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PREFACE 
The following Ph.D. thesis consists of manuscripts that are published or will be 

submitted for publication in peer-reviewed journals.  Chapter 2 has been published in The 
Canadian Journal of Fisheries and Aquatic Sciences.  The remaining chapters are being 
prepared for submission to peer reviewed scientific journals. 

The following are the proper citations for these papers, including co-authorship.  
In addition to my supervisor, Dr. Patricia Chow-Fraser, Chapter 1 was co-authored by 
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(McMaster University), and Chapter 5 was co-authored by Timothy Mahoney (McMaster 
University).  I wrote all these manuscripts; however, N. Eyles was a co-principal 
investigator in the project outlined in Chapter 1; A. Wei produced the historic dataset in 
GIS; and T. Mahoney combined data from existing datasets for his Honors thesis 
(McMaster University, Biology), but was analyzed and written by me for Chapter 5. 
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Index to assess the quality of coastal wetlands in the Laurentian Great Lakes.  
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Seilheimer, T.S. and P. Chow-Fraser.  Application of the Wetland Fish Index to northern 

Great Lakes marshes with an emphasis on Georgian Bay coastal wetlands. 
 
Seilheimer, T.S., A. Wei, and P. Chow-Fraser.  Changes in fish communities of Lake 

Ontario coastal wetlands before and after Remedial Action Plans. 
 
Seilheimer, T.S., T.P. Mahoney, and P. Chow-Fraser.  Comparative study of ecological 

indices for assessing human-induced disturbance in coastal wetlands of the 
Laurentian Great Lakes. 
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GENERAL ABSTRACT 
This study focuses on fish habitat in Great Lakes coastal wetlands and the impact of 
environmental degradation, from nutrient and sediment loading, on fish assemblages.  
Wetland fish communities were studied on multiple spatial scales from a detailed study 
of a single wetland to one hundred wetlands over the entire Great Lakes basin.  This 
research will be useful for wetland management by providing baseline information on 
fish habitat in coastal wetlands over a wide gradient of environmental conditions.  This 
study details the development of the Wetland Fish Index on a group of forty-one wetlands 
in the southern and eastern Great Lakes, and the subsequent modification of the Wetland 
Fish Index to include sixty-one fish species found in northern and western Great Lakes.  
The Wetland Fish Index provides managers with a rapid method for assessing wetlands 
and tracking wetland condition through time.  Analyses of water quality, fish community, 
and fish-based indicators show that conditions in an urban wetland, Frenchman’s Bay, 
have been relatively stable since the early 1980s.  Differences in fish community and 
water quality were also shown between the northern sampling site, which is more 
degraded from watershed inputs, and the southern sampling site, which had more 
degradation-intolerant fish species.  Changes in the wetland condition in both fish 
community structure and fish-based indicators were shown for Lake Ontario wetlands 
since the implementation of Remedial Action Plans.  Finally, three biotic indices for 
measuring wetland condition were compared and their relative strengths and weaknesses 
were assessed.  The zooplankton-based index was not successful in ranking wetlands 
with minimal degradation, while both the aquatic macrophyte-based and fish-based 
indices performed equally well for measuring wetland condition.  The use of biotic 
indicators in Great Lakes wetlands are powerful tools for managers and researchers and 
are an essential aid in the protection of wetland habitat. 
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Laurentian Great Lakes and coastal wetlands 
The Laurentian Great Lakes are a globally unique region (Fig. i-1) that contain a 

significant proportion of the earth’s freshwater (1/5 global total) covering nearly 245,000 
km2, as well as a large number of aquatic habitats with diverse species assemblages.  The 
drainage basin of the Great Lakes covers nearly 764,000 km2 of land in two provinces 
and eight states.  Lake Superior is at the highest elevation and flows through the St. 
Mary’s River into Lake Huron, which is at the same elevation as Lake Michigan 
(connected at the Straits of Mackinac).  Lake Huron empties into Lake Erie via the St. 
Clair River, Lake St. Clair, and the Detroit River.  Water exits Lake Erie through the 
Welland Canal and the Niagara River into Lake Ontario, which drains via the St. 
Lawrence River into the Atlantic Ocean (Fig. i-1).  Lake Superior and Lake Michigan 
retain water for the longest period of time, while Lakes Erie and Ontario are quickly 
flushed (Table i-1).  The total shoreline of the Great Lakes including islands and 
connecting channels measures 17,017 km (Herdendorf 2004).  It is this long, diverse 
shoreline that provides abundant area for the formation of the wetlands.  The geology of 
the basin differs between the metamorphic and igneous rock of Precambrian origin, 
referred to as the Canadian Shield, of the northern and western portions of the basin 
(Hough 1958) and the softer, sedimentary rock of the southern and eastern portions 
(Hough 1958; Fuller et al 1995).   

Wetlands are distinguished from other habitats by: the presence of water on the 
surface or in the root zone; unique soil conditions relative to terrestrial soils; and the 
presence of vegetation adapted to wet conditions (hydrophytes; Mitsch and Gosselink 
1993).  Wetlands are considered ecotones because they are located in the transition zone 
between the terrestrial and aquatic systems.  Coastal wetlands are the most productive per 
unit area habitat in the Great Lakes and they perform the service of regulating the nutrient 
and sediment load to the Lake (Wetzel 1992).  The most common type of coastal wetland 
in the Great Lakes is the freshwater marsh, which is defined as: “periodically or 
continually flooded wetlands characterized by non-woody emergent vegetation that is 
adapted to living in shallow water or moisture-saturated soils” (Maynard and Wilcox 
1997).  Coastal marshes can be divided into zones based on frequency of flooding, which 
results in distinct zones of vegetation (see Fig. 11.4 in Mitsch and Goddelink 1993; 
Keddy and Reznicek 1986).  The first wetland zonation below the terrestrial community 
is the wet meadow, which contains waterlogged soils or periodic shallow water (e.g. short 
time periods in spring; Chadde 2002).  This zone can be identified by the presence of 
sedges Carex sp., grasses, and herbs (Maynard and Wilcox 1997).  The next wetland zone 
is the emergent marsh (e.g. species growing above the water), which is permanently 
flooded and can be identified by the presence of species like cattails (Typha sp.) or 
bulrush (Scirpus sp.).  The final zone of the marsh is the aquatic habitat, which is 
identified by the presence of floating and submergent species.  The boundary between the 
wetland and littoral (i.e. shallow, nearshore habitats) can be considered wetland to a 
depth of 2 meters below low water level (USA, Cowardin et al. 1979; Canada, OMNR 
1993).  The high productivity of wetlands and their transitional location in the landscape 
results in their providing of important ecosystem services (e.g. retention of nutrients and 
sediment, use as breeding habitat, and biodiversity reservoirs; Mitsch and Gosselink 
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1993; Maynard and Wilcox 1997).  Because of their high productivity and complexity, 
wetlands are home to diverse species assemblages of algae, aquatic plants, invertebrates, 
and fish.   

The geomorphology of Great Lake coastal wetlands determines the type of 
wetland that will occur in a location, which is also related to the types of biotic 
communities that can occur.  Herdendorf (2004) describes three types of coastal wetland: 
coastal lagoon, estuariane wetland, and delta wetland.  Coastal lagoons are the most 
common morphological type (53% by area) in the Great Lakes and include numerous 
types of wetlands, including protected and exposed embayments (Herdendorf 2004).  
Barrier beach wetlands are a type of coastal lagoon that are blocked from direct 
connection with the Lake except during periodic rupture of the barrier.  Estuarine 
wetlands, referred to as drowned river mouths when the wetland area was once a river 
mouth following glaciation, when water levels were much lower, and now are flooded by 
the relatively higher recent water levels (Herdendorf 1990), can be both extensive and 
protected but are most often found in the southern Great Lakes.  Deltas are formed when 
rivers or streams reach the Lake and deposit sediments, creating shallow, protected areas 
for wetland development.  Riverine wetlands are also important habitats in the Great 
Lakes and include the lower reaches of large rivers and the Great Lake connecting 
channels (Herdendorf 2004).  Open shoreline can also have fringing wetlands develop but 
they are often small because of exposure to wind and wave energy, and are not as 
biologically diverse as other wetlands (Maynard and Wilcox 1997).  
 
Wetland Degradation in the Great Lakes  

Mitsch (1992) presented a useful conceptual model to illustrate the “forcing 
functions” (i.e. driving forces) that affect Great Lake coastal wetlands (Fig. i-3).  Climate 
affects wetlands by causing variations in solar radiation, wind, and rain, which drive 
many of the physical and biological cycles in the wetlands.  The amount and frequency of 
watershed inflows are influenced by the climatic factors (Magnuson et al. 1997).  The 
condition of watersheds (e.g. percent agriculture landuse) influences the watershed 
inflows (e.g. primary nutrients) and sediment dynamics (e.g. sediment load from 
watershed; Chow-Fraser 2006; Lougheed et al. 2001).  The Great Lakes are influenced 
differently by such factors as geology and orientation, so they have different sediment 
dynamics, amount and degree of seiches, and water levels.  The final major forcing factor 
comes from anthropogenic impacts such as development in watersheds and of wetland 
area.  Humans affect wetlands by manipulating lake levels through management of water 
out flows (e.g. Lake Superior at St. Mary’s River and Lake Ontario at St. Lawrence 
River; Lenters 2001).  Management of wetlands through diking to keep water levels high 
(primarily in Lake Erie) and other management practices also affect wetlands in positive 
and negative ways (Thiet 2002; Herrick and Wolf 2005).  Human activities have major 
impacts on the other forcing factors (climate change, development in watersheds, and 
Great Lakes factors; Fig. i-3), which has further impacted coastal wetlands. 

