Louis rivers was described using radio
telemetry (Fillmore 2003, 1854 Treaty Authority unpublished data). Due to potential for overexploitation, sport fish-
ing regulations in Ontario waters have been changed to eliminate harvest. There remains a prohibition of commer-
cial harvest of Lake Sturgeon in Lake Superior. Regulation of recreational and subsistence/home use harvest in Lake
Superior varies by agency.

In 2011 and 2016, fishery agencies conducted coordinated lakewide Lake Sturgeon index surveys to evaluate trends
in abundance and biological characteristics associated with all known current and historic Lake Sturgeon popula-
tions. Despite progress, challenges remain. Spawning runs are absent in 10 of 21 historic spawning tributaries, and
data gathered has provided evidence for only two populations to meet targets identified in the 2003 Rehabilitation
Plan. Overall, Lake Sturgeon abundance remains a small fraction of historical abundance, estimated at 870,000
(Hay-Chmielewski and Whelan 1997).

Lake Michigan

Sturgeon populations in Lake Michigan continue to sustain themselves at a small fraction of their historical abun-
dance. An optimistic estimate of the lakewide adult abundance is less than 10,000 fish, well below 1% of the most
conservative estimates of historic abundance (Hay-Chmielewski and Whelan 1997). Remnant populations currently
are known to spawn in waters of at least nine tributaries having unimpeded connections to Lake Michigan
(Schneeberger et al. 2005, Elliott 2008, Clapp et al. 2012). Two rivers, the Menominee and Peshtigo, appear to sup-
port annual spawning runs of 200 or more adults. Six rivers, the Manistee, Muskegon, Grand, Kalamazoo, Fox

and Oconto, appear to support annual spawning runs of between 20 and 100 adults, and smaller numbers of sturgeon
in spawning condition have been captured or observed in the lower Mansitique and St. Joseph rivers (Baker 2006;
Elliott and Gunderman 2008; K. Smith, unpublished data). Successful reproduction has been documented in eight of
these rivers, and age O juveniles can be captured regularly in many of these rivers. Recent recruitment estimates
have been made from research efforts in the Peshtigo River indicating that in some years, several hundred fall re-
cruits are produced from that system (Caroffino et al. 2007), and research and assessment efforts in the Manistee
and Muskegon rivers indicate significant recruitment from those systems as well (K. Smith, MDNR, personal com-
munication). In addition, abundance of spawners in some rivers appears to have increased in the last decade, indicat-
ing that increased recruitment may have been occurring for several years in some rivers. Some Lake Sturgeon have
been observed during spawning times in a few other Lake Michigan tributaries such as the Cedar, Millecoquins and
Boardman rivers, and near some shoal areas where sturgeon are thought to have spawned historically, but it is not
known if spawning occurs in these systems. A large self-sustaining population exists in the Lake Winnebago system
upstream of the lower Fox River. This population spawns in the Wolf and Upper Fox rivers and supports an active
winter recreational spear fishery. The upper Menominee River also supports two self-sustaining populations which
are separated from each other and from the lower Menominee River population by several dams. These populations
also support a limited hook and line fishery in the fall of each year.

Active management in the form of reintroduction and rearing assistance stocking has been implemented in seven
Lake Michigan basin tributaries. To date, over 30,000 fingerling sturgeon have been stocked into these rivers using
Streamside Rearing Facilities. Since 2005, Lake Sturgeon have been reared from eggs to fingerling size using
streamside hatcheries and stocked into the Milwaukee, Kewaunee, Cedar and Whitefish rivers, all rivers where stur-
geon were considered extirpated for some time. Streamside rearing facilities have also been used on the Manistee
River (since 2003, Holtgren et al 2007) and the Kalamazoo River (since 2011) to rear fingerling sturgeon from wild
fertilized eggs and larva collected from these rivers to help increase survival during early development and boost
population growth. Over the next 20-25 years, these stocking efforts are intended to rebuild self-sustaining popula-
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tions that use these rivers to spawn. Stocking has also occurred in the upper Menominee River for many years and in
portions of the Winnebago system. Though limited recreational harvest is allowed in both the upper Menominee
River and the Winnebago system, no harvest is allowed from other Lake Michigan tributaries or from Lake Michi-
gan. Habitat evaluations have been conducted in many sturgeon tributaries within the Lake Michigan basin (Daugh-
erty et al. 2008) and have guided habitat and flow restoration projects and fish passage via dam removal and instal-
lation of fish passage facilities. A fish elevator for upstream passage and downstream bypass facilities began opera-
tion on the lower Menominee River in 2015.

Lake Huron

Lake Sturgeon populations continue to be well below estimated historical levels. Spawning has been identified in the
Garden, Mississaugi and Spanish rivers in the North Channel, and in the Moon, Musquash, and Nottawasaga rivers
in Georgian Bay. Spawning also continues to occur at the mouth of the St. Clair River in southern Lake Huron.
Spawning surveys in the Mississaugi and Nottawasaga Rivers have consistently captured hundreds of Lake Sturgeon
while over 50 fish are commonly captured during surveys in the Spanish River. The spawning population at the
mouth of the St. Clair River in southern Lake Huron contains one of the largest populations of Lake Sturgeon in the
Great Lakes with an estimated population near 30,000 individuals (Chiotti et al. 2013). Research in the Saginaw
River watershed in 2005 — 2007 indicated that Lake Sturgeon are no longer spawning in that watershed, although
sufficient spawning habitat does exist below the Dow Dam (Midland, MI) on the Tittabawassee River, and below
the Hamilton Dam (Flint, MI) on the Flint River (Boase 2007). Also, creation of rock ramps at the Chesaning Dam
(Chesaning, MI) on the Shiawassee River and Frankenmuth Dam (Frankenmuth, MI) on the Cass River now allows
Lake Sturgeon passage and access to approximately 40 miles (64 kilometres) and 73 miles (117 kilometres), respec-
tively above each former dam site. Research since 2007 on the St. Marys River system has yet to determine a
spawning stock of Lake Sturgeon, however anecdotal evidence of spawning behavior exists (A. Moerke, LSSU,
personal communication) Spawning activity has been observed in a number of new locations including the Moon
and Musquash rivers in eastern Georgian Bay and the Manitou River on Manitoulin Island. Barriers and habitat
degradation in Michigan’s and Ontario’s tributaries to Lake Huron continue to be a major impediment to successful
rehabilitation in Lake Huron.

Stocks of Lake Sturgeon in Lake Huron are monitored by various resource management agencies along with the
volunteer efforts of commercial fishers. To date the combined efforts of researchers in U.S. and Canadian waters
have resulted in over 7,000 sturgeon tagged in Saginaw Bay, southern Lake Huron, Georgian Bay and the North
Channel, with relatively large stocks of mixed sizes being captured at each of these general locations. Tag recover-
ies, telemetry studies, and genetic collections indicate that Lake Sturgeon are moving within and between jurisdic-
tional boundaries and between lake basins. There is currently no commercial or recreational harvest of Lake Stur-
geon in Lake Huron. Regulation of subsistence harvest in Lake Huron varies by agency and is largely unknown.

In an effort to assess basin-wide juvenile abundance in Lake Huron, eleven tributaries were sampled in 2012 and
2013 using a protocol successful in capturing juvenile Lake Sturgeon in Lake Superior (Schloesser et al. 2014).
Nine of tributaries were sampled in Ontario and two in Michigan. Juvenile Lake Sturgeon were captured at four of
these tributaries including the Blind, Echo, Serpent, and Spanish rivers all located in the North Channel. The devel-
opment of a juvenile index to assess the status of Lake Sturgeon in Lake Huron continues to be of interest to man-
agement agencies.

In an effort to understand the migration patterns of Lake Sturgeon in southern Lake Huron and the St. Clair River,
126 adult Lake Sturgeon have been implanted with acoustic transmitters. Utilizing the Great Lakes Acoustic Te-
lemetry Observation System (GLATOS) over four million detections have been documented since 2011, providing
valuable information regarding the movements of adult Lake Sturgeon in Lake Huron and the St. Clair River system
(Hondorp et al. 2015).

Lake Erie

Lake Sturgeon populations continue to be well below historical levels with the exception of the stocks located in the
St. Clair — Detroit River System. Spawning has been identified at seven locations in the connecting waters between
lakes Huron and Erie (Caswell et al. 2004; Manny and Kennedy 2002; Roseman et al. 2011) and is likely occurring
in Buffalo Harbor and the upper Niagara River (Legard 2015). Three new spawning sites have been identified in the
St. Clair River resulting from artificial reef restoration projects aimed at removing the loss of fish and wildlife habi-
tat beneficial use impairment (BUI) in this river (E. Roseman, USGS, personal communication). Tag recovery data
and telemetry research indicate that a robust Lake Sturgeon stock of approximately 11,000 fish reside in the North
Channel of the St. Clair River and Lake St. Clair (Thomas and Haas 2002; Chiotti et al. 2013). The spawning popu-
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lation in the upper St. Clair River near Port Huron, Michigan contains one of the largest populations of Lake Stur-
geon in the Great Lakes with an estimated population near 30,000 individuals (Chiotti et al. 2013). The North Chan-
nel of the St. Clair River, Anchor Bay in Lake St. Clair, the Detroit River (East of Fighting Island), and the western
basin of Lake Erie have been identified as nursery areas as indicated by consistent catches in commercial and survey
fishing gears. The upper Niagara River is a suspected nursery area based on reports from anglers and divers (C. Le-
gard NYSDEC, personal communication). However, a dedicated Lake Sturgeon survey has not been done in the
upper Niagara River to confirm to these reports. In the central and eastern basins of Lake Erie, Lake Sturgeon are
scarcer with only occasional catches of sub-adult or adult Lake Sturgeon in commercial and research fishing nets.
Survey work conducted in 2005 and 2006 indicated that no Lake Sturgeon spawning is taking place in the Maumee
River, Ohio (J. Boase, USFWS, personal communication). A habitat suitability model and restoration plan is cur-
rently being developed for the Maumee River to assess reintroduction efforts (Sherman et al. 2015). An observed
concentration of sturgeon in the spring of 2009 and subsequent sampling through 2015 in Buffalo Harbor has yield-
ed maturing and sexually mature adult and sub-adult Lake Sturgeon suggesting spawning is occurring in the area.
Sidescan sonar imagery for a roughly seven square mile (18 square kilometres) section of Buffalo Harbor has been
collected to develop a categorical habitat map intended to identify potential sturgeon spawning habitat.

