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Abstract

Traditionally, ecosystem monitoring, conservation, and restoration have been conducted in a piecemeal manner at the local scale
without regional landscape context. However, scientifically driven conservation and restoration decisions benefit greatly when
they are based on regionally determined benchmarks and goals. Unfortunately, required data sets rarely exist for regionally
important ecosystems. Because of early recognition of the extreme ecological importance of Laurentian Great Lakes coastal
wetlands, and the extensive degradation that had already occurred, significant investments in coastal wetland research, protection,
and restoration have been made in recent decades and continue today. Continued and refined assessment of wetland condition and
trends, and the evaluation of restoration practices are all essential to ensuring the success of these investments. To provide
wetland managers and decision makers throughout the Laurentian Great Lakes basin with the optimal tools and data needed
to make scientifically-based decisions, our regional team of Great Lakes wetland scientists developed standardized methods and
indicators used for assessing wetland condition. From a landscape perspective, at the Laurentian Great Lakes ecosystem scale, we
established a stratified random-site-selection process to monitor birds, anurans, fish, macroinvertebrates, vegetation, and phys-
icochemical conditions of coastal wetlands in the US and Canada. Monitoring of approximately 200 wetlands per year began in
2011 as the Great Lakes Coastal Wetland Monitoring Program. In this paper, we describe the development, delivery, and expected
results of this ongoing international, multi-disciplinary, multi-stakeholder, landscape-scale monitoring program as a case example
of successful application of landscape conservation design.
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Introduction

Coastal wetlands are critical components of the Laurentian
Great Lakes ecosystem and have suffered extensive degrada-
tion and loss over the past two centuries (Snell 1987; Krieger
et al. 1992; Schaefer 1994, Environment Canada 2002), and
most have been greatly affected by land-use change and pol-
lution (Bedford 1992; Wilcox 1995). Recognition and appre-
ciation of the importance of coastal wetlands in the Laurentian
Great Lakes ecosystem have grown markedly in recent de-
cades as numerous important ecosystem functions have been
ascribed to these habitats. For example, coastal wetlands pro-
vide critical breeding or migratory habitat for wildlife such as
birds, mammals, reptiles, and amphibians (Herdendorf et al.
1981a, b, ¢, d, e, f; Mitsch and Gosselink 1993; Austen et al.
1994; Hecnar 2004; Hanowski et al. 2007a). These habitats
are also critical spawning and nursery areas for many fish
species of ecologic and economic importance (Herdendorf
et al. 1981a; Chubb and Liston 1986; Klarer and Millie
1992; Jude et al. 2005). Additionally, coastal wetlands trap,
process, and remove nutrients and sediment from Great Lakes
nearshore waters, and their hydrologic effects on drainage
patterns help recharge groundwater supplies (Burton 1985;
Heath 1992). Accordingly, broad consensus has emerged
among scientists, resource managers, and policy-makers, on
the importance of coastal wetland functions to the entire Great
Lakes ecosystem. However, over half of all Great Lakes coast-
al wetlands have been destroyed by human activities, and
many remaining coastal wetlands suffer from anthropogenic
stressors such as nutrient and sediment loading, fragmenta-
tion, invasive species, shoreline alteration, and water-level
control (Burton 1985; Krieger et al. 1992; SOLEC 2007,
Wilcox et al. 2008), as documented by a bi-national Great
Lakes-wide mapping and attribution project (Albert and
Simonson 2004; Ingram and Potter 2004). Therefore, conser-
vation of remaining coastal wetlands and restoration of previ-
ously destroyed wetlands are vital components of restoring the
Great Lakes ecosystem.

Conservation planning for wetlands requires sound
science-based recommendations for managers to consider
when setting priorities and making decisions. On a landscape
scale, regional data utilizing a standardized methodology must
be collected across an entire landscape to create a database for
landscape-level conservation. For most regional-scale ecosys-
tems, continual fluctuations in weather and ambient condi-
tions require repeated sampling using standardized methods.
Along the Laurentian Great Lakes shoreline, over 1000 coast-
al wetlands greater than four hectares in size with a surface
water connection to the lake have been identified as critically
important for habitat and maintenance of coastal processes,
and thus, a program was designed and implemented to devel-
op the necessary landscape-scale data sets for use in conser-
vation and management decision-making.
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Despite ongoing and often increasing threats to these eco-
systems, no mechanism existed to determine the status and
trends of Great Lakes coastal wetland condition at a basinwide
scale. The Great Lakes Coastal Wetlands Consortium
(GLCWC), consisting of U.S. and Canadian scientists, thus
implemented the first-ever comprehensive, basin-wide Great
Lakes Coastal Wetland Monitoring Program (GLCWMP), al-
though an earlier U.S. Fish and Wildlife Service initiative
provided the groundwork with Great Lakes-wide aerial-photo
based mapping of all U.S. Great Lakes coastal wetlands
(Herdendorf et al. 1981a, b, ¢, d, e, ). Our current program,
funded under the Great Lakes Restoration Initiative by the
U.S. Environmental Protection Agency, Great Lakes
National Program Office (GLNPO), relies heavily on method-
ology previously developed, tested, and independently veri-
fied by GLCWC and other scientists. These standardized pro-
tocols efficiently and rigorously assess and report the condi-
tion of coastal wetlands basin-wide, and with repeated sam-
pling, temporal trends in wetland condition for each of the
Great Lakes are determined. This effort provides Great
Lakes resource managers and decision-makers with the criti-
cal information on which to base strategic wetland protection,
conservation, and restoration policies that will ultimately im-
prove the condition of the Great Lakes ecosystem.

GLCWMP Development

The monitoring program was established by many individuals
from numerous organizations located around the Great Lakes
basin. Nearly all of the original authors of the GLCWMP
(GLCWC 2008), including many who contributed to indicator
development and many of the lead scientists in a parallel ef-
fort, are principal investigators in this program.