Humans have had detrimental impacts on Great Lake wetlands since European 
settlement, but more recent population increases and development have resulted in 
significant loss and impacts on wetland condition in the last 100 years.  Within the Great 
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Lakes there is a distinct spatial difference between the heavily populationed southern and 
eastern portions of the Great Lakes basin (southern Lake Michigan, Lake Erie, and Lake 
Ontario) with the lower populations of the northern and western parts of the basin (Lake 
Superior, Lake Huron, Georgian Bay; Table i-1).  In addition to the outright loss of 
wetland through filling and dredging, human induced stressors have affected wetlands in 
a negative way.  The regulation of water levels in Lake Ontario have resulted in 
artificially high water levels over a long period of time, which has significantly reduced 
the amount of emergent cover (Wei and Chow-Fraser 2006).   

Degradation of wetland water quality can be caused by the presence of 
anthropogenic stressors from the watershed, such as nutrient loading from agricultural 
run-off or sediment from road construction.  Wetlands can also be impacted by increased 
sediment (Wilson et al. 2005) and nutrient loads from the watershed.  Agricultural runoff 
and erosion in the watershed can increase the amount of suspended solids in wetlands and 
cause reductions in the amount of submergent vegetation (Lougheed et al. 2001).  Point 
and non-point sources of nutrients are detrimental to wetlands and can impact 
macrophyte communities when water clarity is reduced by algae blooms.  Non-native 
species are having increasingly large impacts on wetlands in the Great Lakes and 
shipping from outside of the Great Lakes will continue to introduce exotic aquatic 
organisms (Mills et al. 1993).  The resultant conditions in the wetland lead to a shift from 
clear to turbid water, which causes changes in the biotic communities, such as a shift 
from diverse fish species to dominance by tolerant benthic species like common carp 
(Chow-Fraser 1998). 
 
Fish use of coastal wetlands 
 The importance of coastal marshes and wetlands in the Great Lakes as fish habitat 
has only recently gained the attention that it deserves.  The importance of wetlands for 
fish has historically been limited to single species, like the northern pike (Esox lucius; 
Clark 1950; Johnson 1957) and muskellunge (Esox masquinongy; Williamson 1942; 
Oehmcke et al. 1974), but research has now shown the importance of wetlands to Great 
Lakes fisheries.  Jude and Pappas (1992) found that from a total of 113 Great Lakes 
species, 47 species were closely associated with wetlands to different degrees: as year-
round residents, for spawning (Rust et al. 2002; Stephenson 1990), as nursery habitat 
(Meixler et al. 2005; Farrell and Werner 1999), or as part of a regular migration (e.g. for 
feeding).  Coastal wetlands are valuable habitat because they contain structurally 
complex macrophyte habitats (Casselman and Lewis 1996; Engel 1988) with high 
primary productivity, shelter from the harsh conditions of the Lake, and warm earlier 
than the adjacent nearshore habitat (Wichert 1995).  Although other habitat types are 
more readily available in the Great Lakes (e.g. open shoreline), wetlands are used by 
more species than would be expected by availability alone (16% of total habitat but 22% 
of species; Wei et al. 2004).  Wetlands must maintain a connection with the adjacent 
Great Lake in order to sustain its fish community (Jude and Pappas 1992).  The nearshore 
habitats near the wetlands are also recipients of a net export of wetland-derived nutrients 
(Brazner et al. 2001).  Wetlands are preferential habitat for fish species but when they are 
degraded, the fish community shifts from diverse, turbidity-intolerant species to a 
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community dominated by a few tolerant species (Whillans 1979; Brazner 1997; Brazner 
and Beals 1997). 
 
Indicators and evaluation of coastal wetlands 
 Scientists and managers have sought to measure ecological condition of habitat 
through the use of indicators.  The use of indicators is beneficial because they can reflect 
the complex effects that multiple stressors have when acting simultaneously on an 
ecosystem (Cairns et al. 1993).  Discreet habitats and even whole ecosystems occur on a 
gradient of biological condition ranging from minimal disturbance to severe disturbance, 
and where the indicators are used to quantify where on the disturbance gradient a habitat 
lies (Karr and Chu 1999).  A multitude of indicators exist in the literature ranging from 
the measurement of physical characteristics or chemical measurements (e.g. nutrient 
concentration or toxic contamination) to multiple metrics from complex biological 
communities.  A simple indicator of aquatic condition is the concentration of chlorophyll 
a in the water column because elevated levels are associated with anthropogenic 
phosphorus loading (Dillon and Rigler 1974).  Total phosphorus has been monitored for 
the Great Lakes since the 1970s and has been used to set goals for the reduction of point 
source pollution (Neilson et al. 2003).  Environmental perturbation from exposure to 
toxins can be measured directly in the water or sediment, directly in eggs or tissue 
(Herring gull eggs, Pekarik and Weseloh 1998), or indirectly, through the results of 
contamination (incidence of tumors in brown bullhead (Smith et al. 1994); lip tumors in 
white sucker, (Premdas et al. 1995)).  At a larger scale, remote sensing can be used to 
measure landscape indicators of disturbance (e.g. land cover), which has the advantage of 
being able to assess large areas with available data and minimal field sampling (Gergel et 
al. 2002). 

Indicator species have been used to measure impairment with the assumption that 
they represent and co-occur with a suite of species with similar tolerances (Noss 1990).  
Indicator species are useful because they are easy to identify, interesting to the general 
public, and relatively easy to measure at a lower cost than other indicators (Niemi and 
McDonald 2004).  Multimetric indicator species analyses, such as the index of biotic 
integrity (IBI; Karr 1981, 1991), integrate variables to reflect the complexity of whole 
biotic communities (e.g. population, tolerance to degradation, and exotic species).  IBIs 
have been developed for many groups of species (e.g. algae (Hill et al. 2003), plants 
(DeKeyser et al. 2003), invertebrates (Maloney and Feminella 2006), and fish (Karr and 
Chu 1999)) in multiple aquatic systems (e.g. streams, lakes, and wetlands). 
 A binational effort to develop a list of indicators for the assessment of the Great 
Lakes was initiated as part of the State of the Lakes Ecosystem Conference (SOLEC; 
Bertram et al. 2003).  The four objectives of SOLEC are to: use accepted indicators to 
assess the state of the Great Lakes ecosystem; enhance decision-making and 
environmental management for the Great Lakes; provide information relating to 
environmental issues affecting the Great Lakes to local stakeholders; and communication 
between Great Lakes stakeholders (SOLEC 2005).  The SOLEC indicators use general 
measurements of contaminations and affected biotic communities for all habitats in the 
Great Lakes, including coastal wetlands.  Within the Great Lakes, there have been few 
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indicators developed for the evaluation of wetland condition.  The focus on coastal 
wetlands has recently produced indicators specifically developed for use in the Great 
Lakes and have the potential to greatly increase the effectiveness of management of 
wetlands.  The Great Lake wetland indicators include abiotic (water quality; Chow-Fraser 
2006) and biotic (plants (Albert and Minc 2004; Croft and Chow-Fraser 2006); 
invertebrates (Kashian and Burton 2000; Lougheed and Chow-Fraser 2002); and fish 
(Minns et al. 1994; Uzarski et al. 2005).  The need for indicators relating to fish should be 
addressed in order to allow for researchers to select the appropriate index for their 
research or management needs. 
 
Thesis objectives 

This study is unique because it includes wetlands from all five Great Lakes on 
both United States and Canadian shorelines, including Georgian Bay in Lake Huron, a 
relatively undeveloped area of the Great Lakes.  This project will explore the relationship 
between the environment and fish habitat, and how the environmental degradation affects 
fish assemblages.  I will use the relationship between fish and their environment to 
develop ecological indicators based on the fish community that serve as a proxy for 
wetland condition and apply them to a single wetland, the entire Great Lakes basin, and 
to detect changes through time. 
 Chapter 1 describes a survey of the water quality and fish community of 
Frenchman’s Bay in Pickering, Ontario.  There is little available research concerning 
urban impacts on wetlands and fish habitat.  In this chapter, I investigate the long term 
impacts that urban development can have on wetlands and fish communities.  I will 
determine the relative impact of watershed inputs from streams and from mixing with 
Lake Ontario.  Although Frenchman’s Bay is a small lagoon, there are likely to be 
significant spatial and temporal differences in water quality and fish community. 
 Chapter 2 summarizes the development of the Wetland Fish Index (WFI), an 
index of wetland condition developed using the associations of fish species with 
environmental conditions in 40 wetlands in the southern Great Lakes.  Compared with 
other measures of ecological quality (e.g., Shannon–Wiener diversity index and species 
richness), the WFI should be the most strongly related to the degree of water quality 
degradation and wetland condition.  The WFI will be used: 1) to distinguish between 
sampling sites with distinct water quality in a degraded urban wetland, and 2) to 
consistently rank wetland and beach habitats in Green Bay, Lake Michigan using only a 
published fish dataset. 
 Chapter 3 tests the application of the Wetland Fish Index on the wetlands of the 
minimally disturbed northern and western Great Lakes.  The WFI, developed in the 
southern Lakes (Chapter 2), is not expected to successfully differentiate wetlands in the 
northern Lakes primarily because of the differences in fish communities between the 
northern and south regions of the Great Lakes.  I will modify the WFI to include species 
from the northern Lakes using 100 wetlands in all five Great Lakes, which will create an 
index of wetland condition that can be used throughout the Great Lakes basin.  The 
annual variation and fishing gear-specific variation will also be addressed in this chapter.  
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This index will be sensitive to environmental perturbations throughout the basin and will 
be capable of tracking large shifts in wetland condition.   