In an effort to understand the migration patterns of Lake Sturgeon in the St. Clair — Detroit River System, nearly 300
adult Lake Sturgeon have been implanted with acoustic transmitters. Utilizing the Great Lakes Acoustic Telemetry
Observation System (GLATOS) over four million detections have been documented since 2011, providing valuable
information regarding the movements of adult Lake Sturgeon in this system as well as lakes Huron and Erie (Hon-
dorp et al. 2015). In Buffalo Harbor, a total of 19 Lake Sturgeon were implanted with acoustic transmitters, nine of
which were equipped with satellite transmitters, in the spring of 2015. To date GLATOS has provided nearly five
million detections for sturgeon acoustically tagged in Buffalo Harbor.

In an effort to assess basin-wide juvenile abundance in Lake Erie, 14 tributaries were sampled in 2013 and 2014
using a protocol successful in capturing juvenile Lake Sturgeon in Lake Superior (Schloesser et al. 2014). A total of
176 nets were set and a total of 15 Lake Sturgeon were captured, all in the St. Clair — Detroit River System.

Research efforts will continue to focus on identifying rivers with suitable habitat for reintroduction efforts, identifi-
cation of spawning locations, habitat requirements, and migration patterns.

Lake Ontario/ Upper St. Lawrence River

The numbers of mature sturgeon are not well quantified for most of the spawning areas surrounding Lake Ontario;
however, some data is available to address the long term restoration indicator. Biesinger et al. (2013) reported a
mark-recapture population estimate of 2,856 (95% confidence interval of 1,637 to 5,093) mature and immature fish
for the lower Niagara River. Also, numbers of sturgeon counted at or near the two artificial spawning beds con-
structed in the vicinity of Iroquois Dam in the upper St. Lawrence River ranged between 122 and 395 at the peak of
spawning activity during 2008-2012 (NYSDEC 2013). Spawning populations also exist at Black River, NY (Klindt
and Gordon 2014), and the Trent River, ON (A. Mathers, OMNR, personal. communication); however, these popu-
lations are small — likely in the 10s to 100s of fish.

Several management actions have been taken to promote sturgeon recovery. Commercial harvest of sturgeon in
Lake Ontario and upper St. Lawrence River was banned in 1976 in New York and in 1984 in Ontario. In addition,
all recreational fishing has been closed since 1979. During the past decade artificial spawning shoals for sturgeon
have been created in the upper St. Lawrence River and their success has been evaluated showing egg deposition and
emergence of larvae (NYSDEC 2013).

Between 1993 and 2013, NYSDEC in collaboration with U.S. FWS, have stocked 85,814 (0 to 14,047 fish per year)
sturgeon into the Lake Ontario system. Gametes for these efforts were collected in St. Lawrence River (below Mo-
ses-Saunders power dam since 1996). Stocking locations extend from the Genesee River east to Lake St. Francis
tributaries. Research on sturgeon stocked in the lower Genesee River documented high level of survival and good
growth suggesting these types of habitats are highly suitable for sturgeon and also that stocking has the potential to
increase sturgeon abundance substantially (Dittman and Zollweg 2006). It is expected that spawning populations
based on stocked fish will develop in the Genesee River, as well as the Oswego River, in the next few years (Cha-
lupnicki et al. 2011).

Research will continue assessing the Lake Sturgeon spawning shoals for aggregations of adults, egg deposition, and
fry emergence. Monitoring of sturgeon catches and population age structure via agency fish community assessment
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programs will provide an index of population status in, and recruitment to, eastern Lake Ontario. Targeted surveys
of sturgeon in the lower Niagara River appears to be required to monitor this population. Efforts to stock sturgeon
by agencies appear to be highly successful and monitoring of its effects should continue. Because sturgeon become
sexual mature at an advanced age, a decade or more may be needed to observe responses to restoration efforts.

Linkages

e Aquatic Habitat Connectivity — loss of aquatic connectivity has contributed to the decline of Lake Sturgeon.
Research and development are needed to determine ways for Lake Sturgeon to pass man-made barriers on

rivers.

e Aquatic Invasive Species and Dreissenid Mussels — An additional concern for Lake Sturgeon in many of the

Great Lakes is the ecosystem changes that have resulted from high densities of invasive species such as
Dreissenid Mussels and round gobies and the presumed related exposure to Botulism Type E which has

produced measurable die-offs of Lake Sturgeon in several years since 2001.

Comments from the Author(s)

Research and development is needed to determine ways for Lake Sturgeon to pass man-made barriers on rivers. In
addition, there are significant, legal, logistical, and financial hurdles to overcome in order to restore degraded

spawning habitats in connecting waterways and tributaries to the Great Lakes. More monitoring is needed to deter-
mine the current status of Great Lakes Lake Sturgeon populations, particularly the juvenile life stage.

As monitoring programs and techniques are refined, our ability to detect Lake Sturgeon has likely increased making
it difficult to determine whether changes observed are a result of increasing populations or reflect more efficient
monitoring. Long-term standardized monitoring programs need to be developed in order to effectively assess the

status of Lake Sturgeon stocks in each lake.

It should also be noted that the overall assessment for each lake changed from fair and improving in 2011 to poor
and improving in 2016, but this is not due to deteriorating populations. Based on the status assessment measures
used in both the 2011 and 2016 reports, all of the lakes should have been assessed as poor and improving in 2011.

Assessing Data Quality

Data Characteristics Strongly Agree Neutral or Disagree St_rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X
3. The source of the data is a known,
reliable and respected generator of data X
4. Geographic coverage and scale of data «
are appropriate to the Great Lakes Basin
5. Data obtained from sources within the
U.S. are comparable to those from X
Canada
6. Uncertainty and variability in the data
are documented and within acceptable X

limits for this sub-indicator report

Clarifying Notes: Since the status assessment is highly dependent upon the number of self-sustaining populations within each lake
basin, the source of the data for the historical population status is currently being assessed for Lakes Huron and Erie.

For some of the Great Lakes, the 4. “Geographic coverage and scale of data” may not be appropriate.
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Figure 3. Lake Sturgeon population status in Lake Superior, 2012.
Source: Lake Superior Lake Sturgeon Work Group
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Lake Sturgeon Status
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Figure 4. Lake Sturgeon population status in Lake Michigan, 2012.
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Lake Sturgeon Status
Lake Huron
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Figure 5. Lake Sturgeon population status in Lake Huron, 2012.
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Lake Sturgeon Status
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Sub-Indicator: Walleye

Overall Assessment

Status: Good

Trend: Unchanging

Rationale: The health of native Walleye populations in the Great Lakes is quite variable; however, the over-
all trend is that populations are unchanging. In lakes where non-native species have been on the decline (in-
cluding alewife) and increases in productivity have been beneficial (i.e., excluding harmful algal blooms),
Walleye populations have responded favorably. Where productivity increases or other factors have been dele-
terious to ecosystem health, Walleye populations have struggled to maintain the robust levels attained previ-
ously. Recruitment trends in each Great Lake or in each localized sub-population (i.e., river, embayment or
basin) continue to play a large part in the overall health of Walleye populations. Consistent years of good re-
cruitment have helped fortify some populations, while poor recruitment trends in others have resulted in low-
er than desirable population levels over the short-term. Overall, population trends in Erie, Huron and Supe-
rior appear to be consistent (i.e., based on reported harvest) over the long-term, whereas Walleye population
has decreased in Lake Ontario but increased in Lake Michigan.

Lake-by-Lake Assessment

Lake Superior

Status: Fair

Trend: Unchanging

Rationale: Assessment efforts are continuing throughout the lake, showing signs of improving conditions in one of
the areas, but static population trends in the others. Efforts have been made throughout the lake to address manage-
ment concerns for Walleye populations including limiting commercial and recreational harvest, nearshore habitat
rehabilitation, shoreline remediation and assessment programs to identify other actions. Assessments in the connect-
ing waters have not been included due to lack of monitoring.

Lake Michigan

Status: Good

Trend: Unchanging

Rationale: On a lake-wide basis, Walleye harvest levels have met the target range set by the Lake Michigan Fish
Community Objectives (FCOs) for a sustainable harvest of 200,000 to 400,000 pounds since 2011. The average
Walleye harvest (biomass) was 311,722 pounds during 2011-2014, with a high of 357,322 pounds in 2012. This
includes a 9,357 pound average commercial harvest by the Tribal commercial fishers for the time period, as well as
the sport-caught Walleye from the four state jurisdictions. Assessments in the connecting waters have not been in-
cluded due to lack of monitoring.

Lake Huron

Status: Good

Trend: Unchanging

Rationale: The largest source of Walleye in Lake Huron is the Saginaw Bay stock which achieved recovery targets
in 2009. The recovery was fueled by the disappearance of Alewives in the lake beginning in 2003 stemming from
profound food web shifts. Walleye reproductive success soared in the absence of Alewives and recovery of this im-
portant stock was achieved. In Ontario waters, particularly Georgian Bay and to a lesser extent in the North Channel,
most Walleye stocks continue to be depressed; a situation that is being addressed with the initiation of the develop-
ment of a Walleye Management Plan for Ontario waters.

Lake Erie

Status: Good

Trend: Improving

Rationale: The Walleye population and associated fisheries in Lake Erie are managed individually by four United
States state agencies and one Canadian provincial agency. Under the auspices of the Great Lakes Fishery Commis-
sion’s Lake Erie Committee (LEC), a new stakeholder process, known as the Lake Erie Percid Management Adviso-
ry Group (LEPMAG), was initiated in 2010. The purpose of the LEPMAG was to provide Lake Erie managers ad-
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vice on fisheries management objectives and associated harvest policies. The work of the LEPMAG resulted in a
revised Walleye Management Plan for 2015-2019 (Kayle et al. 2015).

Lake Ontario

Status: Fair

Trend: Unchanging

Rationale: Following declines in juvenile and adult Walleye abundance in the 1990s, associated with reduced
young-of-the-year production in the mid-1990s, the Walleye population stabilized in Bay of Quinte and in Ontario
and New York waters of eastern Lake Ontario. Walleye performance targets, identified in the Bay of Quinte Fisher-
ies Management Plan (2010) and based on a post-dreissenid time-period (2002-2006), are currently being met or
exceeded. Recent hatches should keep the population at current or improved levels of abundance for the next sever-
al years. Assessments in the connecting waters have not been included due to lack of monitoring.

Other Spatial Scales

Huron-Erie Corridor (St. Clair River-Lake St. Clair-Detroit River)

Status: Fair

Trend: Unchanging

Rationale: Walleye are an important part of the recreational fishery in the Huron-Erie Corridor. This fishery has
been evaluated on an inconsistent basis and no continuous fishery data are available. The most recent Ontario creel
survey in 2009 showed that the Walleye catch and catch rate in Lake St. Clair were lower than the early 2000s and
the 1980s. However the catch and catch rates in the Detroit River remained high in the 2009 creel compared to the
2000s and early 1990s. Recent (2011-2014) catch rates in the annual voluntary angler diary program remain near the
long term average in Lake St. Clair, Detroit River, and St. Clair River.