Site Selection

The pool of wetland sites used for selection was based on the
GLCWC-GLNPO wetland coverage. Wetlands selected for
sampling are four ha or larger, have a direct surface water
connection to a Great Lake or connecting channel and are
close enough to that lake or connecting channel to be influ-
enced by it, and contain herbaceous or standing-water wetland
vegetation zones. Previous basin-wide work by GLCWC in-
dicated that smaller wetlands can be too small to sample, dif-
ficult to recognize, or ephemeral under certain hydrological
conditions. Indicators and sampling protocols have not been
evaluated for use in wooded wetlands because they are typi-
cally less influenced by Great Lake water-level fluctuations;
therefore, these zones are not included in the GLCWMP.
The original coastal wetland map developed by GLCWC
(Albert and Simonson 2004; Ingram and Potter 2004)
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contained more than 7000 wetlands. This map was analyzed
by regional team experts, who identified 1034 coastal wet-
lands that were greater than four ha in size
(greatlakeswetlands.org). We then developed an
infrastructure for a long-term, statistically-sound monitoring
framework, including the establishment of rotating panels of
wetlands using a probabilistic selection process. The GLCWC
(2008) developed this statistically-sound probabilistic design,
recognizing that it is not likely that all Great Lakes coastal
wetlands could be cost-effectively sampled in perpetuity.
This framework allows for a statistically-valid prediction of
overall Great Lakes coastal wetland condition based on a sub-
set (one “panel”) of sites being sampled. We created a frame-
work for coastal wetland condition assessment that is similar
to the U.S. EPA Ecological Monitoring and Assessment
Program (EMAP) for streams and lakes.

Our framework for probabilistic site selection was designed
to be web-based. Site selection follows a stratified-random
design based on: 1) wetland type (riverine, open coastal, bar-
rier-protected); 2) region; and 3) Great Lake. The stratification
process resulted in groups of sites for each lake (or lake x
region, where lakes cross the regional boundary); sites were
then randomized within each group. Each regional sampling
team is assigned sites by random selection of one site from
each group in each region and repeating this process to fill the
roster of potential sites to be sampled during a given year.
Teams over-select sites within each group to account for sites
that fail to meet the minimum sampling criteria after onsite
inspection. The group of sites where sampling is actually per-
formed during year 1 forms the basis of a rotating panel design
that ensures that all major wetlands will be sampled over a
period of five years, with potential modification of this sched-
ule based on the results of the first year of sampling. Finally,
10% of sites sampled each year are “re-sample” sites. These
randomly-selected re-sample sites are chosen from sites that
were sampled in the previous year. Re-sampling sites allows
for the detection of wetland-by-year variability, or ‘trends’ in
ecosystem health, as well as effects of water-level change on
indicators. This stratified-random site-selection process en-
sures that the condition of Great Lakes coastal wetlands
basin-wide can be inferred and statistically summarized based
on the outcome of a single year’s sampling. In additional
years, revisits to sites provide an indication of trends of eco-
system health basin wide. These predictions can then be re-
evaluated with greater precision as additional sites are added
to the sample pool.

In addition to the randomly-selected sites and the re-
sampling sites, study crews also establish and sample a small
number of “benchmark” sites for which there exist large
amounts of historical data, represent extreme ends of the an-
thropogenic disturbance gradient, or are proposed/ongoing
wetland restoration sites. Benchmark sites are sampled in the
same manner as randomly-selected sites, but data from these

sites are analyzed separately. Purposely selected sites are
meant to ensure that sites meet the objective of sampling all
wetland types across the full range of disturbance, which will
aid indicator interpretation. Benchmark sites are chosen at
locations where proposed restorations need to provide pre-
or post-restoration implementation data, or where on-going
restorations need post-restoration data (depending on the im-
plementation of restoration activities at a site).

Sampling Methodology
Vegetation Community Indicators

Vegetation monitoring protocols (Uzarski et al. 2017) focus on
1) identifying and quantifying invasive plants that are consid-
ered indicators of degraded habitat (Albert and Minc 2004), 2)
identifying significant interannual changes to submergent and
floating-leaved vegetation, and 3) comparing local site mean
Conservatism (mean C) values to regional mean C values
(Herman et al. 2001). Mean C is based on two aspects, the
plant's dependability on specific habitat and its ability to tol-
erate stressors. Wetland and aquatic macrophytes are sampled
at points along transects extending perpendicular to the shore-
line at each site. Transects are selected to intersect major veg-
etation zones/types at each site, with three transects being
established in each wetland. Once transects are established,
endpoints are established using a handheld GPS. Sampling
along transects perpendicular to the shoreline ensures that all
vegetation types are represented because relatively distinct
zones of wet meadow, emergent, and submergent vegetation
occur from the upland toward open water in most coastal
wetlands. This zonation is generally related to differences in
water depth, wave energy, and the associated differences in
substrate. At each sampling point, all plants are identified to
species level, and areal coverage is estimated in I m x 1 m
quadrats. Five quadrats are sampled in each zone, these are
spaced equidistance apart on each of the three transects based
on the size of the zone: wet meadow, emergent, and
submergent. If a zone is too narrow to accommodate five
quadrats, a perpendicular transect is placed at the mid-point
of the zone for sampling of the five quadrats. Representative
specimens of plants that cannot be identified in the field are
returned to the laboratory and identified under magnification.

The Michigan Floristic Quality Assessment (FQA) pro-
gram (Herman et al. 2001) is used to calculate mean C values.
This technique is ideal for basin-wide vegetation assessment
because it was designed for use in Michigan, which encom-
passes most of the latitudinal gradient encountered in the
Great Lakes. Mean C for native species and total flora (includ-
ing non-native species) are calculated for each wetland and
compared to regional mean C values. For over 100 of the
largest coastal wetlands across the Great Lakes, transect
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sampling results from earlier studies (Albert et al. 1987, 1988,
1989; Minc 1997; Minc and Albert 1998) are being used to
compute Floristic Quality Index and mean C scores, which
can be compared to scores from the present study to assist in
the assessment of regional or local changes in wetland quality
over the last 15 to 20 years.

Invertebrate Community Indicators

The invertebrate monitoring protocol (GLCWC 2008;
Uzarski et al. 2017) uses an Index of Biotic Integrity (IBI)
for distinct plant zones based on the work of Burton et al.
(1999) and Uzarski et al. (2004). The IBI metrics provide a
comprehensive evaluation of how coastal wetland invertebrate
communities vary along anthropogenic disturbance gradients.
Because sample collection and metric calculations are based
on specific vegetation zone types, which are ultimately deter-
mined by water depth and hydrology, the IBI is designed to
accommodate inter-annual variations in water level (Uzarski
et al. 2004). Although the macroinvertebrate-based IBI was
developed specifically for fringing wetlands, the GLCWC
recommended its use in all coastal wetland types. We continue
to explore further metric development and refinement as new
data are generated for riverine and barrier-protected wetlands.