Chapter 4 contains an analysis of the role of Remedial Action Plans in the early 
1980s to changes in Lake Ontario wetland fish communities.  I will compare differences 
in wetland fish communities in the highly populated areas in western Lake Ontario with 
fish communities in the less populated eastern Lake Ontario.  This chapter will emphasize 
the importance of managing wetlands on the scale of an entire Lake because monitoring 
on a larger scale can give a more complete picture of the relative wetland quality of a 
Great Lake. 

Chapter 5 will compare three indices of wetland condition in order to identify and 
evaluate the strengths and weaknesses of each index and make recommendations for their 
use in the Great Lakes.  These indices use plants, zooplankton, and fish to determine 
wetland condition and were developed separately with different scale of the 
environmental gradient.  I predict that the size of the environmental gradient used to 
develop an index will be related to the success of each index.  Consequently, this will 
allow managers more tools to study these important habitats and a larger number of Great 
Lake wetlands can more efficiently be monitored and managed.  In order to ensure that 
wetlands, and the essential services they provide, are restored and protected, proper tools 
to investigate wetland condition and ways to monitor them must be available.
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Table i-1: Physical measurements of Laurentian Great Lakes (adapted from NOAA 
2004; * indicates Fuller et al. 1995). 
 

 
Lake 
Superior 

Lake 
Huron 

Lake 
Michigan 

Lake 
Erie 

Lake 
Ontario

Length (km) 563 332 494 388 311 
Breadth (km) 257 295 190 92 85 
Maximum depth (m) 406 229 281 64 244 
Shoreline (km) 4393 6164 2639 1402 1146 
Retention time (yrs) 191 22 99 2.6 6 
Population (million)*      
    U.S.A. (1990) 0.4 1.5 10.1 10.0 2.7 
    Canada (1991) 0.2 1.5 — 1.7 5.4 
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Figure i-1: Great Lakes drainage basin, individual Lake drainage basins, and political 
boundaries.
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Figure i-2: Morphometric classification of three types of Great Lakes coastal wetland 
(adapted from Herdendorf 2004). 
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Figure i-3: Conceptual model showing major forcing functions that affect Great Lakes 
coastal wetlands (adapted from Mitsch 1992). 
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CHAPTER 1: 
Impact of urbanization on the water quality, fish habitat, and fish community of a Lake 

Ontario marsh, Frenchman’s Bay. 
 
 

Seilheimer, T.S., P. Chow-Fraser, and N. Eyles
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ABSTRACT 
Frenchman’s Bay is a barrier beach wetland with a highly urbanized watershed located 
east of Toronto, Ontario.   Degradation of water quality from urban development and 
proximity to a major highway have reduced the historically large stand of emergent 
vegetation to fringe emergent beds to the north and south.  Altered hydrology and runoff 
from the urban watershed and highway have resulted in poor water quality, and warmer 
waters at the northern site.   By contrast, the southern site has considerably cleaner and 
cooler water, as it is influenced by exchange of good-quality water with Lake Ontario.   
These differences in water quality were reflected in the composition of the fish 
assemblages that were sampled at the two sites over a 2-year period (2001 and 2002).  
Comparisons with past studies indicate that the dominant fish community of Frenchman’s 
Bay has been relatively stable for the last 20 years.  Scores for the Wetland Fish Index, an 
indicator of wetland condition, were significantly higher in the south site than the north 
site, which corresponded to significant differences in the Water Quality Index.  Although 
the northern portion of Frenchman’s Bay shows clear signs of degradation, the southern 
portion contains important fish habitat for western Lake Ontario. 
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INTRODUCTION 
 The ecology of wetlands in largely urban settings can be influenced by stressors 
that are unique to these systems, including recreational impacts (boating, angling), altered 
hydrologic regimes related to increased hardened surfaces in the watershed (Booth and 
Jackson 1997; Eyles et al. 2003), and nutrient and sediment enrichment from effluents of 
sewage-treatment facilities, storm sewers and culverts that drain major transportation 
corridors (Chow-Fraser et al. 1996; Chow-Fraser 1999; Ehrenfeld 2000).  
Micropaleontological evidence indicates that urbanization has had a major impact on 
water quality of Frenchman’s Bay for at least 50 years (Reinhart et al 2005).These 
urbanization impacts are prevalent in Southern Ontario, where metropolitan areas such as 
Toronto and Hamilton have expanded rapidly over the past 3 decades, and have severely 
altered ecosystem functions of associated drowned river-mouth marshes and protected 
lagoons (Environment Canada 2001).   

Great Lake wetlands are important spawning and nursery habitat for fishes 
(Brazner and Beals 1997; Jude and Pappas 1992) and, although impacted by urbanization, 
coastal wetlands still provide valuable and productive habitat for biota.  While 
urbanization does not affect wetland fish habitat directly as in streams (e.g. altered fish 
life cycle from changes in hydrological regime; Freeman et al 2001), wetland habitat will 
be affected indirectly through increased sedimentation (Trimble 1997), increased nutrient 
loading (Wahl et al. 1997), and road runoff (Forman and Deblinger 2000).  The urban 
impacts are further enhanced by increased runoff from decreased storage capacity of soil 
(Booth and Jackson 1997).  Degraded water quality and high algal biomass from 
urbanization cause the loss of the submergent plant species that are vital habitat for fish 
and other biota (Chow-Fraser et al 1998).  Close proximity to urban development 
(Steedman 1988; Steward et al. 2001), even at low intensity, can have negative effects on 
fish diversity and assemblages over a long time period (Weaver and Garman 1994). 

Proper study of these ecosystems will require knowledge about ecological 
interactions within the marsh, as well as factors external to the marsh, such as changes in 
seasonal patterns of stream flow, physicochemical characteristics of source streams, and 
the type and amounts of pollutants that enter water courses from surface runoff.  This is 
especially important considering that the combined effect of climate change and 
predicted land-use alteration in settled areas of the Great Lakes basin will likely increase 
surface runoff from the current 17% (calculated for 1994-2003) to 21% (calculated for 
2090 to 2099) (Barlage et al. 2002).  We also need to include more studies that document 
long-term changes in wetland response to landscape alteration (e.g. Cootes Paradise 
Marsh in Hamilton, Chow-Fraser et al. 1998). 

We will assess the impact of urbanization on current conditions of an urban 
lagoon and its watershed, and relate these to long-term changes in water quality, fish 
habitat, and the fish community over the past four decades.  We used a number of 
recently available technologies to continuously monitor the water quality of both stream 
and wetland habitat over a 10-month period during 2002-3.  We also conducted an 
intensive sampling program from August 2001 to March 2003 to document the current 
status of Frenchman’s Bay with respect to its biological, physico-chemical and 
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hydrologic environment.  These results will reveal impaired ecological functions and 
form the basis for developing appropriate remedial actions. 
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METHODS 
 
Site Description 
 Frenchman’s Bay (43°49’01” N; 79°05’34” W) is a semi-enclosed lagoon-type 
wetland located in the city of Pickering, Ontario (Fig. 1-1) and has a small watershed of 
20 km2 of which 80% is urbanized (Eyles et al. 2003).  The semi-enclosed coastal lagoon 
is drained by four main tributaries: Amberlea (301 hectares, 13.5 % of watershed), 
Dunbarton (212 ha, 9.5%), Pine (677 ha, 30%) and Krosno (784 ha, 35%) Creeks (Eyles 
et al. 2003; Fig. 1-1).  Smaller tributaries on the north, west and east margins of 
Frenchman’s Bay have been extensively engineered by pipes and culverts to form storm-
water ‘sewersheds’ (260 ha, 12%) that empty directly into the Bay.  Currently, 
Frenchman’s Bay covers an area of 85 ha, of which approximately 47 ha is open water 
(Env. Canada 2001).  The Bay is relatively shallow by lake standards, with a maximum 
depth of 3.5 m during mid-summer.  However, water levels associated with coastal 
wetlands are closely tied to seasonal variation in Lake Ontario elevations, with maxima 
occurring in May and minima occurring in December.  Accordingly, a drop of 30-40 cm 
from May to September is not unusual and this results in a substantial shrinkage of 
aquatic habitat in the wetland perimeter over the growing season.  Although much of the 
lagoon is separated from Lake Ontario by a barrier beach (900 m long x 50 m wide x 2 m 
high), it is kept connected to the lake by a dredged entrance that allows boats to access 
marinas within the Bay. 
 
Water sampling and analysis 

During the summer of 2002 (May to September), we used YSI multi-parameter 
probes (Models QS and XL) to obtain hourly measurements of four physico-chemical 
characteristics (pH, temperature, dissolved oxygen (DO) and conductivity) in Amberlea 
and Pine Creeks, respectively (Fig. 1-1).  The station for Amberlea Creek was located 
downstream of a large culvert that collected runoff from Hwy 401, whereas that for Pine 
Creek was located well above the highway and was presumably unaffected by highway 
runoff.  All sensors in the probes were calibrated in the laboratory immediately before 
initial deployment, and thereafter, DO sensors were maintained and calibrated monthly in 
the field.  The probe at the Amberlea Creek site was discontinued in early July due to 
equipment failure.  In September, we re-established an YSI 6600 multi-parameter probe 
(pH, temperature, DO, conductivity, turbidity and chlorophyll) in Amberlea Creek and 
the YSI XL in Pine Creek for the winter of 2002-03.  Two YSI 6600 probes were also 
deployed in the North and South stations.  The North station (indicated by “North” in Fig. 
1) was near the confluence of Amberlea, Dunbarton, and Pine Creeks; the other was 
located at the southwestern end of the marsh in an open-water area near a relatively intact 
cattail bed (indicated by “South” in Fig. 1-1).   