Sub-Indicator Purpose
e The purpose of this indicator is to measure status and trends in Walleye population abundance and
recruitment in various Great Lakes habitats; to infer the status of cool water predator communities; and to
infer ecosystem health, particularly in moderately-productive (mesotrophic) areas of the Great Lakes and
through their roles in the aquatic food web.

Ecosystem Obijective

Protection, enhancement and restoration of historically important, mesotrophic habitats that support natural stocks of
Walleye as the top fish predator. These habitats are necessary for a stable, balanced, and properly-functioning Great
Lakes ecosystem.

This indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agreement
which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other habitats
to sustain resilient populations of native species.”

Ecological Condition

The historical dominance of Walleye in mesotrophic habitats in the Great Lakes provides a good basis for a basin-
wide evaluation of ecosystem health. Maintaining or re-establishing historical levels of relative abundance, biomass,
or production of self-sustaining Walleye populations throughout their native range in the Great Lakes Basin will
help ensure dominance of this species in the ecosystem and the maintenance of a desirable and balanced aquatic
community in cool water, mesotrophic habitats. Historical data can be used to develop status and trend information
on Walleye populations. Commercial catch records for Walleye in the Great Lakes extend back to the late 1800s;
recreational catch data and assessment fishing data supplement these commercial catch records in some areas in re-
cent decades and sport fishing data are especially useful in areas where the commercial fishery for the species has
been closed.

The “mesotrophic” cool-water fish community is associated with more productive waters in nearshore areas. Meso-
trophic communities, along with oligotrophic and eutrophic communities are found to varying degrees in all five of
the Great Lakes with more than half of Lake Erie represented by mesotrophic habitat.

The Walleye is the top predator in the cool nearshore and offshore waters of the Great Lakes and is selected as an
indicator because they represent one of the original fish communities in the different habitats, they have value to the
ecosystem and to fisheries, and they are the focus of fisheries management and restoration efforts. Being co-evolved
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with the rest of the fish community and the natural ecosystem of the Great Lakes, Walleye represent the natural bio-

diversity of the lakes. They have been subjected to the full slate of other environmental effects resulted from human

disruption of the Great Lakes including habitat loss, nutrient pollution, and persistent toxic pollutants. While restora-
tion efforts like stocking can complicate interpretation of their status, the successes of these species are indicative of
progress toward the goals of the GLWQA. Walleye support large commercial and recreational fisheries throughout

Lakes Erie and Huron; consequently, trends in harvest are useful for assessing ecosystem health. However, in Lakes
Michigan, Ontario, and Superior, where Walleye are constrained to coolwater habitats, harvest information may not

be as reflective of ecosystem health as in Lakes Erie and Huron due to their limited spatial distribution. Rather, har-
vest trends may only reflect the ecosystem health of particular areas in Lakes Michigan, Ontario or Superior because
of the limited data available.

Lake Superior

Thunder Bay-Kaministiquia River contains a small but healthy self-sustaining population, with evidence of con-
sistent recruitment. In Black Bay, assessment work is showing an increase in relative abundance of Walleye (creel
results are pending). In Nipigon Bay and Nipigon River, Walleye are low in abundance, but assessment work is
showing signs of increasing density (high growth rates and low mortality). Due to limited assessment surveys, it is
difficult to assess if population targets in the St. Louis River, Bad River and Chequamegen Bay were met during this
reporting period.

Lake Michigan

Michigan and Wisconsin sport anglers are the two main user groups contributing to the sport harvest, primarily in
the northern end of the lake and Green Bay. Most of the Walleye harvested from Lake Michigan were from the wa-
ters of Green Bay. In northern Green Bay, Walleye harvest has shown a declining trend the past four years although
harvest has been steady the past two years. In southern Green Bay, harvest has increased during this period because
of good recruitment from above average young of year production in most years from 2007-2014. Walleye pro-
duced in 2013, the strongest young of year production measured in southern Green Bay since 2003, have just begun
to enter the fishery. The harvest trend in Lake Michigan appears to be steady, although data is limited.

Lake Huron

Considerable insights have been gained about the status and behavior of the Saginaw Bay stock since the resurgence
in reproductive success. A telemetry study confirmed that about half of the adult Walleyes make an annual migra-
tion to the main basin of the lake outside the bay from about May or June until returning in the fall. Bioenergetics
modeling indicates that Walleyes account for about 10% of the total prey fish consumption demand in the main ba-
sin of Lake Huron since recovery. Advanced stock assessment of the population and fisheries were conducted lead-
ing to an improved understanding of the stock’s population metrics and dynamics. Models indicate the recovered
Saginaw Bay stock of Walleye ranges from 2.5 to nearly 4 million age-2 and older Walleyes in most years. From
this, a simulation model was developed enabling the evaluation of new management objectives and strategies. The
Michigan DNR, used these tools to shift management of Saginaw Bay Walleyes from a recovery strategy to one that
is based on the state of the stock with goals of achieving more full utilization within the recreational fishery and to
try and manage Walleye predation for the betterment of Yellow Perch in the bay.

Other sources of Walleye in Lake Huron trace to individual localized reproductive sources usually associated with
tributaries. In the Ontario waters, these span the watershed across Georgian Bay and the North Channel. The Ontario
Ministry of Natural Resources and Forestry has recently initiated efforts to develop a Walleye Management Plan for
Ontario waters of Lake Huron which includes a review and synthesis of historic and contemporary Walleye popula-
tion assessment data. Preliminary reviews have indicated that the status of individual Walleye stocks is variable with
a majority of stocks currently depressed compared to historic levels of abundance. Georgian Bay stocks appear to be
more depressed than those in the North Channel. In spite of the disappearance of Alewives, these localized popula-
tions have not demonstrated the same sort of recovery that was seen in Saginaw Bay. Factors limiting the abundance
of these stocks are uncertain. In some instances it may be recruitment limitations but in others it may be suppression
by high rates of total mortality. The status of Walleye in the Ontario waters of the southern main basin appear to be
stable as a consequence of these stocks being of mixed origin, primarily immigrants from Saginaw Bay and western
Lake Erie.

Overall the trend appears to be unchanging. The overall status of the Lake Huron Walleye population and fisheries
has to be characterized as “Good” given the recovery of the Saginaw Bay stock, although there is likely further im-
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provement possible particularly in Ontario waters. Generally yield across all sources has not fully achieved this his-
toric average or the Fish Community Objective of 0.7 million kgs/year.

Lake Erie

Since 2011, the annual Total Allowable Catch (TAC, or fishery quota) set for the west and central basins of Lake
Erie has been gradually increasing (no TAC is set for the east basin), resulting in increased Walleye harvest in both
the sport and commercial fisheries. The commercial harvest has annually exceeded the 4 million pound manage-
ment objective as identified in the Walleye Management Plan (Kayle et al. 2015). In 2015 the projected spawner
biomass was estimated at 25.858 million kilograms, well above the 11 million kilogram limit reference point of 20%
of the unfished spawner biomass.

Across Lake Erie, the annual sport fishing effort remains below the long-term mean, but has been trending upwards
since 2011. Similar increasing trends have been observed in the sport fishing catch rates, with catch rates for all
management units at or above the long-term mean and meeting the current Walleye management objective of 0.4
Walleye/hour.

Commercial effort across the lake has also been trending upwards over the last five years with the most dramatic
increase in effort observed in the 2014. However, effort for all management units remains below the long-term
mean. Commercial lake-wide catch rates have been trending down since 2010. The downward trends are strongest
in the west with 2014 catch rates falling below the long-term mean, while catch rates in the east-end of the lake re-
main above the long-term mean and appear to be stable.

Lake Erie Walleye fisheries remain largely dependent on older fish from the 2003 and 2007 cohorts, with more re-
cent contributions by the 2010 and 2011 cohorts. Mean age of Walleye in the sport and commercial harvest contin-
ues to rise with the average age for Walleye in the commercial harvest at 7 years of age and the sport harvest at 6
years of age.

Walleye recruitment has improved since 2011 with two of the last four cohorts (2013 and 2014) being moderate to
strong year classes. It is expected that these year classes will make strong contributions to the fishery over the next
few years. The earlier 2011 and 2012 cohorts were assessed as weak and are expected to contribute little to the fish-
ery.

Some recovery and expansion is apparent in eastern basin Walleye stocks. Sport and commercial harvest and catch
rates in the east end of the lake are currently above the long-term mean. This may be the result of recent recruitment
patterns as well as the abundance of older, highly migratory stocks of Walleye from the western and central basins
of Lake Erie (Kayle et al. 2015).

Lake Ontario

Smaller, local Walleye populations exist in other areas of Lake Ontario. Some embayment areas support small but
healthy and self-sustaining populations (e.g., Wellers Bay, West Lake) while other areas with degraded habitat re-
quire on-going rehabilitation efforts (e.g., Hamilton Harbour), including Walleye stocking. Stocking to restore
Walleye populations in waters they formerly occupied serves to help diversify fish community trophic structure and
to enhance recreational fishing.

Huron-Erie Corridor (St. Clair River-Lake St. Clair-Detroit River)

The Ontario Ministry of Natural Resources and Forestry fall trap net survey shows no trend in the catch rate of
Walleye in recent years, however the catch rate has declined since the 1970s and 1980s. Similarly the Michigan
spring trap net survey shows no trend the catch rate of Walleye in recent years. The growth rate of Walleye in the
Ontario fall trap net survey has increased each decade since the survey began. The highest growth rate of Walleye
occurred from 2011-2014. Recent recruitment of Walleye in Lake St. Clair has been poor. The last year-class of
even moderate strength that was produced in Lake St. Clair was in 1986. Since then, very few age-1 Walleye have
been caught in the Ontario fall trap net survey.

Linkages
Linkages to other sub-indicators in the indicator suite include:
e Aguatic Habitat Connectivity
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One of the impediments identified as a potential impediment to the continued health of Walleye populations in the
Great Lakes Basin is the connectivity between riverine spawning grounds and juvenile habitat. Often this phenome-
non may be the result of human-induced alterations (e.g., dam construction) to the landscape.

This sub-indicator also links directly to the other sub-indicators in the Habitat and Species indicator.