Macroinvertebrate samples are collected using standard
0.5-mm mesh D-frame dip nets during July and August
(Uzarski et al. 2004, 2017; GLCWC 2008). Three replicate
samples, haphazardly spaced at least 20 m apart, are collected
from up to five major plant zones in each wetland.
Invertebrates are hand-picked from each sample in the field
following the methods of Uzarski et al. (2004, 2017) and
preserved in 70% ethanol. In the laboratory, organisms are
identified to the lowest operational taxonomic unit necessary
for IBI metric calculations (genus-level in most cases).
Taxonomic keys such as Thorp and Covich (1991) and
Merritt et al. (2008) are used for identification. Resulting data
are used to generate IBI metric values as specified in the
GLCWMP.

Fish Community Indicators

Fish are key indicators of biotic integrity in streams (e.g., Karr
et al. 1986; Lyons and Wang 1996) and to a lesser degree in
lakes (e.g., Fabrizio et al. 1995; Whittier 1998). More recently,
fish have been used to assess wetland condition. Recognition
of the importance of coastal wetlands to Great Lakes fishes
(e.g., Jude and Pappas 1992) initiated a movement toward
using fishes as indicators of wetland health (Wilcox et al.
2002; Timmermans and Craigie 2003; Environment Canada
and Central Lake Ontario Conservation Authority 2004;
Uzarski et al. 2005; Cooper et al. 2018). Fish community-
based indicators adopted by the GLCWC are a set of metrics
that are combined to yield IBI scores for distinct plant zones
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(based on Uzarski et al. 2005 and Cooper et al. 2018). These
fish-based IBIs were initially formulated for 7ypha (cattail) -
and Schoenoplectus (bulrush) -dominated wetlands and were
designed to be used in all five Great Lakes (Uzarski et al.
2005). Cooper et al. (2018) built on and expanded those to
additional vegetation types. The IBIs were tested against mul-
tiple water quality and anthropogenic disturbance gradients.
The fish-based IBIs were further tested and validated by
Bhagat et al. (2007) in wetlands spanning all five Great Lakes.

Fish community sampling protocols (Uzarski et al. 2017)
are conducted by setting three fyke nets in each plant zone,
containing enough water to set the nets. Two sizes (large frame
and small frame, all small mesh) are used depending on zone
depth. The large frame nets are set where water depth is be-
tween 0.5 and 1 m, and the small frame nets are set in water
less than 0.5 m (Uzarski et al. 2005). Nets are set adjacent to
the major plant types or zones in each wetland, with leads
extending into the area to be sampled (Uzarski et al. 2005;
Cooper et al. 2007). Nets are set for one night (approximately
24 h), after which fish are collected, identified to species,
counted, measured, and released alive. If positive species
identification cannot be made in the field, voucher specimens
are returned to the laboratory and identified. Fish data are used
to calculate metrics that assess the health of a wetland and are
based on major plant zones.

Anuran and Bird Community Indicators

Over the past 30 years, considerable field data have been
gathered and analyzed to develop anuran (frog and toad) and
bird monitoring protocols in the Great Lakes region, especial-
ly in wetlands (Niemi 1980; Hanowski et al. 1990; Gibbs and
Melvin 1993; Howe et al. 1998; Weeber and Vallianatos 2000;
Price et al. 2004; Crewe and Timmermans 2005; Meyer et al.
2006; Hanowski et al. 2007a, b; Howe et al. 2007; Price et al.
2007; Etterson et al. 2009 and Tozer 2013, 2016)). This pro-
gram builds on this existing work by 1) establishing a strategic
baseline of site-specific data, and 2) articulating and validating
a clear, scientifically rigorous plan for long-term monitoring
of bird and anuran populations in Great Lakes coastal wet-
lands. The field component of this monitoring program uses
the protocols contained in the GLCWMP, but additional data
were collected to improve the protocols and to ensure com-
patibility with the existing volunteer Great Lakes Marsh
Monitoring Program (GLMMP), a long-term volunteer citizen
science program that monitors birds, anurans, and habitat at
targeted sites within coastal and, to a greater extent, inland
wetlands mainly throughout the southern portion of the
Great Lakes basin (Tozer 2013, 2016; Tozer et al. 2018;
Weeber and Vallianatos 2000; Meyer et al. 20006).
Specifically, we sample breeding anuran and bird popula-
tions using the GLCWMP protocol (Uzarski et al. 2017) in
approximately 250 wetland sites per year. Data collection is
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coordinated as much as possible with the annual volunteer
GLMMP (Tozer et al. 2017b, c¢). We also critically examine
data to improve the biological, logistical, statistical, and mon-
etary efficiency of the GLCWMP protocols. This involves
assessing tradeoffs in representation, statistical power, and
cost among different frequency and timing of sampling at
the level of individual surveys, sampling points, and wetlands.
For example, we have assessed tradeoffs among different
numbers of sampling points per wetland (Hanowski et al.
2007b) and different durations of point counts (Tozer et al.
2017a).

For anurans, unlimited-distance point counts are used to
identify presence and calling intensity of species within each
wetland (Uzarski et al. 2017). Depending on wetland area,
field samples for each wetland site consist of one to six survey
points spaced at least 500 m apart. Sites are visited three times
per breeding season during peak vocalization periods, with a
minimum of 15 days between visits (unless inclement weather
or other unforeseen circumstances intervene). Surveys are
conducted between sunset and midnight and occur only dur-
ing acceptable weather conditions (GLCWC 2008).

For birds, we use fixed-distance and (simultaneously)
unlimited-distance counts at points located at least 250 m apart
within each wetland habitat (Uzarski et al. 2017). Point-count
surveys are conducted either from 30 min before sunrise to 4 h
after sunrise or from 4 h before sunset to 30 min after sunset.
The number of birds seen or heard is recorded during 15-min
observation periods (5 min of passive observation, 5 min of
broadcast calling, 5 min of passive observation) at each point-
count station (GLCWC 2008). Wetlands are surveyed at least
twice per year, unless unforeseen circumstances prohibit re-
turn visits. Quantitative indicators have been developed from
previous data gathered, as well as from this study. A number
of approaches have been used and compared, including an
Index of Biotic Integrity (Crewe and Timmermans 2005;
GLCWC 2008) and a probability-based Indicator of
Ecological Condition (Howe et al. 2007; Chin et al. 2015).
Both methods are compatible with the field data-collection
methods described above. Recommended indicators are se-
lected based on their transparency and effectiveness in de-
scribing the ecological condition of Great Lakes coastal
wetlands.