On August 20, 2002, we took georeferenced measurements of pH, temperature, 
DO, conductivity, turbidity and chlorophyll along 8 transects of Frenchman’s Bay. This 
was accomplished by towing a 6600 multi-probe attached to a data-logging YSI 650 
display (equipped with a Garmin GPS unit) at about 30 cm below the water surface to 
collect data at regular intervals. All the transect data were collected within a 6-hour 
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period.  We used ESRI ArcGIS to transfer the data into a Geographic Information System 
and then interpolated them to raster using the inverse distance option. 

From the end of June to early September 2002, we collected daily water samples 
from Amberlea Creek using an ISCO integrative sampler to determine changes in 
concentrations of total suspended solids (TSS) and total phosphorus (TP) from weekly 
composite samples. The sampler collected 250 mL of water from the Amberlea site every 
6 hours for a daily total of 1L of water.  At approximately monthly intervals, samples 
were collected with a van Dorn bottle in Amberlea and Pine Creek stations, and at the 
North and South sites; the open-water site (indicated as “Open” in Fig. 1-2), was sampled 
more frequently at biweekly intervals.  All water-chemistry samples were kept in the dark 
at 5 °C during transport back to the laboratory.  Laboratory processing and analysis of 
water samples followed APHA protocol (1992) and can be found in Chow-Fraser (2006). 
 
Habitat and fish collection 

The submergent macrophyte community was surveyed with a 0.75 m x 0.75 m 
floating PVC quadrat and all submersed species present in the quadrat were noted.  Plants 
were identified to species where possible, and always to genus using Voss (1972) and 
Newmaster et al (1997).  Several Potamogeton species with slender leaves that were not 
identified to species because of absence of flowering or fruiting structures were grouped 
into Potamogeton spp.  The dominant species of emergent plants were identified and 
noted from several canoe surveys during 2001 and 2002. 

Two pairs of large fyke nets (13-mm and 4-mm bar mesh, 1.1-m x 1.4-m front 
opening) and one set of small nets (4-mm bar mesh, 0.5-m x 1.0-m front opening) were 
set at the North and South stations in Frenchman’s Bay (see Seilheimer and Chow-Fraser 
2006 for details).  The large nets were set at the 1-m depth contour while the small net 
was set at 0.5-m depth contour.  Nets in North and South sites were oriented parallel to 
the Typha beds.  After approximately 24 hours fish were identified to species with Scott 
and Crossman (1998).  Lengths were recorded for a representative subset of each species 
and were used in length-weight regressions to generate biomass estimates.  
 We used data from two sources to assess changes in the fish community over 
time.  From the middle 1980s we used a published species list from Frenchman’s Bay 
(Stephenson 1990).  Stephenson collected fish data during the ice-free periods of 1985 
and 1986 and included monthly sampling in the first year and biweekly sampling in the 
second.  For comparison with Stephenson (1990), we classified the species captured in 
our study as juvenile or adult based on length (Scott and Crossman 1998).  Fish were 
collected with a combination of hoop nets, fyke nets, minnow traps, backpack 
electrofishing, and seines.  Unpublished data for the 1990s was obtained from the 
Toronto Regional Conservation Authority (TRCA; unpublished data).  Fish were 
collected with a boat electrofisher primarily in July and August from 1991 to 2000, with 
the exception of 1995.  Although the TRCA sampled in all sites of the Bay, we selected 
only transects that corresponded to the North and South stations in this study.     
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Ecological indices 
We calculated two ecological indices to compare temporal and spatial trends in 

the water quality and fish community of Frenchman’s Bay.  Water Quality Index (WQI; 
Chow-Fraser 2006), a index developed from a dataset of 110 wetlands throughout the 
Great Lakes, calculates a single integrated score from 12 water quality variables for 
comparison of the North and South sites of the marsh.  The WQI scores range from -3 to 
+ 3 with six categories of wetland condition: “highly degraded” (-3 to -2), “very 
degraded” (-2 to -1), “moderately degraded” (-1 to 0), “good” (0 to 1), “very good” (1 to 
2), and “excellent” (2 to 3).  The Wetland Fish Index (WFI; Seilheimer and Chow-Fraser 
2006) assigns species specific tolerance to degradation scores and niche breath scores 
based on the relationship between environmental conditions and fish occurrence in 40 
wetlands of the lower Great Lakes (Ontario, Erie, and southern Huron and Michigan).  
WFI scores range from 1, indicating low quality wetland, to 5, indicating high quality 
wetlands and can be calculated with either species presence (WFI (PA)) or species 
abundance (WFI (AB)).  Seilheimer and Chow-Fraser (2006) found a range of scores in 
the lower lakes from 1.88 to 3.81 for the WFI (AB) and 1.59 to 3.61 for the WFI (AB). 
 
Statistical methods 

Statistical analyses were performed with SAS JMPIN, version 5.1 (SAS Institute 
Inc., Cary, North Carolina).  When warranted, data were log10-transformed to normalize 
the data prior to conducting regression and correlation analyses.  Analysis of variance 
was used to determine significant differences among means, and when appropriate, 
Tukey-Kramer test was used to determine significant differences among pairs of means.  
Paired t-test was used to compare water quality data from the continuous monitoring of 
creek and marsh sites.  To compare changes in the fish community over the season, we 
used paired t-tests. “SE” refers to the standard error of the mean whenever it appears in 
this report.   
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RESULTS 
 
Current conditions 
 The water chemistry of the Frenchman’s Bay tributaries were distinct from 
conditions in the marsh.  Summer mean temperatures for Amberlea and Pine Creek 
(17.6° C) were cooler than the marsh sites (22.3° C; Table 1-1).  Mean dissolved oxygen 
was also lower in the creeks (6.6 mg/L) than in the marsh sites (8.2 mg/L; Table 1-1), 
primarily due to low dissolved oxygen in Pine Creek during June and July.  Conductivity 
showed the greatest difference in water chemistry with creek values being nearly four 
times higher (1.479 mS/cm) than the marsh sites (0.391 mS/cm; Table 1-1).  

There were similar distinctions between the streams and marsh sites in the 
nutrient and suspended solids as in the water chemistry.  There were no significant 
differences among seasonal means of total phosphorus for the North, South, Amberlea 
and Pine Creek sites, but all of these were significantly higher than that for the Open 
station (Fig. 1-2a).  Soluble reactive phosphorus values for Amberlea were very high 
(about 60 μg/L; Fig. 1-2b), in contrast to Pine Creek and the marsh sites, which were 
lower and not significantly different from each other.  Mean concentrations of total 
nitrate nitrogen (Fig. 1-2c) and total nitrogen (Fig. 1-2d) corresponding to both Amberlea 
and Pine Creeks were significantly higher than those for the three marsh sites (ANOVA, 
Tukey-Kramer test P<0.05; Fig. 1-2c), indicating that nitrate may be one of the more 
important pollutants from creek water.  Chlorophyll values were higher in the marsh sites 
than the creek sites and the shallow North and South sites were higher than the open 
water site (Fig. 1-2e).  Because of the large seasonal variations in total suspended solid 
concentrations at both creek and marsh sites, we found that only the North site had 
significantly different means from all other sites (P<0.01; Fig. 1-2f). Total inorganic 
suspended solids were nearly ten times higher in the North site but the difference was not 
significant (Fig. 1-2g).  It is noteworthy that except for the South site, where minerals 
(i.e. inorganic) contributed to approximately 25% of the total suspended solids, all of the 
stations had percentages ranging between 40 and 50% (Fig. 1-2h).  This means that the 
organic fraction (i.e. algae, protozoans and detritus) constituted a very large fraction of 
the suspended particles in both the creek and marsh water. 
 Monthly mean temperature peaked in the South site in July and August, while the 
North site was highest in July (Table 1-1).  Temperatures in the marsh sites then 
decreased in September, which differs from the creek sites where temperatures increased 
through the summer and were highest in August for Pine Creek.  Dissolved oxygen was 
generally high in the marsh sites and Amberlea Creek through the summer, although 
values at the North site as low as 0.81 mg/L were recorded and values below 2 mg/L 
occurred on 8 separate days.  The minimum dissolved oxygen measurement at the south 
site was 3.52 mg/L, which occurred with the other four lowest measurements in the South 
site on a single day.  Pine Creek dissolved oxygen was very low in the June and increased 
until monitoring stopped in August (Table 1-1).  There was low variation in monthly 
means for the marsh site conductivity but higher variability in the creek measurements.  
Conductivity was reduced by 0.5 to 1.0 mS/cm following rainfall (Fig. 1-5a), which 
resulted in the variable monthly means in the creeks.  Turbidity measurements in the 
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South site were consistent during all months surveyed, while the North site had high 
values in June followed by declines in July and a mean that was lower than the South site 
in August (Table 1-1).  June had the highest measurements of chlorophyll for both sites 
followed by lower values through the summer (Table 1-1). 
 