Comments from the Author(s)

Fishery yields (Figure 1) are appropriate indicators of Walleye health but only in a general sense. Yield was estimat-
ed for the recreational fisheries by multiplying the number of fish harvested by estimating the average size of fish
harvested and extrapolating an estimated weight of harvested fish to the total number harvested. Fishery (i.e., de-
pendent and independent) assessments are lacking for some fisheries (recreational, commercial, or tribal) in some
years for all of the studied areas. Moreover, measurement units are not standardized among fishery types (i.e., com-
mercial fisheries are measured by mass while recreational fisheries are typically measured in numbers of fish),
which means additional conversions are necessary which reduce accuracy. Also, “zero” values need to be differenti-
ated from “missing” data in any figures. Therefore, trends in fishery yields across time (blocks of years) are proba-
bly better indicators than absolute values within any year, assuming that any introduced bias is relatively constant
over time. Abundance, spawner biomass, recruitment, age/length at maturity, and fishery performance (effort, catch
rate, yield) are useful metrics for describing Great Lakes ecosystem and fishery health. However in the absence of
absolute abundance and spawner biomass estimates for all lakes, relative measures from fishery dependent (i.e., har-
vest) and independent (i.e., population assessments) are suitable metrics for reporting on Walleye population health
in the event population estimates are lacking.

Many agencies have developed, or are developing, population estimates for many Great Lakes fishes. Walleye popu-
lation estimates for selected areas (i.e., Lakes Erie, Huron, Michigan and Ontario) would probably be a better as-
sessment of Walleye population health than harvest estimates, thus to the extent that it is possible, future efforts
should focus on developing these capabilities.

Assessing Data Quality

- Strongly Neutral or . Strongly Not
Data Characteristics Agree Agree Unknown Disagree Disagree | Applicable
1. Data are documented, validated, or LE, LH,
quality-assured by a recognized agency or LM, LO, LS
organization HEC
LH, LM,

2. Data are traceable to original sources LE LO, LS

HEC
3. The source of the data is a known, LM, LO,
reliable and respected generator of data LE HEC LH, LS
4. Geographic coverage and scale of data LE, LM, LH, LS,
are appropriate to the Great Lakes Basin LO HEC
5. Data obtained from sources within the
U.S. are comparable to those from LE, LM, LO, LS LH

HEC '
Canada
6. Uncertainty and variability in the data
are documented and within acceptable LE LM, LO L:EIE:S'
limits for this sub-indicator report
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Figure 1. Walleye harvest, reported in metric tonnes, split into contributions from tribal, recreational and
commercial fisheries in the five Great Lakes, 1975 — 2014. Fish Community Goals and Objectives are: Lake Michi-
gan, 100-200 metric tonnes; Lake Huron, 700 metric tonnes; Lake Erie, sustainable harvest in all basins; Lake On-
tario, maintain early 1990s populations and expand populations into favorable habitats.

Source: Chippewa Ottawa Resource Authority, Michigan Department of Natural Resources, Minnesota Department
of Natural Resources. New York State Department of Environmental Conservation, Ontario Ministry of Natural
Resources, Ohio Department of Natural Resources, Pennsylvania Fish and Boat Commission, Wisconsin Depart-
ment of Natural Resources.
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Figure 1. Walleye harvest, reported in metric tonnes, split into contributions from tribal, recreational and
commercial fisheries in the five Great Lakes, 1975 — 2014. Fish Community Goals and Objectives are: Lake Michi-
gan, 100-200 metric tonnes; Lake Huron, 700 metric tonnes; Lake Erie, sustainable harvest in all basins; Lake On-
tario, maintain early 1990s populations and expand populations into favorable habitats.

Source: Chippewa Ottawa Resource Authority, Michigan Department of Natural Resources, Minnesota Department
of Natural Resources. New York State Department of Environmental Conservation, Ontario Ministry of Natural
Resources, Ohio Department of Natural Resources, Pennsylvania Fish and Boat Commission, Wisconsin Depart-
ment of Natural Resources.

Page 285



STATE OF THE GREAT LAKES 2017

Sub-Indicator: Lake Trout

Overall Assessment

Status: Fair

Trend: Improving

Rationale: Self-reproducing populations are present in Lake Superior and natural reproduction is wide-
spread and increasing in Lake Huron. Populations in lakes Michigan, Erie, and Ontario are mostly below
Great Lakes Fishery Commission Lake Committee target levels for relative abundance and natural reproduc-
tion is low. Some population increases are being observed with support of stocking and other rehabilitation
efforts.

Lake-by-Lake Assessment

Lake Superior

Status: Good

Trend: Unchanging

Rationale: Natural reproduction of both nearshore (lean) and offshore (siscowet) populations is widespread and
supports all populations. Populations have likely reached carrying capacity given the current available forage base.
Overall lake-wide abundance is stabilizing with eastern Michigan populations declining from peak abundance levels
and western Lake Superior populations continuing to build. Most stocking has been discontinued. Excessive fish-
ing is occurring in eastern Wisconsin, western Michigan, and in eastern Ontario waters. Sea Lamprey mortality has
been increasing. Most agencies are committed to further restoration and conservation.

Lake Michigan

Status: Poor

Trend: Improving

Rationale: Lake-wide densities are stable but well below target. Some natural reproduction being detected in areas
with low mortality, older age compositions and higher parental densities; significant recruitment of wild fish to the
general population remains elusive. Survival of stocked fish in northern Lake Michigan is poor due to high Sea
Lamprey mortality and fishing resulting in inadequate parental stocks. Most agencies are committed to rehabilita-
tion.

Lake Huron

Status: Good

Trend: Improving

Rational: More than 15 year classes of wild Lake Trout have been observed lake wide, and represent more than
50% of survey catches and 50-90% of harvest in recent years. Abundant year classes of wild Lake Trout have en-
tered the adult portion of the population and wild juvenile abundance reached a new high level since the 2010 year
class. Post-release survival of stocked fish is low and stocking reductions are being considered. All agencies com-
mitted to further rehabilitation and conservation.

Lake Erie

Status: Fair

Trend: Improving

Rationale: Increased stocking levels in recent years and success of the Lake Champlain strain has increased adult
stocks to near rehabilitation targets outlined in the rehabilitation plan. Sea Lampreys predation continues to be an
issue, and natural reproduction has still not been detected. All agencies remain committed to further rehabilitation
and conservation.

Lake Ontario

Status: Fair

Trend: Improving

Rationale: Sea Lamprey predation was strongly related to a collapse in adult stocks during 2004-2005; however
abundance increased each year during 2008 — 2014 following improved Sea Lamprey control. Post-release survival
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of stocked fish was low from the early 1990s through 2010, but increased 3.4 fold during 2011 - 2014, and the catch
of ages-1 and -2 naturally reproduced Lake Trout in 2014 was more than 14 times greater than any previous year
since 1994. All agencies remain committed to further rehabilitation and conservation.

Sub-Indicator Purpose
To estimate the relative abundance of both stocked and wild (naturally reproduced) Lake Trout.
To measure the success of rehabilitation through catch rates of wild fish
To infer the control measures on fishing and Sea Lamprey predation through the age structure and
abundance of mature fish.
e To infer the basic structure of the cold water predator community and the general health of the ecosystem

Ecosystem Objective

Self-sustaining, naturally reproducing populations that support target yields to fisheries are the goal of the Lake
Trout rehabilitation program. Target yields approximate historical levels of Lake Trout harvest or levels adjusted to
accommodate stocked naturalized introduced predators such as Pacific salmon. Targets, most centered on desired
harvest expectations, are set by Lake Committees of the Great Lakes Fishery Commission in Fish Community Ob-
jectives (Horns et al. 2003, Eshenroder et al. 1999, DesJardin et al.1995, Ryan et al. 2003., Stewart et al. 1999), and
are revised periodically. These targets are 1.8 million kg (4 million pounds) from Lake Superior, 1.1 million kg (2.5
million pounds) from Lake Michigan, 0.9 million kg (2.0 million pounds) from Lake Huron and 50 thousand kg (0.1
million pounds) from Lake Erie. Lake Ontario has no specific yield objective but has a population objective of 0.5 to
1.0 million adult fish that produce 100,000 yearling recruits annually through natural reproduction. The desired state
will be for Lake Trout to serve as the primary top predator in Lake Superior and share this status with other native
and established non-native predators in lakes Michigan, Huron, Erie and Ontario.

Ecological Condition

Measure

Trends in the relative abundance of stocked lean Lake Trout in lakes Huron, Michigan, Erie and Ontario, and wild
lean Lake Trout in Lake Superior are displayed in Figure 1. Targets are set for most populations of lean Lake Trout
as these are perceived to be biologically important to increase the probability of natural reproduction in lakes Huron,
Michigan, Erie and Ontario and to maintain wild populations in Lake Superior. Target values are measured and
expressed by relative abundances of all or a portion of the population in multiagency gill net surveys that are stand-
ardized within each lake. These measures are superior to harvest objectives, which are harder to evaluate and repre-
sent desired states that cannot be easily tested for sustainability. Lake Trout abundance dramatically increased in all
the Great Lakes after initiation of Sea Lamprey control, stocking, and harvest control. Success to achieve popula-
tion targets and ultimately to self-sustaining naturally reproducing populations has been mixed among the lakes.

Endpoint
Desired states are populations that are self-sustaining through natural reproduction with minimal or no hatchery sup-

plementation required, that support a sustainable harvest, and serve as a top predator. The resulting population size
and sustainable yield compared to historical levels will likely be lower in most lakes since this apex trophic level is
now shared by naturalized non-native predators that support a multi-billion dollar fishery.

Background
Historically Lake Trout were the keystone salmonine predator for most of the Great Lakes. Overfishing and preda-

tion by non-native sea lamprey, and to a limited extent other factors, destroyed nearshore lean populations and deep
water siscowet Lake Trout populations, but many survived in Lake Superior and a few lean Lake Trout populations
in Lake Huron (Lawrie and Rahrer 1972, Berst and Spangler 1972, Wells and McLain 1972, Hartman 1972, Christie
1972). Rehabilitation efforts through stocking and controls on fisheries and sea lamprey have been ongoing since
the early 1960s (Hansen et al. 1995, Eshenroder et al. 1995, Holey et al. 1995, Cornelius et al. 1995, Elrod et al.
1995).

Status of Lake Trout

Lake Superior

Wild lean Lake Trout populations have recovered from collapse in the 1950s due to an aggressive recovery program
employing Sea Lamprey suppression, stocking of hatchery fish, and fishery restrictions (Bronte et al. 2003). Recov-
ery began with the buildup of large populations of hatchery Lake Trout, which were superseded by wild fish. The
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transition to wild Lake Trout dominance began in the 1980s in Michigan waters and was subsequently followed in
Wisconsin, then most recently in Minnesota. Little or no recovery has been observed in the Ontario waters of east-
ern Lake Superior. In Michigan waters, abundance and recruitment of most Lake Trout populations are near historic
high levels with some indications of density-dependent growth declines (Wilberg et al. 2003; Richards et al. 2004;
Sitar et al. 2010). The latest progress in recovery was the cessation of most stocking in Minnesota waters.