Chemical/Physical Measurements

Basic chemical and physical data are collected concurrently
with biological samples in accordance with the GLCWMP
(GLCWC 2008). These covariate data represent important
measures of wetland condition and are used to account for
variability in the biotic indicators. Chemical/physical mea-
surements are made in each vegetation type where fish and
macroinvertebrate data are collected. Water samples were
collected at mid-depth in acid-washed bottles for analysis of

soluble reactive phosphorus (SRP), nitrate-N, ammonium-N,
and alkalinity. Alkalinity is determined using titration of raw
water samples with standardized sulfuric acid. Soluble reac-
tive phosphorus, nitrate-N, and ammonium-N are measured
using spectrophotometric methods (APHA 2005), automated
when possible (e.g., Lachat system). Temperature, dissolved
oxygen, chlorophyll a, oxidation-reduction potential, total dis-
solved solids, turbidity, pH, and specific conductance are mea-
sured in situ using a YSI, Hydrolab, or equivalent instrumen-
tation. Instrument maintenance and calibration follow proto-
cols recommended by the manufacturer and are standardized
across participating laboratories. Physical habitat variables
such as water depth and qualitative substrate composition es-
timates are also assessed at each sampling site. Parameters are
ranked for each site relative to others and combined to form a
disturbance gradient measure referred to as SumRank
(Uzarski et al. 2005, 2017).

Data Management System and Web Portal
for Data Dissemination

The GLCWMP implemented a web-based data-entry system
and portal (https://www.greatlakeswetlands.org) to support
data management and dissemination needs associated with
the program. The system generates data-entry web forms au-
tomatically from data structure specifications, typically based
on field data sheets. This approach allows rapid implementa-
tion of required database structures. Because data entry forms
are similar to field data sheets, field crews can enter data
online quickly and efficiently, reducing data entry errors. We
also built in simple checks on data, validating that values fall
within expected ranges and forcing out-of-range values to be
double-checked. Experience has shown that the use of drop-
down menus built into the system greatly reduces the frequen-
cy of data entry errors, particularly for scientific names of taxa.
The sample-type-specific data structures and site-level meta-
data defined in the Data Management System (DMS) de-
scribed in GLCWC (2008) were used as a basis for this work.
The DMS handles the metadata that accompany these data
(e.g., methods, study design, field-data error codes, descrip-
tion of indicator calculations, etc.), which helps to ensure the
system’s usefulness to future researchers, managers, and the
public.

To accommodate requests for raw data, the DMS is able to
export self-documenting data files that can be imported into
standard statistical, spreadsheet, and database programs for
analysis. A complete set of export files is automatically gen-
erated every night, and files can also be exported upon user
request. In addition, the system has the capacity to calculate
defined analyses on demand. The DMS calculates indicator
values for all wetlands for which relevant data have been
entered into the system. These integrated calculations also
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reduce calculation errors and ensure that all users are calculat-
ing indicators in the same manner.

In addition to providing access to raw monitoring datasets,
the GLCWMP website provides a wetland site mapping tool
that is specifically designed to support the needs of coastal
managers and other stakeholders (https://www.
greatlakeswetlands.org/map). The default view in the
mapping tool displays the centroids and boundary
delineations (i.e., polygons) for all sites monitored under the
GLCWMP, and it provides site-specific information regarding
hydrogeomorphic type and years sampled. Coastal managers
and stakeholders also have access through this tool to IBI
scores and species lists for vegetation, invertebrates, and fish,
and are able to efficiently generate map views and export IBI
scores. A complementary Coastal Wetlands Decision Support
Tool (DST) (https://www.greatlakeswetlands.org/DST) has
also been developed to provide further support for wetland
site filtering, prioritization, and ranking for potential
restoration and protection investments. The combined
capabilities of these web-based, map-centric tools allow man-
agers to track time trends for wetlands of particular interest or
to compare wetlands to one another.

Quality Assurance/Quality Control
and Participant Training

Rigorous quality assurance/quality control (QA/QC) proce-
dures are adhered to in all aspects of the monitoring program.
QA/QC, both within and across collaborating laboratories, is
essential to ensuring that the information collected is defensi-
ble and has quantified levels of precision and accuracy.
Specific QA/QC protocols follow those recommended by
U.S. EPA and the American Public Health Association
(APHA 2005), as well as additional protocols developed spe-
cifically for this program (e.g., establishing standard taxonom-
ic reference sets, taxonomy training requirements, cross-
laboratory taxonomy validation). Fully-detailed methodology
and QA/QC protocols were compiled into standard operating
procedures (SOPs) that all members of the program team
follow.

Education and Outreach

After each field season, we have data to infer an unbiased
estimate of wetland condition across the Great Lakes. These
inferences are refined, updated, and expanded each year to
disseminate information to managers, agency personnel, and
the public. We work to ensure that personnel at local, state/
provincial, non-governmental, and federal agencies are in-
formed about (and trained in) the rigorous, cost-effective mon-
itoring strategy that we developed.
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This program offers a rare opportunity to obtain compre-
hensive and consistent data for coastal wetlands across the
Great Lakes basin. We recognize the importance of dissemi-
nating monitoring results to program managers, policy makers
and to the general public (greatlakeswetlands.org). In addition
to coordinating with GLRI-funded information dissemination
projects, regular communication with state, tribal, and provin-
cial agencies has been established through formation of a
Great Lakes Regional Wetland Monitoring Workgroup. This
Workgroup is open to state and tribal resource agencies in
EPA Region 5, with participation being extended to other
Great Lakes states and provinces; GLC; the GLCWMP team
and other wetland scientists; and federal resource agencies,
including U.S. EPA, U.S. ACE, U.S. FWS, and NOAA.
Michigan DEQ assumed responsibility for making contacts
with state and federal resource agencies and other participants,
along with organizing meetings.

The Workgroup encourages the active exchange of infor-
mation among resource management agencies and the scien-
tists who are gathering coastal wetland data, provides for ac-
curate interpretation and dissemination of monitoring results
to managers and decision makers, and assists program man-
agers in integrating the results of this program with other
major monitoring efforts in the Great Lakes region, including
but not limited to the National Wetland Condition
Assessment. The GLCWMP data management system
(DMS) and web portal are linked from the GLNPO wetland
monitoring webpage and is a publicly-accessible system es-
sential for the long-term wetland monitoring program. Such a
system allows access to all data collected, the indicator calcu-
lations, and summary information.