Spatial differences in marsh water quality 

Eight transects conducted in August characterize the spatial variation in 
temperature, conductivity, DO, pH, chlorophyll and turbidity in Frenchman’s Bay (Fig. 
1-3).  Water temperature at the southwestern and northeastern ends were the warmest, 
while water entering from Amberlea Creek was the coldest (several degrees warmer than 
that entering from Pine Creek) and appeared to flow through the marsh to the harbor 
entrance at the southeastern end (Fig. 1-3a).  Areas with warmer water were quite shallow 
(less than 1 m deep) and tended to coincide with existing emergent beds near the North 
and South stations (see Fig. 1-1).  Areas of higher water conductivity at the northeastern 
portion of the bay were clearly associated with stream inflows from Amberlea, 
Dunbarton, and Pine Creeks.  Conductivities were reduced by 25% by the time water 
reached the harbor entrance.  Water close to the entrance also had higher oxygen content, 
and this was also true for water at the southwestern end and at the deep station (Fig. 1-
3c).  By comparison, the northern perimeter had about a third lower DO concentrations 
(Fig. 1-3c).  The pattern of pH distribution was very similar to that for DO and reflects 
the contribution of lower pH water from the creek at the northern end of the bay (Fig. 1-
3d).  There was an obvious northwest-to-southeast gradient for chlorophyll and turbidity 
(Figs. 1-3e and f), which may reflect dilution from Lake Ontario water, and higher algal 
production in the shallow, vegetated near-shore areas in the northeast and southwest.   

The relationships observed in the transects were confirmed by the relationship 
between North and South sites from the continuous monitoring (Table 1-1).  
Temperatures were significantly higher in the North site during three of four months 
(paired t-test, P<0.05).  Dissolved oxygen was significantly higher in the South site for 
June and lower in September (Table 1-1).  Conductivity was consistently higher in the 
North site than the South for all months (Table 1-1).  Turbidity was low in the south site 
throughout the summer but there were differences between marsh sites in June and 
September (Table 1-1).  Chlorophyll measurements were significantly higher in the North 
site in all months.  Mean WQI scores associated with the South site (-0.18) were 
significantly higher than that for the North site (-0.85; paired t-test, P=0.0006; Fig. 1-4).  
Both scores fall within the “moderately degraded” category (Chow-Fraser 2006). 
  
Highway inputs and winter conditions 
 Whereas in the summer, precipitation tended to dilute conductivity (Fig. 1-5a), 
precipitation in winter greatly elevated conductivity because of the application of de-
icing salts, as evidenced by the close timing between onset of snowfall and spikes in 
conductivity (Fig. 1-5b).  For both creeks, there appeared to be a base value of 0.25 
mS/cm above which conductivities increased in accordance with snowfall events.  Over 
the course of the winter months (December to February), conductivity values ranged 
from 1.3 to >30 mS/cm.  Snowfall of greater than 2 cm is followed by peaks in the daily 
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mean conductivity in both Amberlea and Pine Creek (Fig. 1-5b).  Fig. 1-5b shows the 
greater effect on conductivity in Amberlea Creek (below Highway 401; Fig. 1-1) relative 
to Pine Creek (above Highway 401; Fig. 1-1) following each snowfall event; maxima in 
Amberlea Creek approached or exceeded 20 mS/cm (Fig. 1-5b) whereas they seldom 
exceeded 15 mS/cm in Pine Creek (Fig. 1-5b). 
 We visited Frenchman’s Bay on January 25, 2003 to monitor water-quality 
conditions at the Open station. The TP was 16.22 μg/L, which is somewhat lower than 
the mean of 20.92 μg/L during the summer.  Both chlorophyll and TNN values were 
similar to summer means (7.40 vs 6.84 μg/L CHL, and 0.30 vs 0.25 mg/L TNN).  
Conductivity measured at the Open station at this time was 0.320 mS/cm, which is 
bracketed by values ranging between 0.30 and 0.45 mS/cm during the summer.  Overall, 
winter levels of nutrients and chlorophyll at the Open station were very similar to those 
observed in the summer. 
 
Submergent vegetation 
 We noted 5 dominant emergent taxa including three cattail species (narrow-leaved 
cattail Typha angustifolia, broad-leaved cattail T. latifolia, and hybrid cattail Typha X 
glauca), and two loosestrife species (swamp loosestrife Decodon verticillatus and the 
invasive exotic species, purple loosestrife Lythrum salicaria), which were well 
established among the cattail beds along the shore.  There were so few individuals of 
submergent taxa throughout the marsh that we were unable to determine any areal extent.  
Of those that we encountered, we identified 4 native taxa: sago pondweed Potamogeton 
pectinatus, slender pondweed Potamogeton. sp., common waterweed Elodea Canadensis, 
and common bladderwort Utricularia vulgaris; and 2 exotic non-native taxa: curly-leaved 
pondweed P. crispus, Eurasian milfoil Myriophyllum spicatum.  There were also 2 native 
floating taxa: fragrant water lily Nymphaea odorata and star duckweed Lemna trisulca; 
and the non-native European frog-bit Hydrocharis morsus-ranae. 
 
Current fish community 
 We surveyed the fish community in Frenchman’s Bay on 8 occasions between 
2001 and 2002 and captured a total of 26 species from 12 families (Table 1-2). Although 
the total number of species varied from a low of 9 on April 26, 2002 to 17 on Aug 7, 
2002, the numbers were very stable during the May, June, August and September surveys 
(16 and 17).  Brown bullhead, emerald shiner, and yellow perch were very common and 
were represented in almost every survey, including those in the early spring and late fall 
when species totals tended to be lower.  The rare taxa (appearing in only one or two 
surveys) included the mimic shiner, rock bass, white perch, white bass and rainbow 
smelt.  Some fish tended to be caught only as adults when they migrated into the marsh to 
spawn during the spring or fall (alewife, white sucker, and northern pike). 

Since fish had been sampled from both the North and South stations on every 
occasion, and we knew there were significant differences between stations with respect to 
environmental conditions (Table 1-1; Fig. 1-2), we wanted to determine if there were any 
species-specific preferences for a particular station.  We found 16 species that differed 
significantly between stations for either abundance, biomass, or both (P<0.05, Paired T-



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 30

tests; Table 1-3).  A group of 7 species occurred in greater numbers and/or biomass at the 
South station, and these included yellow perch, alewife, and largemouth bass (Table 1-2).  
Another group of 8 were more abundant at the North compared to the South station, and 
these included brown bullhead, gizzard shad, bowfin and common carp (Table 1-2).  
When all the fish were pooled, we found that the South station had significantly greater 
numbers of fish (P<0.001; Fig. 1-6a), whereas the North station had significantly higher 
biomass (P<0.001; Fig. 1-6b).  This indicates that a greater number of small-sized 
individuals were caught at the South station, while fewer large-sized fish were caught at 
the North station.  In most instances, both biomass and abundance data yielded similar 
seasonal trends (Table 1-2); however, for gizzard shad, 5 large spawning individuals 
accounted for a relatively high biomass during early spring, whereas the many juveniles 
present during summer accounted for very little biomass, and thus gave rise to different 
seasonal patterns (Table 1-2). 

The Toronto Region Conservation Authority had surveyed the fish community in 
Frenchman’s Bay since 1991.  Paired T-tests of abundance and biomass data yielded 
results that were almost in total agreement with our findings (Table 1-3).  Fish were more 
abundant at the South station but biomass was significantly higher at the North station 
(Table 1-3).  Pumpkinseed, yellow perch, white sucker, alewife and northern pike favored 
the South station, whereas brown bullhead, bowfin, crappie, and common carp favored 
the North station.  The only discrepancy between TRCA data and ours concern the white 
sucker (Table 1-3), which they captured exclusively on the south side of the Bay whereas 
we captured white sucker on three occasions in the North and only one occasion in the 
South (Table 1-2). 

Differences between North and South sites were also found when comparing the 
WFI scores (Fig. 1-7).  WFI (PA) scores were higher in the South than the North 
throughout the summer of 2002, with the exception of June 17 (Fig. 1-7a).  Similar 
seasonal trends occurred for the WFI (AB) with scores being higher in the South than 
North, except on June 17.  Mean WFI (PA) score for the South site was higher (2.92) 
than that for North site (2.73; P<0.05 one-tailed t-test).  The difference was even more 
pronounced when abundance data were used to generate WFI scores (WFI (AB)) of 2.64 
vs. 2.93 for North and South, respectively (P<0.05; two-tailed t-test). 
 