Siscowet, a deep water morphotype, is the most abundant form of Lake Trout in Lake Superior occupying deep wa-
ter areas and have recovered from depressed levels in the 1940s (Bronte and Sitar 2008; Ebener et al. 2010). Recent
harvest is low, though emerging industrial interest in extracting omega-3 fatty acid from siscowet may develop a
demand. Sea Lamprey wounding rates on siscowet are high, though the mortality inflicted may not be higher than
that experienced by lean Lake Trout (Moody et al. 2010). Similar to leans, siscowet are at high levels and experi-
encing density-dependent effects.

Currently, wild Lake Trout abundance has declined in recent years, but remains higher on average than the prior
State of the Great Lakes (previously known as SOLEC) reporting period. Fishing mortality has been controlled in
most areas of Lake Superior through regulations. Despite continued Sea Lamprey management, wounding rates on
Lake Trout in some areas have increased above target levels since 1995 (Sitar et al. 2010). In the near-term, further
decline in Lake Trout abundance is expected due to density-dependent effects.

Lake Huron

Lake Trout rehabilitation efforts continue to show signs of success over the past several years. Over 3 million year-
lings are stocked annually in the lake, split almost equally in Ontario and Michigan waters. Relative abundance of
Lake Trout has increased in recent years (Ji et al. 2013), primarily in the North Channel and the Main Basin. Unfor-
tunately the opposite has occurred in Georgian Bay.

Similarly, Sea Lamprey wounding has decreased significantly since 2000 in the main basin and in particular in the
North Channel but have increased in Georgian Bay. However, the relative abundance of age-7 hatchery Lake
Trout, corrected for stocking, has decreased since 2002 year class from an average 0.92 to a range of 0.05-0.27. The
major food of Lake Trout has switched since 2002 from alewives and rainbow smelt to round gobies and rainbow
smelt. The relative abundance of juvenile Lake Trout appears to be negatively influenced by the dominance of adult
fish in the population, while a dramatic decline in the recruitment of stocked fish is apparent. The oldest age ob-
served has rapidly increased from less than 10 years in 2002 to more than 25 years recently, and suggests that the
combination of natural mortality and Sea Lamprey mortality may be substantially lower now.

Lake wide wild recruitment of Lake Trout has occurred since 2004, after the collapse of alewives and their suspect-
ed adverse effects on reproduction via Thiamine Deficiency Syndrome and predation on Lake Trout eggs and fry.
The first pulse of wild recruitment did not fully compensate the decline in the recruitment of hatchery fish, but wild
recruitment has reached a new high level since 2010 year class. Sufficiently low mortality, relatively stable spawn-
ing stock biomass, and continuing increases in the abundance of wild adults have contributed to the recent progress
of Lake Trout rehabilitation in Lake Huron.

Lake Michigan

Stocking continues in all jurisdictions. Lake Trout densities measured by spring assessment surveys remain below
target in most areas and lakewide. Few wild fish were recovered in assessment surveys (Bronte et al. 2007, Lake
Trout Task Group 2015), which indicates that natural reproduction remains low even though fry from reproduction
by stocked Lake Trout have been recovered (Jannsen et al. 2006). However, areas (lllinois, Indiana, and southern
Wisconsin waters) with advanced age compositions and densities of Lake Trout approaching target levels show
some evidence of sustained natural reproduction (Hanson et al. 2012). Northern Lake Michigan is plagued by high
fishing and Sea Lamprey mortality that is resulting in very low spawning stock biomass. Recent events that should
increase the probability of achieving the Lake Trout rehabilitation objectives include: 1) a revised implementation
strategy for the rehabilitation of Lake Trout in Lake Michigan that concentrates stocking and other management
efforts in the best habitat areas, 2) egg thiamin levels, thought to be inadequate for hatching success and fry survival,
have recently increased lakewide, and 3) Sea Lamprey numbers, which were above the targets levels for many years,
have declined.
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Sea Lamprey induced mortality, low adult stock size, and lack of sustainable reproduction (Bronte et al. 2003,
2007), continues to limit Lake Trout rehabilitation. Recommendations to advance recovery include minimizing adult
mortality from fishing and lamprey, focus hatchery production in refuge areas, restore a native forage base of core-
gonines and recast FCOs for desired population characteristics rather than harvest levels.

Lake Erie

Directed efforts to restore Lake Trout in Lake Erie began in 1982. Recruitment of stocked fish was good but their
survival to adulthood was poor due to excessive Sea Lamprey predation. Adoption of the original Lake Trout reha-
bilitation plan in 1985 (Lake Trout Task Group 1985) brought higher annual stocking targets, Sea Lamprey control,
and standardized assessment programs to monitor the population. The Lake Trout responded quickly to the imple-
mentation of Sea Lamprey suppression and increased stocking, building a large population by 1990. However, these
accomplishments were short lived as stocking numbers were reduced in 1996 due to concerns about a shortage of
forage fishes (Einhouse et al. 1999) while at the same time Sea Lamprey control was relaxed (Sullivan et al. 2003).
Adult Lake Trout abundance was quickly reduced to low levels by 2000 where it has since remained.

Overall Lake Trout abundance in Lake Erie has increased in more recent years due to adoption of a revised rehabili-
tation plan (Markham et al. 2008) that increased stocking numbers back to their original level. Stocking has recently
shifted to include all areas of the lake, including the western basin. Recruitment of stocked fish, especially the Lake
Champlain strain, has been high, and adult abundance is near targets established in the rehabilitation plan. Sea
Lamprey abundance has declined in recent years but still remains well above targets despite increased lampricide
treatments, and this continues to suppress the adult Lake Trout population. Achievement of Lake Trout rehabilita-
tion goals will continue to be hampered if Sea Lamprey abundance and wounding rates remain above target levels.
Natural reproduction has yet to be detected in Lake Erie.

Lake Ontario

The abundance of hatchery-reared adult lake Trout in Lake Ontario was relatively high during 1986-1998, but de-
clined by more than 30% in 1999 due to reduced stocking and poor survival of stocked yearlings since the early
1990s (Elrod et al. 1995, Lantry and Lantry 2015). Adult abundance remained relatively stable during 1999-2004,
but again declined by 54% in 2005 likely due to ongoing poor recruitment and increased mortality from sea lamprey
predation. Enhanced control of Sea Lampreys and subsequent decreases in wounding on Lake Trout during 2008-
2014 were followed by a sharp recovery in adult Lake Trout numbers, which in 2010-2014 rose to levels similar to
those observed during 1999-2004.

Although the abundance of adults reached a peak in 1986, appearance of naturally reproduced Lake Trout in as-
sessment surveys occurred later after the abundance of large adult females exceeded target levels in 1992 (Lantry
and Lantry 2015). Despite widespread catches of small numbers of natural recruits nearly every year during 1993-
2013, a failure to achieve self-sustaining stocks has been attributed to the dense populations of alewives in Lake
Ontario and an associated diet of Lake Trout that favors alewives (leading to Early Mortality Syndrome), the ab-
sence of suitable alternative deepwater preyfishes, and colonization of spawning reefs by invasive round gobies
(Fitzsimons et al. 2003, Lantry et al. 2003, Schneider et al. 1997, Walsh et al. 2015). Recent meager prospects for
restoration have improved with the reappearance of deepwater sculpin in assessment catches (their abundance stead-
ily increased during 2002-2014) (Lantry et al. 2007, Weidel et al. 2015), with the joint US and Canadian efforts cur-
rently underway to reestablish cisco and bloater, and with the inclusion of round gobies in Lake Trout diets
(Diertrich et al. 2006; Rush et al. 2012). Signs of improving conditions for natural reproduction were realized in
2014 when assessment catches of naturally reproduced age-1 and -2 Lake Trout rose sharply to a level 14.2 times
greater than the 1994-2013 mean.

Linkages

The rehabilitation of Lake Trout populations in the Great Lakes has linkages to Sea Lamprey, prey fish, and non-
native species. Lake Trout stocking and the building parental stocks would not be possible without sustained levels
of Sea Lamprey control, as well as controls on fisheries. Non-indigenous alewives, while at lower levels now, still
effect wild recruitment through predation on Lake Trout fry. Alewives also contain high levels of thaiminase that
lowers egg viability and fry survival in LakeTrout that consume mostly alewives. The lack of native pelagic and
benthopelagic coregonines, lost to overfishing, habitat degradation and non-native invasions, is also hampering re-
covery as these lost species were conduits for offshore benthic and pelagic production to the nearshore environment
and to Lake Trout as prey.
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Comments from the Author(s)

Reporting frequency should be every five years. Monitoring systems are in place, but in most lakes the measures do
not directly relate to stated harvest objectives. Lake Trout population-objectives need to be redefined as endpoints in
units measured by the monitoring activities, are relevant to population characteristics required for restoration to pro-
ceed, and should be incorporated into restoration guides and plans. The data time series we present are based on
important population targets that can be measured with current assessment activities.

Assessing Data Quality

Strongly Neutral or Strongly Not

Data Characteristics Agree Agree Unknown Disagree Disagree | Applicable

1. Data are documented, validated, or
quality-assured by a recognized X
agency or organization

2. Data are traceable to original
sources

3. The source of the data is a known,
reliable and respected generator of X
data

4. Geographic coverage and scale of
data are appropriate to the Great X
Lakes Basin

5. Data obtained from sources within
the U.S. are comparable to those X
from Canada

6. Uncertainty and variability in the
data are documented and within
acceptable limits for this sub-
indicator report
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Figure 1. Relative abundance of stocked Lake Trout (wild fish in Lake Superior) in the Great Lakes from 1975 -
2015. The measurements reported vary from lake to lake, as shown on the vertical scale, and comparisons among
lakes may be misleading. Overall trends over time provide information on relative abundances for all or part of the
population.

Source: Data sources are from biological assessments conducted cooperatively by state, federal, tribal and provincial
agencies, and are largely contained in non-peered reviewed reports to the Great Lakes Fishery Commission, Lake
Committees , New York Department of Environmental Conservation, Ontario Ministry of Natural Resources, U.S.
Fish and Wildlife Service and U.S. Geological Survey.
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Figure 1. Relative abundance of stocked Lake Trout (wild fish in Lake Superior) in the Great Lakes from 1975 -
2015. The measurements reported vary from lake to lake, as shown on the vertical scale, and comparisons among
lakes may be misleading. Overall trends over time provide information on relative abundances for all or part of the
population.