Training future Great Lakes researchers and state and fed-
eral agency personnel and resource managers is an important
part of this program. Because we sampled every summer for
five years in Phase I and continue an additional five years in
Phase II (and beyond), we anticipate training dozens of grad-
uate students, several post-doctorates, and dozens of under-
graduate students who assist with field and lab work while
learning about Great Lakes coastal wetland ecosystems and
their importance. Students rarely have the opportunity to par-
ticipate in projects of this scale. These students will be well-
trained to become tomorrow’s Great Lakes leaders.

Finally, all other products developed by this program are
transferred to GLNPO and posted on the project website.
These include the monitoring plan, including lists of the rotat-
ing panels with wetlands to be sampled across years, the sam-
pling protocols, standard operating procedures, Quality
Assurance Project Plans (QAPPs), indicator calculations, re-
finements, new indicators, and final and interim reports, as
well as all publications. Program leaders and PIs also present
data and findings at regional and national conferences (e.g.,
International Association for Great Lakes Research, Society
of Wetland Scientists) and in the peer-reviewed literature.
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Outcomes, Outputs, and Expected Results

The primary outputs of this program are 1) a comprehensive
assessment of the overall condition of Great Lakes coastal
wetlands, with summaries by individual Great Lake,
ecoregion, and wetland type and 2) the implementation of a
standardized, statistically-valid long-term monitoring pro-
gram for coastal wetlands across the entire Great Lakes basin.
These outputs lead to a better understanding of wetland con-
dition and temporal trajectories by managers and agencies
across the Great Lakes. These data and their summaries are
critical to guiding the future outcomes for preventing further
wetland degradation and loss through protection, conserva-
tion, and restoration (and tracking outcomes via this monitor-
ing plan), and generally (and demonstrably) enhancing the
condition of coastal wetlands treated as a whole. Secondary
outputs that make this possible include 1) a database-
management system consisting of a data-entry system (with
metadata capabilities), data-export tools, indicator calculators
and summary tools that allow the system to be used for years
into the future to help monitor and assess the condition of
coastal wetlands and communicate this information to the
public, managers, agencies, researchers, and anyone else, 2)
a standardized sample design with rotating panels of wetland
sites to be sampled across years, accompanied by sampling
protocols, QAPPs, and other methods documents, 3) back-
ground documents on the indicators, their development, and
the calculations involved, and 4) all program reports and pub-
lications. All of these outputs are available on publicly-
accessible websites.

These primary and secondary outputs have also allowed for
development of the DST (www.greatlakeswetlands.org/DST)
that can be used by managers to regionally rescale monitoring
results regionally to address specific management questions.
The DST is spatially flexible and can be implemented across
scales from local (e.g., a few wetlands within a county or other
management-relevant unit) to broader regional scales (e.g.,
wetlands within an entire state) or even the entire Great
Lakes basin. Users interact with the DST using a map interface
and a series of menus and dialogue boxes. The tool allows
users to visualize monitoring results and other relevant infor-
mation (e.g., wetland ownership, surrounding land use, etc.)
within a geographic framework and to rank wetlands accord-
ing to user-defined criteria associated with specific manage-
ment objectives. Wetland selection and ranking schemes are
constructed using attributes from five categories: 1) biotic
condition (e.g., biotic community structure, indices of biotic
integrity), 2) chemical and physical conditions (e.g., nutrient
concentrations, dissolved ion concentrations, abiotic index of
condition), 3) surrounding land use and human population
density, 4) jurisdiction and ownership of wetland area, and
5) spatial habitat context of wetlands (e.g., proximity to other
coastal wetlands, percentage of surrounding lands that are
wetland or forest). By selecting a geographic region of interest
and then filtering and ranking wetlands within that region
using a customizable set of attributes, users can identify par-
ticular wetlands or subsets of wetlands of management interest
(Fig. 1). The DST interface also provides various geospatial
overlays such as surrounding land cover and land ownership
maps, cover of invasive Phragmites, and oblique aerial

Great Lakes Coastal Wetland Decision Support Tool (CWDST)

Wetland Mapping Tools Decision Support Tools

» Map Navigation
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Fig. 1 Great Lakes Coastal Wetland Decision Support Tool interface showing a ranking result based on Fish Index of Biotic Integrity scores for wetlands
in Green Bay, Lake Michigan. Cooler colored dots indicate higher Fish IBI scores
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imagery of each wetland, as well as data output functionality
that is complimentary to the DMS download tool. Results
from DST scenarios can be visualized on the map interface
(Fig. 1) and/or downloaded with all relevant wetland attribute
data.

Expected results of the GLCWMP include sampling of all
major Great Lakes coastal wetland complexes across five-year
time spans to provide data to assess the condition of these
wetlands using indicators involving most major biotic groups,
revision/refinement of wetland condition indicators and crea-
tion of new indicators, assessment of the effects of temporal
variability on the various indicators, and identification of wet-
lands that can be used as regional reference sites. These results
are being communicated via reports, presentations at regional
and national meetings, the program website, Workgroup meet-
ings, and publications. We also hold training workshops for
technology transfer to agencies that may be taking over the
routine wetland monitoring process.

While this program was developed specifically for work in
coastal wetlands of the Laurentian Great Lakes, the framework
is transferable to other ecosystem types located elsewhere in the
world. For example, work was completed in 2014 to transfer
the program to Poyang Lake, located in Jiangxi Province,
China. Transferability to other ecosystems and locations is ac-
complished by first defining the targeted population of systems
of interest. Once the geographic area and population of systems
is defined, specific sub-types of ecosystems (e.g., major cate-
gories of wetlands or forests, etc.) have to be established to
isolate natural variation among ecosystems based on sub-type,
latitude, and climate. Sampling effort then has to be determined
based on the number of system sites that can be sampled and
how often sampling will occur. Time and resources are then
allocated to reflect the number of sites of each type within a
given sub-region based on latitude and climate (the strata).
Once this stratified sampling design is established, resources
can be allocated based on the number of sites within each strata.
Indicators of ecosystem condition are then developed for each
ecosystem sub-type by establishing reference sites that reflect
the most pristine examples of each sub-type in each strata sub-
category and comparing chemical and biological data from
these sites to those from sites experiencing known anthropo-
genic disturbances. Once indicators are deemed trustworthy, a
power analysis should be conducted to ensure that sampling
effort is sufficient for each sub-type in each strata to detect
changes in condition. As the size and scope of the program
increases, the need for a robust QA/QC system escalates.
Mid-season field sampling checks, sample exchanges, and
sampling and identification refreshers, as well as field crew
exchanges, are essential to ensure that comparable collections
and sampling decisions are being made.