Comparison to historic conditions 

We can broadly compare current water-quality conditions in Frenchman’s Bay 
with those documented in three other studies dating back to the mid-1970s (Table 1-4).  
Since only one study reported a range of temperatures from 7 to 22ºC, it is difficult to 
draw much from this comparison, except to point out that our range appears to have 
shifted upwards several degrees because our range is now 11 to 27ºC. The range in pH 
for this study seems to agree with those reported in the three previous studies, and we do 
not think pH has changed over this time.  The study conducted in the mid 1970s indicated 
DO levels ranged from 8-12 with a mean of 10.2 mg/L, while the one conducted a decade 
later reported a mean of 9.1 mg/L with an expanded range that included some lower DO 
values.   
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Mean Secchi depth transparency reported by McNab and Hester in 1974-5 was 78 
cm, which compares favorably with our mean value of 65 cm at the Open station.  On the 
other hand, the mean of 22 cm reported by Stephenson for the mid 1980s suggest that 
water clarity has actually improved recently, and this is consistent with the higher TSS 
value of 43 mg/L reported for the late 1970s, compared with current means ranging from 
11.8 to 28.3 for all three stations in this study.  Phosphorus levels have probably 
increased in the marsh over the 30 years; Lemay and Mulamootil reported a mean of 10 
μg/L (range of <1-26 μg/L) for total P in 1977 whereas we report means that range from 
21.7 to 77.8 μg/L for the three stations.  On the other hand, total nitrate levels appeared to 
have declined from a mean of 1.01 mg/L in 1977 to means ranging from 0.19 to 0.50 
mg/L in 2001 and 2002 (Table 1-4). 
 Using a combination of published and unpublished species data, we compared the 
Frenchman’s Bay fish communities from the 1980s to the early 2000s (Table 1-5).  There 
were 15 species that occurred in all three studies and which represented the most 
common species in this study (Table 1-2).  The remaining species found in our study 
occurred in low abundances or only as adults, with the exception of the threespine 
stickleback (111 captured in this study) and the golden shiner (97 captured in this study 
and TRCA both time periods).  Stephenson (1990) found 19 species in the 1980s, 
including 3 not captured in this study.  Two of these species, creek chub Semotilus 
atromaculatus and central mudminnow Umbra limi, were only captured by Stephenson as 
juveniles, and the brook silverside Labidesthes sicculus was only captured as an adult in 
the 1980s but was also captured in the late 1990s (TRCA; Table 1-5).  There were 7 
species captured only as adults, 7 species that included both juveniles and adults, and 5 
species that only represented juveniles.  The TRCA collected 21 species in annual 
surveys from 1991 to 1994 and 22 species from 1996 to 2000 (Table 1-5), of which only 
5 species were absent from our surveys but were generally present in the early and late 
1990s. 
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DISCUSSION 
Frenchman’s bay has a long documented history of degradation, which has been 

shown by both sediment cores and paleolimnology.  Eyles et al. (2003) used a wide range 
of geophysical techniques to determine the nature of bottom sediments and the 
distribution of contaminated sediment in the lagoon.  From core analyses, they concluded 
that the bay is no older than 3,000 years, and that the first signs of human impact from the 
watershed can be attributed to indigenous peoples about 1000 years ago.  The bay was 
relatively pristine for the next 800 years, as indicated by large amounts of laminated marl 
(fine sediment enriched in CaCO3), which is typical of protected lagoons with clear water 
and extensive areas of submergent aquatic vegetation such as Chara that secrete CaCO3 
to form the chalky deposit.  The marl deposition was abruptly replaced by a layer of 
black-colored, foul-smelling mud rich in wood debris, partially decomposed organic 
matter and pollen of grass and weeds, which has been referred to in other studies as the 
“European Settlement Layer’, which indicate the onset of European settlement and 
widespread forest clearances and subsequent soil erosion after 1840 (Weninger and 
McAndrews 1989).  Reinhardt et al. 2005 used microfauna in sediment cores and 
magnetic susceptibility of sediment layers to demonstrate gradual eutrophication since 
European settlement from agriculture and increased nutrient loading, but major 
eutrophication from urbanization and lawn runoff has occurred much later, after the 
1950s. 

A primary source of contaminants to the watercourse is highway runoff from Hwy 
401, a major transportation corridor located immediately upstream of Frenchman’s Bay 
(Fig. 1-1).   During the winter, large volumes of de-icing salt are applied after every 
snowfall, causing elevated conductivity measurements.  Koryak et al. (2001) found a 20- 
to 30- fold increase in conductivity associated with winter thaws.  Summer precipitation 
causes declines in conductivity through dilution (Gray 2004; Koyak et al. 2001).  
Summer decreases and winter increases in conductivity following precipitation were 
confirmed by this study, confirming that a very small increase in effective 
imperviousness (impervious surfaces directly connected to stream) in the watershed can 
be related to high increases in stream conductivity and chlorophyll and decreased 
ecological condition (Walsh et al. 2005).  In addition to greatly increasing water 
conductivity, run-off from the highway can contain elevated levels of heavy metals such 
as cadmium, copper, lead and zinc (Marsalek and Ng 1989; Gray 2004).  Analysis of 
sediment cores retrieved from Frenchman’s Bay revealed elevated levels only in the 
upper portion of the core that date back to the 1960s (Eyles et al. 2003).  Currently, many 
parameters such as Total Keldahl Nitrogen (TKN), phosphorus, cyanide, oil and grease 
and total organic carbon exceed Ontario Ministry of Environment Provincial Sediment 
Quality Guidelines.  The water quality in open-water areas of Frenchman’s Bay marsh is 
likely better because of the permanent channel to Lake Ontario, which allows cleaner 
water of Lake Ontario to mix with Bay water.  If the barrier beach persisted through the 
summer and was only breached occasionally, the waters of the Bay would likely show 
increases in nutrients, conductivity, and temperature through the summer, and this would 
result in further degradation of wetland habitat. 
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It is clear from the composite transect maps (Fig. 1-3) that the three marsh 
stations in this study had fairly distinct characteristics.  The Open station was deep (about 
3.0 m), with warm surface water, lower conductivity, high DO content and low 
chlorophyll and turbidity.  This description is consistent with the lower nutrient and 
suspended solids data reported for this station (Fig. 1-2).  By contrast, the North station 
was shallow and warm, and seemed to be the most polluted of the three sites, with high 
conductivity, high chlorophyll and turbidity, and relatively low oxygen content.  Like the 
North station, the South station was also shallow and warm, but was well-oxygenated and 
had lower conductivity, chlorophyll and turbidity levels.  Continuous hourly monitoring 
of the North station in this study certainly confirm that the marsh can undergo periods of 
anoxia at night.  The seasonal mean of 5.7 mg/L at the North station is sufficiently low 
that we should consider it a probable impediment to certain fish species during mid-to-
late summer.  On the other hand, a mean of 9.22 mg/L for the South station indicates that 
this is not likely a limiting factor for fish. 

Non-point pollution associated with urbanization and yard and garden runoff can 
provide high nutrient loads to streams and wetlands (Clinton and Vose 2006; Reinhardt et 
al. 2005), which can have an indirect impact on fish habitat.  Mean total nitrogen 
concentrations exhibited a similar pattern to TNN, suggesting that Pine and Amberlea 
Creeks contributed nitrogen in both inorganic and organic forms to Frenchman’s Bay.  
Most of the TP that enters into Amberlea Creek and that eventually discharges into 
Frenchman’s Bay is in a form that is readily available for algal growth, which, in 
association with high suspended sediment, result in reduced diversity and coverage of 
submergent vegetation (Chow-Fraser et al. 1998).  Seilheimer and Chow-Fraser (2006) 
found a relationship between the number of submerged macrophytes and WFI scores, 
which predict a wetland with 5 submergent species should have a WFI (PA) score of 
2.89.  In accordance with this prediction, mean WFI scores observed in the marsh sites in 
2002 ranged from 2.73 in the North to 2.92 in the South.  Submergent vegetation provide 
critical spawning habitat for adults, refugia from predators, and habitat for prey of all life 
stages (Casselman and Lewis 1996; Jude and Pappas 1992).  In addition, plants provide 
shade for juveniles and ensure that the water does not become too warm for coolwater 
species.   

An areal photo taken of the marsh during 1999 (Environment Canada 2001) 
indicates there are currently 47 ha of emergent vegetation remaining from the historical 
high of 68 ha during 1960 (Williams and Lyon 1997).  Part of the reduction in areal 
extent of emergent plants may be attributed to increased water levels after the 1960s 
(Williams and Lyon 1997), but the added disturbance from urban development along the 
shoreline and increased sedimentation has probably contributed to its inability to rebound 
once water levels retreated.  Since large intact stands are better at coping with 
bioturbation associated with carp spawning and feeding (Lougheed et al. 1998; Chow-
Fraser 1999) than are small islands of vegetation that currently exist, we should try to 
restore the integrity of the large contiguous stand that characterized the northern portion 
of the Bay.  Degraded habitats are more likely to be invaded by exotic species, which is 
observed in the aquatic plant community of Frenchman’s Bay (Wei and Chow-Fraser 
2006).  Human disturbance has likely contributed to the success of invasive purple 
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loosestrife (Lythrum salicaria), which now colonizes large areas of the marsh, visually 
dominating the shoreline when it flowers in mid-summer. It is unlikely that native 
emergent species will be able to displace the Lythrum without some effort being made to 
reduce the area it currently dominates.   

The lower WFI score indicates that the fish community in the North site is 
dominated by turbidity tolerant, benthivorous species.  By comparison, the higher WFI 
score indicates that the fish community of the South site was dominated by percid and 
centrachid species that are less tolerant species.  The site-to-site variation in the 
abundance of fish in Frenchman’s Bay is not unusual for coastal wetlands (Lougheed and 
Chow-Fraser 2001; Chapter 2, Seilheimer and Chow-Fraser 2006).  Normally, the more 
suitable fish habitat are found in areas that are protected from wind and wave 
resuspension, where aquatic vegetation can flourish.  Within vegetated areas, the 
associated water is usually cooler, less turbid and better oxygenated throughout the day 
and night as compared to areas without vegetation, and this is important for wetland-
dependent fish such as northern pike and largemouth bass.  In Frenchman’s Bay, even 
though the Open station has relatively good water quality, it cannot provide suitable 
habitat for most of the wetland taxa because it does not support emergent or submergent 
vegetation.  The marsh in the southwestern end of the lagoon is home to a surprisingly 
large number of fish species during the summer and fall; even the remnant marsh located 
at the northern end provides habitat for a large number of fish, although these species 
tend to be those that are known to be more tolerant of degraded conditions. 
 The fish community appears to be fairly stable over the past two decades 
(Stephenson 1990; TRCA, unpublished data; this study; Table 1-5).  Spatial differences 
between the North and South sites have persisted since the 1990s for the dominant 
species, with higher abundances (e.g. juveniles) in the South, and higher biomass (e.g. 
large benthivores) in the North.  Seasonal trends in relative abundance of the dominant 
fish species continue to be true (Fig. 2 in Stephenson 1990) with high abundance of 
brown bullheads in early spring, followed by higher abundance of alewife in early 
summer, and higher number of pumpkinseed in late summer, although we found the 
highest number of yellow perch in the spring while Stephenson found the highest number 
in the fall.  It is likely that indirect impacts of urbanization for the last 50 years 
(Reinhardt et al. 2005) have resulted in the wetland fish community that has existed for at 
least 20 years.  Two of the species not found in our extensive survey (brook silverside 
and central mudminnow Umbra limi) were indicators of good water quality for the WFI 
(Seilheimer and Chow-Fraser 2006), which may indicate loss of these species may be due 
to degraded water quality since the 1980s.  Weaver and Garman (1994) found that long 
term urban stress caused significantly lower diversity and abundance of fish species.  
Urbanized streams commonly have lower fish diversity, low ecological index score (e.g. 
index of biotic integrity), and fish deformities (Helms et al. 2005; Wang et al 2000).  To 
fully determine the degree of degradation of the Frenchman’s Bay fish community, we 
need fish data from before urbanization, but these data do not exist. 
 The Frenchman’s Bay fish community has been degraded by urban development 
for at least 50 years but in its present state it is still utilized by multiple species as 
spawning and nursery habitat.  Water quality was significantly better in the South than 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 35