Source: Data sources are from biological assessments conducted cooperatively by state, federal, tribal and provincial
agencies, and are largely contained in non-peered reviewed reports to the Great Lakes Fishery Commission, Lake
Committees , New York Department of Environmental Conservation, Ontario Ministry of Natural Resources, U.S.
Fish and Wildlife Service and U.S. Geological Survey.
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Sub-Indicator: Fish-Eating and Colonial Nesting Waterbirds

Overall Assessment

Status: Fair

Trend: Unchanging

Rationale: Four of eight species are less numerous now than when systematic monitoring began (1976-80;
Great Blue Heron, Black-crowned Night-Heron, Herring Gul, Common Tern), although rates of decline have
slowed for all over the last decade. Twenty-year (1989-91 to 2007-09) population trends for six of eight species
have been assessed as stable. Great Blue Herons exhibited a moderate 20-year decline (-40%). Double-crested
Cormorant nests increased 385% since 1989-91, although the rate of increase has slowed over the last decade
(a 30% increase since 1997-99).

Lake-by-Lake Assessment
Lake Superior

Status: Fair

Trend: Unchanging.

Rationale: Two species are less numerous now than when systematic monitoring began (1976-80; Great Blue Heron,
Common Tern), although rates of decline have slowed for both species over the last decade. Since 1989-91, one
species has exhibited a stable trend (Common Terns), two have undergone moderate declines (Great Blue Heron,
Herring Gull), one species has had a large decline (Ring-billed Gulls) and one a large increase (cormorants). Unable
to calculate trends for night-herons or Caspian Terns; egrets have never nested on this water body.

Lake Michigan

Status: Fair

Trend: Unchanging.

Rationale: Two species are less numerous now than when systematic monitoring began (1976-80; Black-crowned
Night-Heron, Common Tern), although rates of decline have slowed for both species over the last decade. Twenty-
year populations trends: two species have experienced large declines (Common Tern, Great Blue Heron), one had a
moderate decline (Black-crowned Night-Heron), three species were stable (Herring Gull, Ring-billed Gull, Caspian
Tern) and one species exhibited a large (> six-fold) increase (cormorants). Unable to calculate a trend for egrets.

Lake Huron

Status: Fair

Trend: Unchanging.

Rationale: Five species are less numerous now than when systematic monitoring began (1976-80; Great Blue
Heron, Herring Gull, Ring-billed Gull, Common Tern, Caspian Tern); rates of decline have slowed for all species,
except Great Blue Heron, over the last decade. Since 1989-91, one species has undergone a large decline (Great
Blue Heron), one had a moderate decline (Caspian Tern), three species were stable (Herring Gull, Ring-billed Gull,
Common Tern), one species had a moderate increase (Black-crowned Night-Heron) and two exhibited large increas-
es (cormorants, 2.5x; egrets, 7.8X).

Lake Erie

Status: Fair

Trend: Unchanging.

Rationale: Three species are less numerous now than when systematic monitoring began (1976-80; Great Blue
Heron, Black-crowned Night-Heron, Common Tern); rates of decline have slowed for all these species over the last
decade. Since 1989-91, three species exhibited a moderate decline (Great Egret, Black-crowned Night-Heron, Her-
ring Gull), three species were stable (Great Blue Heron, Ring-billed Gull, Common Tern) and one species had a
large increase (cormorants, 7.5x). Unable to calculate trend for Caspian Tern (colonized water body during the past
decade).
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Lake Ontario

Status: Fair

Trend: Unchanging.

Rationale: One species is less numerous now than when systematic monitoring began (1976-80; Common Tern); the
rate of decline has increased over the last decade. Since 1989-91, two species exhibited a moderate decline (Ring-
billed Gull, Common Tern), three species were stable (Great Blue Heron, Black-crowned Night-Heron, Herring
Gull) and two species had a large increase (cormorants, 2.3x; Caspian Tern, 1.7x). Unable to calculate trend for
Great Egret (colonized this water body during the 1997-99 census).

Sub-Indicator Purpose
o Assessment of ecosystem health by examining long-term trends in the abundance and distribution of colonial
waterbird populations breeding on the Great Lakes.
o The sub-indicator tracks changes in the number of breeding pairs (nests), breeding colonies, and populations
of nine species of fish-eating birds since the mid-1970s, at multiple geographic scales
o Secondarily, some ecological endpoints will be assessed for representative colonial waterbird species at se-
lected sites on the Great Lakes.

Ecosystem Objective

Conservation of critical island breeding habitat, and maintenance of self-sustaining populations (i.e. no further de-
clines in abundance or reductions in distribution) of each of the eleven waterbird species that comprise that avian
community. Fish-eating, colonial waterbirds are distributed across all five Great Lakes, their connecting channels,
and the St. Lawrence River, both in Canadian and US waters.

This sub-indicator best supports work towards General Objective #5 of the 2012 Great Lakes Water Quality Agree-
ment which states that the Waters of the Great Lakes should “support healthy and productive wetlands and other
habitats to sustain resilient populations of native species.”

Ecological Condition

Fish-eating, colonial waterbirds are distributed across all five Great Lakes, their connecting channels, and the St.
Lawrence River, both in Canadian and US waters. Colonial waterbirds function as apex predators in freshwater sys-
tems, and provide an important linkage between aquatic and terrestrial habitats. As a guild, waterbirds derive a large
proportion of their diet from fish and other aquatic prey (species range from obligate piscivores to having a mix of
aquatic and terrestrial prey). On the Great Lakes, waterbird species differ in the foraging strategies they employ, and
thus, differ in the aquatic habitats and trophic levels they utilize (e.g. surface feeders or pursuit divers in open water;
sit-and-wait predators in littoral zones and wetlands, surface feeders in wetlands). Another life-history trait that wa-
terbirds share is that they nest in dense aggregations (i.e. colonially), almost exclusively on islands (except for For-
ster’s and Black terns, which nest in wetlands). As such, they can also serve as an important indicator of change in
status of this unique habitat within the Great Lakes system.

Changes in waterbird population abundance, distribution and demography can reflect changes in ecosystem trophic
structure and/or island or wetland nesting habitat and, therefore, are important metrics for assessing the health of a
variety of Great Lakes ecosystem components. Inter-specific differences in foraging and nesting strategies make it
possible to assess and integrate trend information across a variety of temporal, spatial and ecosystem scales. Declin-
ing waterbird populations (number of breeding pairs or nests) or vital rates (hatching success, fledging success, mor-
tality rates, etc.) can be indicators of local environmental stress. The Great Lakes-wide population of colonial water-
birds has been censused jointly, by the Canadian Wildlife Service and the U.S. Fish and Wildlife Service since the
1970s, approximately every 10 years; four “decadal” censuses have been conducted to date: in the 1970s, 1980s,
1990s and 2000s. For this sub-indicator, population change (over the last 20 years) is defined as: large decline =
>50% decline; moderate decline = >25% to <50% decline; stable: <25% decline to <33% increase; moderate in-
crease: >33% to <100% increase; large increase: >100% increase.Briefly, in the long-term (1976-2009), these cen-
suses have shown that the breeding numbers of four species have undergone large increases: Double-crested Cormo-
rants, Great Egrets, Ring-billed Gulls and Caspian Terns (population growth has slowed since the 2™ census for the
latter two species; Figure 1). Three species, Great Blue Heron, Herring Gull and Great Black-backed Gull (GBBG,
an uncommon breeder on the Great Lakes, trend not shown), exhibited a period of population growth followed by a
decline; current numbers of breeding pairs for these species are similar to 1970s levels and are considered stable. In
contrast, Common Terns and Black-crowned Night-Herons have both undergone long-term declines, although the
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rates of decline have slowed over the last decade and these populations are currently considered stable. For the six
species that have undergone declines since the 1989-91 census (Figure 1; GBBG trend not shown), continued moni-
toring will determine whether these populations have in fact stabilized or if there is evidence for concern. Currently,
drivers such as habitat change and loss, changes in trophic structure and abundance of fish prey (Hebert et al. 2008,
2009), reduced access to alternate sources of food (for gulls, due to changes in agricultural and waste disposal prac-
tices), inter-specific competition for nesting space (e.g. increased pressure from hyper-abundant species such as
cormorants and Ring-billed Gulls) and stressors in overwintering areas likely play a larger role in regulating water-
bird populations than contaminant-related impairments.

Measure

Nine focal species of colonial waterbirds breed at sites (predominantly islands) distributed across all of the Great
Lakes: Herring, Ring-billed and Great Black-backed gulls, Caspian, and Common terns, Great Blue Herons, Great
Egrets, Black-crowned Night-Herons and Double-crested Cormorants. A complete census of all waterbird colonies
on the Great Lakes, their connecting channels and the St. Lawrence River (up to 1 km inland from shorelines) has
been conducted, jointly, by the Canadian Wildlife Service and the U.S. Fish and Wildlife Service, approximately
every 10 years, since the mid-1970s (four complete census periods; the most recent was completed in 2009; the next
comparable survey is planned for 2020). Survey timing and methodologies were coordinated between Canada and
the USA. Measures include:

e Nest counts of colonial waterbird species across all water bodies and connecting channels at relevant tem-
poral and spatial scales:
o Annual: Counts for Herring Gull (13 focal colonies distributed across the Great Lakes) and Double-
crested Cormorant (Lake Ontario and the St. Lawrence River to Cornwall, ON) since the late 1970s.
Methods are consistent with ‘decadal’ survey efforts.
e Decadal: All breeding sites for the nine focal colonial waterbird species are censused at 10-year in-
tervals.

o Periodic measurement of waterbird demographic parameters known to be directly or indirectly impacted by
environmental stressors, including (but not limited to): clutch size, egg volume, hatching and fledging suc-
cess, natal and breeding site fidelity, age at first breeding and age-specific survivorship.

¢ Additional monitoring considerations include: avian disease surveillance (e.g. botulism type E) and studies
tracking adults through the full annual cycle to establish connectivity between breeding and wintering areas.

Endpoints
o Healthy, self-sustaining populations of each waterbird species.

e Populations of stable or declining species remain stable or increase, respectively
o Populations of hyper-abundant species (cormorants and Ring-billed Gulls) either remain stable or decline
e Critical island breeding habitat is conserved
There are no specific population objectives for these species, other than within a few Great Lakes Areas of Concern
(e.g. Hamilton Harbour, ON).

Linkages
Linkages to other sub-indicators in the indicator suite include:
e  Toxic Chemicals in Great Lakes Herring Gull Eggs

e Toxic Chemicals in Great Lakes Whole Fish
e  Water Levels

This sub-indicator also links directly to the other indicators in the Habitat and Species indicator, particularly:
e Lake Sturgeon
o Lake Trout
o Walleye
e Preyfish (open water)
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Waterbird population trends and breeding habitat are indicators in some of the AOCs, and are used for delisting cri-

teria.