It is not necessary to transfer all parts of this sampling
program to make use of the framework that we have
established. For example, the SOPs for our sampling protocols

@ Springer

have been adopted and adjusted for other ecosystems. The
QA/QC system in particular can easily be adopted and applied
to nearly any field sampling regime. The data management
system, while tailored to specifically fit our types of samples,
demonstrates how to set up a data management system for any
particular set of protocols that can be accessed by many re-
searchers across a widespread area, while still maintaining
strong QA/QC. Our process for developing ecosystem condi-
tion metrics and IBIs can also be adapted to different ecosys-
tem types. Chemical measures of water quality, similar to
SumRank, are based on only annual sampling, but were de-
veloped to raise flags for extreme values. Extreme values for
any region will indicate degraded vs reference systems.

Acknowledgments The research was carried out by scientists from 11
US and Canadian universities, three US and Canadian government agen-
cies and one environmental engineering and science firm. The U.S. team
consisted of scientists from Central Michigan University’s Institute for
Great Lakes Research, the Natural Resources Research Institute (NRRI)
at the University of Minnesota-Duluth, the Annis Water Resources
Institute (AWRI) at Grand Valley State University, the Burke Institute
for Freshwater Innovation at Northland College, the University of Notre
Dame, Lake Superior State University, State University of New York-
College at Brockport, the University of Wisconsin at Green Bay, River
Falls, and Superior, and Oregon State University, as well as a resource
management officials from the Michigan Department of Environmental
Quality, US Environmental Protection Agency (USEPA), and a data-
management professional from Limnotech. Canadian scientists included
those from the University of Windsor, Environment and Climate Change
Canada, and Bird Studies Canada. The authors would like to thank
Allison N. Kneisel, Jessica M. Kosiara, and Bridget A. Wheelock for
editing the manuscript. Funding for this work was provided by the
Great Lakes National Program Office under the United States
Environmental Protection Agency, grant number GL-00E00612-0 as part
of the US federal government’s Great Lakes Restoration Initiative.
Although the research described in this work has been partly funded by
the United States Environmental Protection Agency, it has not been sub-
jected to the agency’s required peer and policy review, and therefore, does
not necessarily reflect the views of the agency and no official endorse-
ment should be inferred. This paper is Contribution Number 115 of the
Central Michigan University Institute for Great Lakes Research and
Contribution Number 629 of the Natural Resources Research Institute,
University of Minnesota-Duluth.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Albert DA, Minc LD (2004) Plants as indicators for Great Lakes coastal
wetland health. Aquatic Ecosystem Health and Management 7:233—
247

Albert DA, Simonson L (2004) Coastal wetland inventory of the Great
Lakes region (GIS coverage of U.S. Great Lakes). Great Lakes
Consortium, Great Lakes Commission, Ann Arbor, MI, http://
www.glc.org/wtlands/inventory.html. Accessed Mar 2018


http://www.glc.org/wtlands/inventory.html
http://www.glc.org/wtlands/inventory.html

Wetlands

Albert DA, Reese G, Crispin SR, Wilsmann LA, Ouwinga SJ (1987) A
survey of Great Lakes marshes in Michigan's Upper Peninsula.
MNFI report for Land and Water Management Division of
Michigan DNR. Coastal Zone Management Program, Lansing

Albert DA, Reese G, Crispin SR, Penskar MR, Wilsmann LA, Ouwinga
SJ (1988) A survey of Great Lakes marshes in the southern half of
Michigan's Lower Peninsula. MNFI report for land and water man-
agement division of Michigan DNR. Coastal Zone Management
Program, Lansing

Albert DA, Reese G, Penskar MR, Wilsmann LA, Ouwinga SJ (1989) A
survey of Great Lakes marshes in the northern half of Michigan's
Lower Peninsula and throughout Michigan's Upper Peninsula.
MNFI report for Land and Water Management Division of
Michigan DNR. Coastal Zone Management Program, Lansing

APHA (2005) Standard methods for the evaluation of water and waste-
water, 21st edn. American Public Health Association, Washington

Austen MJW, Cadman MD, James RD (1994) Ontario birds at risk: status
and conservation needs. Federation of Ontario naturalists and long
point bird observatory, Port Rowan, ON

Bedford KW (1992) The physical effects of the Great Lakes on tributaries
and wetlands. Journal of Great Lakes Research 18:571-589

Bhagat Y, Ciborowski JJH, Johnson LB, Brady V, Breneman D, Schuldt
J, Hrabik T, Richards C, Uzarski D, Burton T (2007) Testing a fish
index of biotic integrity for Great Lakes coastal wetlands: stratifica-
tion by plant zones. Journal of Great Lakes Research 33(Special
Issue 3):224-235

Burton TM (1985) Effects of water level fluctuations on Great Lakes
coastal marshes. In: Prince HH, D’Itri FM (eds) Coastal wetlands.
Lewis Publishers, Chelsea, pp 3—13

Burton TM, Uzarski DG, Gathman JP, Genet JA, Keas BE, Stricker CA
(1999) Development of a preliminary invertebrate index of biotic
integrity for Lake Huron coastal wetlands. Wetlands 19:869-882

Chin ATM, Tozer DC, Walton NG, Fraser GS (2015) Comparing distur-
bance gradients and bird-based indices of biotic integrity for ranking
the ecological integrity of Great Lakes coastal wetlands. Ecological
Indicators 57:475-485

Chubb SL, Liston CW (1986) Density and distribution of larval fishes in
Pentwater Marsh, a coastal wetland on Lake Michigan. Journal of
Great Lakes Research 12:332-343

Cooper MJ, Ruetz CR 111, Uzarski DG, Burton TM (2007) Distribution of
round gobies in coastal areas of Lake Michigan: are wetlands resis-
tant to invasion? Journal of Great Lakes Research 33:303-313

Cooper MJ, Lamberti GA, Moerke AH, Ruetz CR III, Wilcox DA, Brady
VI, Brown TN, Ciborowski JJH, Gathman JP, Grabas GP, Johnson
LB, Uzarski DG (2018) An expanded fish-based index of biotic
integrity for Great Lakes coastal wetlands. Environmental
Monitoring and Assessment 190:580. https://doi.org/10.1007/
$10661-018-6950-6

Crewe TL, Timmermans STA (2005) Assessing biological integrity of
Great Lakes coastal wetlands using marsh bird and amphibian com-
munities. Project #WETLAND3-EPA-01 Technical Report, Port
Rowan, ON