the North, which was reflected in the fish communities.  Improvement of tributary water 
quality could lead to improvements in fish habitat quality in the marsh, which could lead 
to an enhanced and healthy fish community.  More research needs to be conducted on the 
survival of juveniles to determine the potential productivity of the fish community.  A 
healthier wetland will not only benefit the plants and animals, but also improve 
recreational and aesthetic opportunities for human residents in the area.  The three step 
approach to urban wetland management proposed by Zedler and Leach (1998) may be the 
most effective strategy: allow passive recreation (which encourages public support for the 
second and third steps); restoration of wetland habitat; and research on restoration 
activities and urban impacts on the wetland. 
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Table 1-3: Summary of P-values associated with paired t-tests to determine significant 
differences between fish abundances and biomass data corresponding to North and South 
stations in Frenchman’s Bay. Data were all log-transformed prior to analyses. Bolded 
numbers indicate that differences are significant (P<0.05). “Yes” indicates that data 
received from TRCA (Toronto Region Conservation Authority) are consistent with 
findings in this study, whereas “No” indicates that there was evidence to the contrary. 
 

Type Species Abundance Biomass TRCA data
South > North Yellow perch 0.043 0.016 Yes 
 Bluntnose minnow 0.001 0.002  
 Johnny darter 0.0001 0.0001  
 Alewife 0.3607 0.0189 Yes 
 Fathead minnow 0.058 0.0001  
 Pumpkinseed 0.074 0.1027 Yes 
 Largemouth bass 0.06 <0.001  
 All taxa <0.001 — Yes 
     

North > South Brown bullhead 0.1035 0.0367 Yes 
 Gizzard shad <0.001 <0.001  
 White sucker 0.07 0.001 No 
 Golden shiner 0.1016 0.001  
 Bowfin 0.0003 0.0001 Yes 
 Black crappie 0.0042 0.0001 Yes 
 Common carp 0.03 0.046 Yes 
 3-spine stickleback 0.095 0.0002  
 All taxa — <0.001 Yes 
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Table 1-4: Comparison of current and historic water quality conditions in Frenchman’s 
Bay, ON. 

    2001 
  

2002 

  
McNab & 

Hester 
(1974-75) 

  
Lemay & 

Mulamootil 
(1977) 

  
Stephenson 
(1985-86) 

Parameter   South North South Open    
         

Temperature Range 
25.0-
25.7 

11.5-
26.8 

11.9-
27.22 — — 7-22.0 — 

 Mean — 19.24 21.49     
 n 2 110 113     
         
pH Range 8.5-8.7 7.3-8.7 7.8-8.9 — 7.5-8.8 7.2-7.8 7.0-8.9 
 Mean — 8.12 8.50  8.0 7.5 7.8 
 n 2 110 113     
         
Conductivity 
(mS/cm) Range 

0.39-
0.42 

0.36-
1.82 

0.23-
0.50 

0.33-
0.43 — — — 

 Mean — 1.12 0.36 0.38    
 n 2 110 113 10    
         
Dissolved 
Oxygen 
(mg/L) Range 8.8-8.9 

0.1-
12.5 

5.3-
13.7 — 8-12 — 3.5-15.9 

 Mean — 5.7 9.22  10.2  9.1 
 n 2 110 113     
         
Secchi depth 
(cm) Range 60-85 — — 50-90  45-bottom 5-60 
 Mean —   65 78  22 
 n 2   10    
         
Turbidity 
(NTU) Range 

8.73-
12.57 

0.48-
146.3 

0.59-
74.45 — — — — 

 Mean — 24.49 7.51     
 n 2 110 113     
         
Total SS 
(mg/L) Range 

8.73-
12.57 

13.1-
83.7 

4.6-
16.3 

6.37-
20.10 — 0-148 — 

 Mean — 28.3 11.8 13.37  43  
 n 2 10 9 10    
         
Total Range 66.1- 41-125 33-157 11-37 — <1-26 — 
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phosphorus 
(μg/L) 

70.8 

 Mean — 77.0 77.8 21.7    
 n 2 10 9 10    
         
Total Nitrate 
N (mg/L) Range 0.1-0.2 

0.30-
1.50 

0.07-
0.57 

0.10-
0.53 — <0.01-7.0 — 

 Mean — 0.50 0.19 0.26  1.01  
 n 2 10 9 10    
         
Total 
Ammonia N 
(mg/L) Range 

0.03-
0.14 — — 

0.03-
0.13 — — — 

 Mean —   0.07    
  n 2     6       
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Table 1-5: Comparison of the species captured in this study with studies conducted in the 
1980s (Stephenson 1990) and 1990s (Toronto Regional Conservation Authority).  
Species in bold were not captured during this study.  Abbreviations in this study and 
Stephenson correspond to A = adult fish captured and J = juvenile fish captured (TRCA 
dataset did not include life stage, so species presence is indicated with an X). 
 

  This study 
Common name Scientific name 2001 2002 

Stephenson 
(1985-6) 

TRCA 
1991-4 

TRCA 
1996-2000 

       
bowfin  A J A A X X 
brook silverside Labidesthes sicculus   A  X 
white sucker   J A J A X X 
rockbass      A    
pumpkinseed  J A J A J A X X 
smallmouth bass Micropterus dolomieu    X X 
largemouth bass  J J A J X X 
black crappie  J J A J A X X 
alewife  J J A J X X 
gizzard shad   J A J A X X 
goldfish Carassius auratus    X X 
common carp  J J A A X X 
emerald shiner   J A A X X 
golden shiner  J A J A  X X 
spottail shiner  J A J A A X X 
mimic shiner      A    
bluntnose minnow   J A A X X 
fathead minnow   J A A   
common shiner Luxilus cornutus    X X 
creek chub Semotilus atromaculatus   J   
northern pike  J J A J X X 
threespine stickleback      A    
brown bullhead  J A J A J A X X 
tadpole madtom      A    
white perch      A J A X X 
white bass      A    
rainbow smelt   J A    
johnny darter      A  X X 
logperch      A    
yellow perch  J J A J A X X 
trout-perch      A    
freshwater drum Aplodinotus grunniens    X X 
central mudminnow Umbra limi     J     
       
 Number of species 11 26 19 21 22 
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Figure 1-1: Map of Frenchman’s Bay, and the location of two in-marsh sampling stations 
and two stream sampling stations, Amberlea Creek, downstream of Hwy 401, and in Pine 
Creek, above Hwy 401.  Asterisks indicate the location of stations at which water 
samples were taken for nutrient chemistry and suspended solids analyses. 
 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 46

 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 47

Figure 1-2: Mean water quality parameters for all study sites.  Bars are 1 S.E. of the 
mean.  P-values < 0.05 indicate significant differences among sites as determined by 
ANOVA.  Bars that share the same letter indicate that their means are statistically 
homogeneous as indicated by the Tukey-Kramer test.  TP= total phosphorus; SRP = 
soluble reactive phosphorus; TNN= total nitrate-Nitrogen; TN = total nitrogen; CHL = 
chlorophyll-a; TSS= total suspended solids; TISS=total inorganic suspended solids; % 
minerals.
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Figure 1-3: GIS-rendered map showing changes in various physico-chemical 
characteristics of the water in Frenchman’s Bay, collected August 20, 2002 with a YSI 
6600 probe. 
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Figure 1-4: Comparison of Water Quality Index (WQI) scores for North (solid line) and 
South (dashed line) sites in Frenchman’s Bay during 2002.
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Figure 1-5: Mean daily conductivity measurements for Amberlea Creek (solid line; 
below Highway 401) and Pine Creek (dashed line; above Highway 401) a) summer May 
27, 2002 to August 18, 2002 and b) winter December 1, 2002 to February 28, 2003.  Bars 
correspond to the daily rain totals (a; mm) and daily snow totals (b; cm) for the Pickering 
area.
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Figure 1-6: Seasonal changes in total abundance and biomass of fish caught at the North 
(solid line and solid symbols) and South (dotted line and open symbols) stations of 
Frenchman’s Bay during 2001 and 2002.
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Figure 1-7: Comparison of (a) Wetland Fish Index (WFI) (presence-absence (PA)) and 
(b) WFI (abundance (AB)) scores for North (solid) and South (open) sites in 
Frenchman’s Bay during 2002.
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CHAPTER 2: 
Development and use of the Wetland Fish Index to assess the quality of coastal wetlands 

in the Laurentian Great Lakes. 
 