Comments from the Author(s)

This newly-developed sub-indicator, previously reported in conjunction with the historic State of the Great Lakes

(previously known as SOLEC) “Contaminants in Waterbirds” sub-indicator, which described trends in chemical

contaminants found in the eggs of fish-eating, colonial waterbirds is now being assessed separately to report on pro-

gress towards two different general objectives under the 2012 GLWQA.

Data Limitations

e  Most waterbird species are migratory. Changes in population status or trends could reflect environmental or
anthropogenic stressors experienced during the non-breeding period (or cumulative effects over the full an-

nual cycle, inside and outside of the Great Lakes region)

e Inferences on the effects of climate change on population trends are beyond the scope of this sub-indicator
as they would have to include changing food webs and energy cycling though them. In addition, birds could
be moving out of the Great Lakes region (i.e. a shift in distribution) in response to climate-related effects,

with no net change in abundance at larger spatial scales.

e Data are collected at 10-year intervals, which is longer than the reporting cycle for State of the Great Lakes

Reporting (previously known as SOLEC).

Data Characteristics Strongly Agree Neutral or Disagree St_rongly N.Ot
Agree Unknown Disagree | Applicable
1. Data are documented, validated, or
quality-assured by a recognized agency or X
organization
2. Data are traceable to original sources X

3. The source of the data is a known,

reliable and respected generator of data X
4. Geographic coverage and scale of data

are appropriate to the Great Lakes Basin x
5. Data obtained from sources within the

U.S. are comparable to those from X
Canada

6. Uncertainty and variability in the data

are documented and within acceptable X

limits for this sub-indicator report
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Sources: Canadian Wildlife Service- Ontario Region, Environment and Climate Change Canada, Burlington, ON;
Cuthbert and Wires (2013).
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Figure 1. Population trends for the entire Great Lakes region (black line) and by water body (coloured lines, see
legend) for eight species of colonial waterbirds censused during four ‘decadal’ periods, 1976-2009.

Sources: Canadian Wildlife Service- Ontario Region, Environment and Climate Change Canada, Burlington, ON;
Cuthbert and Wires (2013).
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Nutrients and Algae

Status: Fair Trend: Unchanging to Deteriorating

The 2012 Great Lakes Water Quality Agreement states that “the Waters of the Great Lakes should be free from nutrients
that directly or indirectly enter the water as a result of human activity, in amounts that promote growth of algae and
cyanobacteria that interfere with aquatic ecosystem health, or human use of the ecosystem”

— e — o —— e —

— —

Algae occur naturally in freshwater systems and are essential to

a healthy aquatic food web. Phosphorus is a key nutrient for the
growth of aquatic plants. However, too much phosphorus can
lead to too much algae in the water, which can be harmful to the
environment, the economy and human health. Excessive nutrient
loadings to Lake Erie, some nearshore areas, and embayments of
the Great Lakes contribute to harmful and nuisance algal blooms.
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Nutrients and Algae

Assessment Highlights

The 1972 GLWQA focused on phosphorus reductions. In the
1980s and early 1990s, basin-wide restoration efforts were
successful in reducing nutrient-related runoff and conditions
in the lakes improved. These efforts included the regulation
of phosphorus concentrations in detergents, investments

in sewage treatment, and the implementation of best
management practices on agriculture lands and in expanding
urban areas. Despite these efforts, there is a nutrient
imbalance in the Great Lakes. With the recent resurgence of
the nearshore algal problem in some areas and with other
changes in the ecosystem, the problem has become more
complicated. Overall, the conditions result in a status of Fair
and a trend of Unchanging to Deteriorating for this indicator.

Many offshore regions of some of the Great Lakes have
nutrient levels below desired concentrations. In fact,
concentrations may be too low in some areas, resulting

in insufficient growth of key phytoplankton species which
form the base of the food chain. Only in Lake Superior are
offshore phosphorus concentrations considered in acceptable
condition. Conversely, there are excess nutrients in many
nearshore areas. While a certain level of nutrients is good,
too much may lead to the development of nuisance and
harmful algal blooms (HABs) and hypoxic zones (areas with
low oxygen levels). This issue is primarily a concern in Lake
Erie, parts of Lake Ontario, Saginaw Bay and Green Bay, along
with other nearshore areas that experience elevated nutrient
levels. Algal blooms can be harmful to both ecosystem and
human health. The western basin of Lake Erie and some
parts of Lake Ontario have experienced a resurgence of HABs
since 2008, adversely impacting ecosystem health as well as
commercial fishing, municipal drinking water systems and
recreational activities. Algal blooms are particularly harmful
when they are dominated by cyanobacteria (or “blue-

green” algae) which can produce toxins such as microcystin.
These toxins can impact drinking water safety or can cause
gastrointestinal upsets, skin rashes and at elevated levels can
be fatal to many organisms.

Total Phosphorus Concentrations in the Great Lakes

Total Phosphorus (mg/L)

Spring 2013 (Lakes Ontario and Superior)
‘Spring 2014 (Lakes Erie, Michigan, Huron and Georgian Bay)

00005 00025 0005 001 0015 005
— | —

Environment and Ciimate Change Canada and U.S. Environmental
Protection Agency programs do not monitor all locations.

Cladophora is a nuisance algae that is broadly distributed
over large areas of the nearshore regions of Lakes Erie,
Ontario, Huron and Michigan. Large mats of Cladophora
give the impression that nutrient concentrations are high

in the nearshore. However, in some areas, these mats of
nuisance algae persist despite low nutrient concentrations
in the surrounding water, which is why the management

of Cladophora has become such a challenge. Excessive
Cladophora poses many problems including beach and
shoreline fouling, clogging of municipal water intakes and
unpleasant aesthetics, as well as tourism and recreational
fishing impacts. There are also significant ecological impacts
of excessive Cladophora growth and, when washed up on the
shoreline, Cladophora may harbour pathogens and create
an environment conducive to the development of botulism
outbreaks which pose a risk for fish and wildlife.

Warmer temperatures, higher frequency and intensity of
precipitation events, and invasive species, in particular Zebra
and Quagga Mussels, are confounding factors in the cycling
and uptake of nutrients in the lakes. These factors may lead
to increased frequency, distribution and severity of HABs,
hypoxic zones and Cladophora.

Sub-Indicators Supporting the Indicator Assessment

Sub-Indicator

Lake Superior
Nutrients in Lakes

Cladophora

Harmful Algal Blooms

Water Quality in Tributaries Unchanging

Lake Michigan

(Unchanging || Deteriorating  Deteriorating
" Unchanging | RESISRNIGERI Undetermined |NUSISHNNEH]

Undetermined Undetermined

Lake Huron Lake Erie Lake Ontario

Deteriorating Deteriorating

Deteriorating

Unchanging
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Sub-Indicator: Nutrients in Lakes
Open water

Overall Assessment

Status: Fair

Trend: Deteriorating

Rationale: Phosphorus remains the growth-limiting nutrient in the Great Lakes. In the past, phosphorus con-
centrations were elevated throughout many of the lakes. Presently, the problems of excess phosphorus are
confined primarily to some nearshore areas and parts of Lake Erie. In Lakes Michigan, Huron and Ontario,
offshore total phosphorus concentrations are currently below objectives and may be too low, negatively im-
pacting lake productivity (phytoplankton, zooplankton and fish production). Nearshore, symptoms of nutri-
ent enrichment persist in some locations. In Lake Erie, objectives are frequently exceeded and conditions are
deteriorating. Only in Lake Superior are offshore objectives being met and conditions acceptable.

Lake-by-Lake Assessment
Lake Superior

Status: Good

Trend: Unchanging

Rationale: Objectives have consistently been met, and offshore total phosphorus concentrations are similar to histor-
ic values, indicating acceptable conditions. There is a very slow rate of decrease over time that is observed in the
data.

Lake Michigan

Status: Fair (below objective)

Trend: Deteriorating (further below objective)

Rationale: Offshore phosphorus concentrations are continuing to decrease below objectives. Concentrations have
fallen to low levels and may be negatively affecting lake productivity. In some nearshore areas, elevated phosphorus
is observed and may be supporting nuisance algae growth.

Lake Huron

Status: Fair (below objective)

Trend: Deteriorating (further below objective)

Rationale: Offshore phosphorus concentrations are continuing to decrease to values that are well below objective.
Concentrations may be too low to support a healthy level of lake productivity. In some nearshore areas, elevated
nutrients may be contributing to nuisance algae growth.

Lake Erie

Status: Poor (above objective)

Trend: Deteriorating

Rationale: Total phosphorus objectives continue to be exceeded and trends indicate possibly increasing concentra-
tions. Harmful algal blooms have recently plagued the western basin and parts of the central basin, and nuisance
benthic algae have resurged in the eastern basin.

Lake Ontario

Status: Fair (below objective)

Trend: Deteriorating (further below objective)

Rationale: Offshore phosphorus concentrations are continuing to decrease to levels too low to support healthy oft-
shore lake productivity. Certain nearshore areas are experiencing recurrent nuisance algae, possibly fueled by local-
ly-high phosphorus discharges or in-lake nutrient cycling.
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Sub-Indicator Purpose
e To assess nutrient concentrations in the Great Lakes
e To assess progress in meeting GLWQA General Objective #6, Lake ecosystem Objectives and Substance
Objectives for nutrient concentrations for the Waters of the Great Lakes
e To infer progress in meeting nutrient loading targets and allocations
e  To support the evaluation of trophic status and food web dynamics in the Great Lakes
e To support assessment of the state of the nearshore waters for the nearshore framework

Ecosystem Objective

General Objective #6 of the 2012 Great Lakes Water Quality Protocol states that the Waters of the Great Lakes
should “be free from nutrients that directly or indirectly enter the water as a result of human activity, in amounts that
promote growth of algae and cyanobacteria that interfere with aquatic ecosystem health, or human use of the ecosys-
tem.”

Annex 4 of the 2012 GLWQA Protocol includes Lake Ecosystem Objectives to: maintain an oligotrophic state, rela-
tive algal biomass, and algal species consistent with healthy aquatic ecosystems, in the open waters of Lakes Superi-
or, Michigan, Huron and Ontario; maintain mesotrophic conditions in the open waters of the western and central
basins of Lake Erie, and oligotrophic conditions in the eastern basin of Lake Erie.

Interim Substance Objectives for Total Phosphorus concentrations in open waters are additionally established in
Annex 4 for each of the Great Lakes. These interim objectives are shown in Table 1, and comprise objectives for
both spring total phosphorus concentrations and summer chlorophyll a concentrations. The resultant nutrient
(trophic) states corresponding to the objective concentrations are also displayed. There are no objectives for near-
shore nutrient concentrations; Provincial and/or State nutrient objectives will be considered here as benchmarks on-

ly.