Environment Canada (2002) In: Mortsch L, Ingram J, Hebb A, Doka S
(eds) Great Lakes coastal wetland communities: vulnerability to
climate change and response to adaptation strategies. Environment
Canada and the Department of Fisheries and Ocean, Toronto

Environment Canada and Central Lake Ontario Conservation Authority
(2004) Durham Region Coastal Wetland Monitoring Project: year 2
technical report. Environmental Conservation Branch — Ontario
Region, Downsview

Etterson M, Niemi G, Danz N (2009) Estimating the effects of detection
heterogeneity and overdispersion on trends estimated from avian
point counts. Ecological Applications 19:2049-2066

Fabrizio MC, Ferreri CP, Hanson MJ (1995) Prey fish communities as
indicators of ecosystem health in Lake Michigan. National

Biological Service, Project Completion Report, Great Lakes
Science Center, Ann Arbor

Gibbs JP, Melvin SM (1993) Call-response surveys for monitoring breed-
ing waterbirds. Journal of Wildlife Management 57:24-34

GLCWC (2008) Great Lakes coastal wetlands monitoring plan. Great
Lakes coastal wetlands consortium. https://www.glc.org/wp-
content/uploads/2016/10/Great-Lakes-Coastal-Wetlands-
Monitoring-Plan-FINAL-March-2008.pdf . Accessed Mar 2008

Hanowski JM, Niemi GJ, Blake JG (1990) Statistical perspectives and
experimental design in counting birds with line transects. Condor
92:326-335

Hanowski JM, Danz N, Howe R, Niemi G, Regal R (2007a)
Consideration of geography and wetland geomorphic type in the
development of Great Lakes coastal wetland bird indicators.
Ecohealth 4:194-205

Hanowski JM, Danz NP, Howe RW, Regal RR, Niemi G (2007b)
Considerations for monitoring breeding birds in Great Lakes coastal
wetlands. Journal of Great Lakes Research 33:245-252

Heath RT (1992) Nutrient dynamics in Great Lakes coastal wetlands:
future directions. Journal of Great Lakes Research 18:590-602

Hecnar SJ (2004) Great Lakes wetlands as amphibian habitats: a review.
Aquatic Ecosystem Health and Management 7:289-303

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

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

Herman KD, Masters LA, Penskar MR, Reznicek AA, Wilhelm GS,
Brodowicz WW (2001) Floristic quality assessment with wetland
categories and computer application programs for the state of
Michigan. Michigan Department of Natural Resources, Wildlife
Division, Natural Heritage Program, Lansing

Howe RW, Niemi GJ, Lewis SJ, Welsh DA (1998) A standard method for
monitoring bird populations in the Great Lakes region. Passenger
Pigeon 59:183-194

Howe RW, Regal RR, Hanowski JM, Niemi GJ, Danz NP, Smith CR
(2007) An index of ecological condition based on bird assemblages
in Great Lakes coastal wetlands. Journal of Great Lakes Research
33:93-105

Ingram JW, Potter B (2004) Development of a coastal wetlands database
for the Great Lakes Canadian shoreline Great Lakes Consortium,
Great Lakes Commission, Ann Arbor, MI. http://www.glc.org/
wetlands/inventory.html

Jude DJ, Pappas J (1992) Fish utilization of Great Lakes wetlands.
Journal of Great Lakes Research 18:651-672

Jude DJ, Albert DA, Brazner J, Uzarski DG (2005) Lake Michigan’s
coastal wetlands: distribution and fish utilization. In: Munawar M,

@ Springer


https://doi.org/10.1007/s10661-018-6950-6
https://doi.org/10.1007/s10661-018-6950-6
https://www.glc.org/wp-content/uploads/2016/10/Great-Lakes-Coastal-Wetlands-Monitoring-Plan-FINAL-March-2008.pdf
https://www.glc.org/wp-content/uploads/2016/10/Great-Lakes-Coastal-Wetlands-Monitoring-Plan-FINAL-March-2008.pdf
https://www.glc.org/wp-content/uploads/2016/10/Great-Lakes-Coastal-Wetlands-Monitoring-Plan-FINAL-March-2008.pdf
http://www.glc.org/wetlands/inventory.html
http://www.glc.org/wetlands/inventory.html

Wetlands

Edsall T (eds) The state of Lake Michigan. Ecovision World
Monograph Series, S.P.B. Academic Publishing, Amsterdam, pp
439-477

Karr JR, Fausch KD, Angermeier PL, Yant PR, Schlosser 1J (1986)
Assessment of biological integrity in running waters: a method and
its rationale. Illinois Natural History Survey Special Publication No.
5. Chicago, IL

Klarer D, Millie DF (1992) Aquatic macrophytes and algae at old Woman
Creek estuary and other Great Lakes coastal wetlands. Journal of
Great Lakes Research 18:622—633

Krieger KA, Klarer DM, Heath RT, Herdendorf CE (1992) Coastal wet-
lands of the Laurentian Great Lakes: current knowledge and re-
search needs. Preface: a call for research on Great Lakes coastal
wetlands. Journal of Great Lakes Research 18:525-528

Lyons J, Wang L (1996) Development and validation of an index of biotic
integrity for coldwater streams in Wisconsin. North American
Journal of Fisheries Management 16:241-256

Merritt RW, Cummins KW, Berg MB (2008) An introduction to the aquatic
insects of North America, 4th edn. Kendall/Hunt Publishing Co.,
Dubuque

Meyer SW, Ingram JW, Grabas GP (2006) The Marsh Monitoring
Program: evaluating marsh bird-survey protocol modifications to as-
sess Lake Ontario coastal wetlands at a site-level. Technical Report
Series Number 465. Canadian Wildlife Service, Ontario Region,
Downsview, ON

Minc LD (1997) Great Lakes coastal wetlands: an overview of control-
ling abiotic factors, regional distribution, and species composition.
Michigan Natural Features Inventory, Lansing

Minc LD, Albert DA (1998) Great Lakes coastal wetlands: abiotic and
floristic characterization. MNFI report to U. S. Environmental
Protection Agency, Lansing

Mitsch WJ, Gosselink JG (1993) Wetlands, 2nd edn. Van Nostrand
Reinhold, New York

Niemi GJ (1980) Breeding bird censuses of wetlands in the St. Louis river
estuary. American Birds 34:95-100