The establishment of Substance Objectives for phosphorus concentrations and loading targets take into account the
bioavailability of phosphorus (and seasonality); therefore, status and trends of the bioavailable phosphorus fraction
(soluble reactive phosphorus) and seasonal information are provided here where possible.

There are no current ecosystem objectives for nitrogen. There is a requirement in Annex 4 to establish Substance
Objectives for other nutrients, as required, to control the growth of nuisance and toxic algae to achieve Lake Ecosys-
tem Objectives. As an interim measure, and as discussed in Dove and Chapra (2015), the Redfield ratio of 7.2
mgN/mgP is used as a benchmark to assess nitrogen levels; above this level, lakes would tend to be phosphorus lim-
ited, below this level, lakes would tend to be nitrogen limited, with nitrogen limitation favoring harmful cyanobacte-
ria. The goal would be to maintain ratios well above this level.

Ecological Condition

The condition of the Great Lakes with respect to nutrients is determined using data collected by the federal agencies
Environment and Climate Change Canada and the United States Environmental Protection Agency. The determina-
tion of the lakes’ current status is based on samples collected during recent spring (late March-May) or summer
(generally July-August with some September data) seasons. Data for the determination of trends are restricted to
offshore stations (see Dove and Chapra, 2015) sampled at the surface during spring cruises.

Current Status

The current status of spring total phosphorus concentrations in 2013-14 is shown graphically in Figure 1. The objec-
tive concentration of 5 ug TP/L is achieved in lakes Superior and Huron as well as Georgian Bay, with the exception
of some embayments although it should be noted that these exceedances are single values and in other years the ob-
jectives have been met at these sites. In Lake Michigan, current concentrations are well below the objective of 7 pg
TP/L. Concentrations in Lake Erie are highly variable. In some years, a majority of the lake at the time of the spring
cruise is meeting objectives (e.g., 2012); in other years (e.g., 2011, 2013) all stations exceed objectives, indicating
elevated nutrient concentrations. In Lake Ontario, concentrations meet the objectives at most offshore stations and in
the northeast portion of the lake, but concentrations in the west, along much of the southern shore and parts of the
northern shore exceed the objective. The current status of the bioavailable portion of phosphorus (soluble reactive
phosphorus) is very similar to that for total phosphorus, with SRP comprising between 15 —25% of total phospho-
rus, depending on location. There is no objective for SRP against which to compare current values.
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Temporal Trends

The long-term trends of offshore total phosphorus are shown in Figure 2. All of the lakes show statistically signifi-
cant long-term declining trends. For Lake Superior, the rate of change is very slow and the statistical significance of
the trend relies on the inclusion of certain data points and further time is needed to confirm this result. In Lake Hu-
ron, no significant change is noted until the mid- to late-1990s, with a significant and dramatic decline noted since
that time. Georgian Bay data are not shown here but the temporal trends closely match those in Lake Huron. In Lake
Ontario, two periods of decline are observed. The first occurred in response to the phosphorus management im-
provements legislated in the 1970s, resulting in dramatic declines of TP in Lake Ontario from approximately 23
pg/L in 1972 to 10 pg/L in 1988. Since that time, concentrations have declined more gradually to approximately 6
pug/L in 2013. In Lake Erie, high spatial and inter-annual variability is observed. The central basin is shown in Fig-
ure 2 to represent the lake and we interpret the trends to indicate high concentrations in the 1970s (in the range of 18
pugP/L) and lower concentrations in the 2000s (roughly 12 pgP/L). The variable nature of the data obscure any re-
cent trends.

The long-term trends of offshore soluble reactive phosphorus are similar to those for total phosphorus, but the values
are lower. In Lake Ontario, the ratio of SRP: TP also shows a striking linear decline. In the 1970s, about 70% of the
total phosphorus in the offshore comprised the soluble reactive fraction. By 2012 the ratio had declined to only 20%.
Together, these trends indicate a shortage of phosphorus in offshore regions of the lake.

Trends of spring total oxidized nitrogen (TON) are represented as nitrate (NO3) in Figure 3 (note that nitrate com-
prises more than 95% of TON in the Great Lakes). Unlike phosphorus, concentrations of nitrate have increased over
time, but those increases have slowed and even reversed in recent years, especially in the lower Great Lakes. Con-
centrations of nitrate are lowest in Lake Erie, the most productive of the lakes, where it is taken up by algae, phyto-
plankton and other consumers. High nitrate is protective against blue-green algae blooms, because these algae have
a competitive advantage in their ability to use atmospheric nitrogen when nitrogen is low in water. Total nitrogen
can be estimated for offshore waters using nitrate concentrations (Dove and Chapra, 2015), and there is an excellent,
long-term record of nitrate available. Because nitrate has increased over time and phosphorus has declined, it is
therefore phosphorus, not nitrogen, which is increasingly limited in recent years. Currently, all of the lakes are phos-
phorus limited, with the most extreme limitation occurring in the upper Great Lakes. The ecosystem objective to
maintain ratios above the Redfield ratio of 7.2 is currently being met in all of the lakes, with Lake Erie showing
greatest risk (ratios closest to the objective; Figure 4).

Inferred Nutrient Loadings

The offshore nutrient objectives represent expected conditions when tributary nutrient loadings targets are achieved.
The most recent loadings estimates (obtained by summing all reported sources, scaling these to the lake-wide scale
and estimating between-lake transfers) show that loading targets are only occasionally exceeded and that there are
no significant temporal trends since the 1980s with the exception of declines noted for Lakes Ontario and Huron
(Dolan and Chapra 2012; Maccoux et al. accepted). Despite the recent success of largely meeting the loading tar-
gets, there is increasing evidence of nutrient imbalances in the lakes; that is, eutrophic (nutrient-rich) nearshore con-
ditions may be persisting (or resurging) despite low offshore nutrient concentrations. In this way, the existing objec-
tives may not be sufficient to protect all areas of the lakes.

Both the Substance Objectives for Total Phosphorus Concentration in Open Waters and the Phosphorus Load Tar-
gets are due for assessment and revision as necessary. Loadings targets have recently been adopted for Lake Erie;
these call for a 40% reduction in annual total phosphorus loads to the western and central basins of Lake Erie and a
40% reduction in spring total and soluble reactive phosphorus loads from certain tributaries (Environment and Cli-
mate Change Canada and U.S. EPA, 2015). Work on the other lakes is being initiated, where the need to maintain or
even enhance offshore nutrients will need to be considered.

Lake trophic status

A lake’s trophic state describes its nutritional or growth status. Ranges of phosphorus, together with the response
variables of chlorophyll a (an indicator of the amount of algae and phytoplankton in a sample) and Secchi disk depth
(an indicator of water clarity) are used in combination to determine the trophic status. The objectives vary between
each of the Great Lakes and for Lake Erie the objectives vary by basin. Collectively, the information shows that the
open portions of lakes Superior, Michigan and Huron are in the ultraoligotrophic range (i.e., very low in nutrients
and below the objective of oligotrophy), Lake Ontario is in the oligotrophic range (i.e., nutrient poor and below the
objective) and Lake Erie ranges from eutrophic in the west (nutrient rich and exceeding the objective) to meso-
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trophic in the central basin (exceeding the objective) and oligotrophic in the east (below objective). This indicates
that the offshore regions of the Great Lakes are nutrient deficient with the exception of Lake Erie which suffers from
elevated nutrient conditions.

Other Spatial Scales — Nearshore Regions

This sub-indicator report mainly on total phosphorus (TP) concentrations in the offshore. These offshore waters best
indicate long-term trends because, in contrast to shallower, nearshore waters, they are less influenced by local pollu-
tant discharges. As demonstrated here, offshore nutrient concentrations in most lakes have declined over time, are
below objectives, and may now be too low to support healthy levels of lake productivity.

At the same time as offshore TP concentrations are reaching unprecedented lows, many nearshore regions of the
Great Lakes are experiencing nuisance algae problems. The extent of the algae problem seems to be of similar
magnitude as was experienced in the 1970s (GLWI 2005), despite significantly lower phosphorus loads since that
time (Chapra and Dolan 2012). In Lake Michigan, growth of the benthic alga Cladophora remains a problem, mak-
ing some beaches unswimmable (Bootsma et al. 2015). Cladophora blooms appear to be most extensive in eastern
Lake Erie, while the western Lake Erie basin is also plagued by the more toxic Microcystis algal blooms (Stumpf et
al. 2012). In Lake Huron, the benthic alga Chara is flourishing on the east side and additional algal species are as-
sociated with other fouling issues in the lake; however Cladophora alone is not the only contributor (E.T. Howell,
personal communication). In Lake Ontario, nearshore regions on both the south and north shores routinely experi-
ence nuisance benthic algae blooms.

The causes of the nearshore algae resurgence are not clear. For example, in Lake Erie, loadings of phosphorus ex-
hibit high inter-annual variability but have decreased since the 1970s and show no temporal trend since the late
1980s (Maccoux et al. 2016). The invasion and proliferation of non-indigenous mussels (Dreissena spp.) may be
altering nutrient dynamics, simultaneously depleting offshore nutrients and elevating concentrations in nearshore
regions, resulting in a “feast and famine” dichotomy that is unbalanced, especially for lakes Ontario, Michigan and
Huron. Lake Erie is an exception, where phosphorus concentrations are above objectives throughout the western
basin and much of the central basin and there is no sign of a decline. Symptoms of nearshore eutrophication (elevat-
ed nutrients) are observed.

Linkages

e Benthos — nutrient concentrations impact benthic community abundance and composition

¢ Cladophora — high nutrients in the nearshore favour the proliferation of nuisance benthic algae

e Dreissenid Mussels — Dreissenids influence the cycling of phosphorus, which may alter in-lake concentra-
tions, their relationships with loads and may enhance the growth of Cladophora

o Harmful Algal Blooms —nutrient concentrations impact the development, timing and severity of harmful
algal blooms

e Phytoplankton (open water) — nutrient concentrations impact phytoplankton community abundance and
composition

e  Wastewater treatment can reduce the nutrient loading to the lakes.

e  Water Quality in Tributaries — tributary nutrient concentrations impact nutrient concentrations in Great
Lakes Waters

e Zooplankton - nutrient concentrations impact zooplankton community abundance and composition via the
food web

Comments from the Author(s)
Continued water quality monitoring in the Great Lakes and measurements of nutrient loads are required in order to
inform management, track progress and update status and trend information.

This sub-indicator provides both the long term record and recent trends (where statistically apparent). The emphasis
is on recent trends as these are most relevant for contemporary nutrient management. Continued monitoring and
reporting of offshore conditions is critical to maintain our ability to assess Great Lakes status and trends.

Possible improvements for future report