Price SJ, Marks DR, Howe RW, Hanowski JM, Niemi GJ (2004) The
importance of spatial scale for conservation and assessment of an-
uran populations in coastal wetlands of the western Great Lakes.
Landscape Ecology 20:441-454

Price SJ, Howe RW, Hanowski JM, Niemi GJ, Smith CR, Danz NP
(2007) Are anurans of Great Lakes coastal wetlands reliable indica-
tors of ecological condition? Journal of Great Lakes Research 33:
211-223

Schaefer V (1994) Urban biodiversity. In: Harding LE, McCullum E (eds)
Biodiversity in British Columbia. Environment Canada, Canadian
Wildlife Service, Vancouver, British Columbia, Canada, pp 307-318

Snell E (1987) Wetland distribution and conversion in southern Ontario.
Inland Waters and Lands Directorate, Environment Canada, Ottawa

SOLEC (2007) State of the Lakes 2007. Report by U.S. EPA and
Environment Canada, Chicago, IL and Ottawa, ON. http:/www.
epa.gov/solec/sogl2007/SOGL2007.pdf. Accessed Apr 2018

Thorp JH, Covich AP (1991) Ecology and classification of north
American freshwater invertebrates. Academic Press, San Diego

Timmermans STA, Craigie GE (2003) The Great Lakes Coastal Wetland
Consortium year-one pilot-project research indicator activities: a
technical report by Bird Studies Canada. Marsh Monitoring
Program, Bird Studies Canada, Port Rowan, ON

Tozer DC (2013) The Great Lakes Marsh monitoring program 1995—
2012, 18 years of surveying birds and frogs as indicators of ecosys-
tem health. Published by Bird Studies Canada, Port Rowan, ON.
http://www.birdscanada.org/download/GLMMPreport.pdf.
Accessed Apr 2018

Tozer DC (2016) Marsh bird occupancy dynamics, trends, and conserva-
tion in the southern Great Lakes basin: 1996 to 2013. Journal of
Great Lakes Research 42:136-145

@ Springer

Tozer DC, Falconer CM, Bracey AM, Gnass Giese EE, Niemi GJ, Howe
RW, Gehring TM, Norment CJ (2017a) Influence of call broadcast
timing within point counts and survey duration on detection proba-
bility of marsh breeding birds. Avian Conservation and Ecology 12(8)

Tozer DC, Howe RW, Niemi GJ, Gnass Giese EE, Walton NG, Bracey
AM, Gaul W, Norment CJ, Gehring TM (2017b) Coastal Wetland
Amphibians. /n Environment and Climate Change Canada and the
U.S. Environmental Protection Agency. State of the Great Lakes
2017 Technical Report. Cat No. En161-3/1E-PDF. EPA 905-R-
17-001. Available at binational.net

Tozer DC, Howe RW, Niemi GJ, Gnass Giese EE, Walton NG, Bracey
AM, Gaul W, Norment CJ, Gehring TM (2017¢) Coastal Wetland
Birds. /n Environment and Climate Change Canada and the U.S.
Environmental Protection Agency. State of the Great Lakes 2017
Technical Report. Cat No. En161-3/1E-PDF. EPA 905-R-17-001.
Available at binational.net

Tozer DC, Steele O, Gloutney M (2018) Multispecies benefits of wetland
conservation for marsh birds, frogs, and species at risk. Journal of
Environmental Management 212:160—168

Uzarski DG, Burton TM, Genet JA (2004) Validation and performance of
an invertebrate index of biotic integrity for lakes Huron and
Michigan fringing wetlands during a period of lake level decline.
Aquatic Ecosystem Health and Management 7:269-288

Uzarski DG, Burton TM, Cooper MJ, Ingram JW, Timmermans S (2005)
Fish habitat use within and across wetland classes in coastal wet-
lands of the five Great Lakes: development of a fishbased index of
biotic integrity. Journal of Great Lakes Research 3 1(Supplementl):
171-187

Uzarski DG, Brady VIJ, Cooper MJ, Wilcox DA, Albert DA, Axler RP,
Bostwick P, Brown TN, Ciborowski JH, Danz NP, Gathman JP,
Gehring TM, Grabas GP, Garwood A, Howe RW, Johnson LB,
Lamberti GA, Moerke AH, Murry BA, Niemi GJ, Norment CJ,
Ruetz CR, Steinman AD, Tozer DC, Wheeler R, O’Donnell TK,
Schneider JP (2017) Standardized measures of coastal wetland con-
dition: implementation at a Laurentian Great Lakes basin-wide
scale. Wetlands 37:15-32

Weeber RC, Vallianatos M (eds) (2000) The Marsh Monitoring Program
1995-1999. Monitoring Great Lakes wetlands and their amphibians
and bird inhabitants. Bird Studies Canada in cooperation with
Environment Canada and U.S. Environmental Protection Agency,
Port Rowan, ON

Whittier TH (1998) Development of IBI metrics for lakes in southern
New England. In: Simon TP (ed) Assessing the sustainability and
biological integrity of water resources using fish communities.
Lewis Publishers, Boca Raton, pp 563-582

Wilcox DA (1995) The role of wetlands in nearshore habitats in Lake
Huron. In: Munawar M, Edsall T, Leach J (eds) The Lake Huron
ecosystem: ecology, fisheries, and management. SPB Academic
Publishing, Amsterdam, pp 223-245

Wilcox DA, Meeker JE, Hudson PL, Armitage BJ, Black MG, Uzarski
DG (2002) Hydrologic variability and the application of index of
biotic integrity metrics to wetlands: a Great Lakes evaluation.
Wetlands 22:588-615

Wilcox DA, Kowalski KP, Hoare H, Carlson ML, Morgan H (2008)
Cattail invasion of sedge/grass meadows and regulation of Lake
Ontario water levels: photointerpretation analysis of sixteen wet-
lands over five decades. Journal of Great Lakes Research 34:301—
323

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://www.epa.gov/solec/sogl2007/SOGL2007.pdf
http://www.epa.gov/solec/sogl2007/SOGL2007.pdf
http://www.birdscanada.org/download/GLMMPreport.pdf

	Leveraging...
	Abstract
	Introduction
	GLCWMP Development
	Site Selection
	Sampling Methodology
	Vegetation Community Indicators
	Invertebrate Community Indicators
	Fish Community Indicators
	Anuran and Bird Community Indicators
	Chemical/Physical Measurements

	Data Management System and Web Portal for Data Dissemination
	Quality Assurance/Quality Control and Participant Training
	Education and Outreach
	Outcomes, Outputs, and Expected Results
	References