Seilheimer, T.S. and P. Chow-Fraser.  2006.  Can. J. Fish. Aquat. Sci. 63: 354-366.
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ABSTRACT  
We use fish and environmental data from 40 wetlands of the Laurentian Great Lakes to 
develop the Wetland Fish Index (WFI), a tool that can be used to assess the quality of 
coastal marshes.  A partial canonical correspondence analysis was used to ordinate fish 
species along multidimensional environmental axes that accounted for anthropogenic 
disturbance based on temperature, conductivity, and the presence of pollutants (e.g., 
suspended solids and primary nutrients).  Compared with other measures of fish habitat 
quality (e.g., Shannon–Wiener diversity index and species richness), the WFI was the 
only index that was significantly related to the degree of water quality degradation and 
wetlands condition, as indicated by an independent index of wetland quality, the Water 
Quality Index (WQI).  WQI ranks sites according to deterioration in water quality and is 
statistically related to the degree of land-use alteration in wetland watersheds.  We 
demonstrate the usefulness of the WFI for detecting intrawetland variation between two 
sites in a degraded urban wetland, Frenchman’s Bay, Lake Ontario, and to distinguish the 
heavily impacted wetlands in lower Green Bay from the less-impacted marshes in middle 
and upper Green Bay, Lake Michigan.  This was accomplished by using only published 
fish data without corresponding environmental variables.
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INTRODUCTION 
 
Coastal wetlands of the Great Lakes exist at the interface between the terrestrial and 
aquatic ecosystems.  Hydrologically connected either seasonally or permanently, these 
shallow marshes have diverse emergent and submergent vegetation that provide 
important spawning habitat for many species of the Great Lakes fish community (Jude 
and Pappas 1992).  There is well-documented evidence that land-use alteration in the 
watersheds of coastal wetlands can negatively affect their habitat quality (Crosbie and 
Chow-Fraser 1999; Lougheed et al. 2001; Chow-Fraser 2006).  Agricultural and urban 
development is generally accompanied by a high nutrient and sediment load to the 
wetlands, leading to high algal production and increased water turbidity.  These changes 
can cause an overall decrease in macrophyte abundance and diversity (Chow-Fraser et al. 
1998).  Submergent vegetation is crucial for piscivores (e.g., largemouth bass, 
Micropterus salmoides; northern pike, Esox lucius) and forage species (e.g., yellow 
perch, Perca flavescens; sunfish, Lepomis sp.; and cyprinids) because it provides 
structure for spawning, refugia for larvae and juveniles, and habitat for benthic and 
planktonic prey (Casselman and Lewis 1996).  The plants can also provide shade, 
reducing local temperature and making it suitable for many cool-water species (Wichert 
and Lin 1996).  Any anthropogenic factor that degrades the overall habitat quality in 
coastal wetlands can cause a shift in the fishes toward more pollution-tolerant and less 
desirable assemblages (Brazner and Beals 1997). 

A common goal of fish managers is to track available habitat by using appropriate 
assessment tools to determine the overall quality of particular wetlands.  A number of 
biological indicators have recently been developed for coastal wetlands and littoral 
habitats of the Great Lakes that involve the use of periphytic algae (McNair and Chow-
Fraser 2003), benthic invertebrates (Wilcox et al. 2002; Weigel 2003), the fish 
community (Minns et al. 1994), and water quality information (Chow-Fraser 2006).  Of 
these, indicators involving fish are advantageous because they involve multiple trophic 
levels, require less total processing time, and yield results that can be easily interpreted 
by the general public (Karr 1981).  The relationship between fish and anthropogenic 
degradation is the basis for fish indices of habitat condition due to the tolerance and 
intolerance of certain species and groups of species (e.g., number of tolerant species 
metrics). 

There are three main objectives in this study. First, we will develop the Wetland 
Fish Index (WFI) to assess the degree of human impact on the quality of coastal 
wetlands.  An implicit assumption is that wetlands can be ranked according to the degree 
of anthropogenic disturbance, as indicated by water quality deterioration (i.e., increased 
nutrient concentrations; water turbidity, temperature, and conductivity; etc. (Chow-Fraser 
et al. 1998; Crosbie and Chow-Fraser 1999).  Further, we assume that this degradation 
will be reflected in the species composition of the fish community, in a manner similar to 
that described in Lougheed and Chow-Fraser (2002) for zooplankton (Wetland 
Zooplankton Index).  In developing this index, we will explore how the fish community 
reflects known environmental degradation.  A second objective is to compare the utility 
of the WFI with other published indices of habitat quality, including the Water Quality 
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Index (WQI; Chow-Fraser 2006), the near-shore fish Index of Biotic Integrity (IBI) 
developed by Minns et al. (1994), and Weighted Species-Association Tolerance indices 
for Water Quality (WSATI-WQ) and Water Temperature (WSATI-WT; Wichert and Lin 
1996).  Third, we use fish assemblage information to generate WFI scores for two sites in 
Frenchman’s Bay, a highly urbanized wetland of Lake Ontario that has degraded water-
quality conditions in the north end because of runoff from a major provincial highway 
and measurably better water quality in the south end because of constant mixing with 
Lake Ontario water.  We will also use published literature to validate the usefulness of 
the WFI for assessing the quality of 12 coastal wetlands and 12 beaches in Green Bay, 
Lake Michigan, which are located in a region outside the area sampled for development 
of the index (Brazner and Beals 1997). 
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MATERIALS AND METHODS 
 
Study sites 

In this study, we collected fish and environmental data from 40 wetlands located 
along the shoreline of four of the Great Lakes (Fig. 2-1).  Because of the large latitudinal 
gradient in our data set, there are large differences in degree-days and wetland 
geomorphology that may confound any effect of human disturbance on the quality of fish 
habitat in wetlands.  To reduce the effect of the large latitudinal gradient, we selected 
sites in similar ecoregions (Fuller et al. 1995) that occurred primarily along the shoreline 
of Lake Ontario, Lake Erie – Niagara River, Lake Michigan, and Saginaw Bay, Lake 
Huron.  During the development of the index, we found that upper and lower lakes could 
not be combined because of the differences in fish assemblage due to climate. 

Two sites in the Great Lakes will be used to demonstrate the use of the WFI: 
Frenchman’s Bay and Green Bay.  Frenchman’s Bay is a semi-enclosed, lagoon-type 
wetland located in the city of Pickering, Ontario (Fig. 2-1, inset a).  The watershed covers 
an area of over 20 km2, of which more than 80% is urbanized (Eyles et al. 2003).  From 
largest to smallest drainage area, the four main tributaries in the watershed are Krosno, 
Pine, Amberlea, and Dunbarton.  Frenchman’s Bay has a total area of 85 ha, 47 ha of 
which is open water (Environment Canada 2001), with a maximum depth of 3.5 m in 
midsummer.  Green Bay is a 193 km long, shallow bay in northeastern Lake Michigan 
(Fig. 2-1, inset b).  For present purposes, it is divided into areas based on regional 
differences in watersheds and water quality identified by Brazner and Beals (1997). 
 
Description of the database for development of WFI 

We conducted a field survey of 40 wetlands over three sampling seasons 
beginning the summer of 2000; one wetland was visited in two consecutive seasons 
during the period from mid-June to mid-August for a total of 41 fishing days (Table 2-1; 
Fig. 2-1).  These wetlands were selected from established “eco-reaches” along the 
shoreline of four Great Lakes (after Chow-Fraser and Albert 1998; Wei et al. 2004).  The 
sites were found in similar “ecoregions” (Fuller et al. 1995; Bailey 1995), based on 
climatic, vegetative, and geological conditions.  Sites were selected along a wide gradient 
of habitat and water-quality degradation, based on a parallel monitoring program of 
environmental variables, including macrophyte abundance and diversity (Lougheed et al. 
2001; McNair and Chow-Fraser 2003). 
 
Field sampling 

For each wetland, we measured a set of important variables for fish habitat, which 
included water-quality parameters, substrate type, and other physical attributes.  
Wetlands were visited between early June and late August during 2000–2002 inclusive.  
Water samples were collected from an open water site located at least 10 m from the edge 
of the emergent aquatic vegetation for analysis of planktonic algae, primary nutrients, and 
suspended solids; in certain wetlands, submergent vegetation was present throughout, and 
in those cases we sampled in the deeper areas that had very little submergent vegetation.  
This minimized contaminating the samples with benthic algae (either epiphytic or 
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periphytic).  Water samples were collected with a 1 L Van Dorn bottle deployed at mid-
depth and dispensed into clean Nalgene bottles (acid-washed and rinsed with deionized 
water) for nutrient analyses.  Samples for chlorophyll analyses were stored in opaque 
Nalgene bottles.  All samples were kept in sample jars and frozen until analysis (usually 
within 3 months of collection). 

Temperature, conductivity (COND), dissolved oxygen, and turbidity were 
measured 10 m from the submergent vegetation with a Hydrolab Minisonde 
multiparameter probe attached to a Surveyor display (Hydrolab, Austin, Texas) during 
2000–2001.  A YSI 6600 multiparameter probe with two optical sensors (turbidity and 
chlorophyll) and a YSI 650 display (YSI, Yellow Springs, Ohio) was used in 2002.  At 
the end of the 2001 field season, we conducted a side-by-side comparison of both the 
Hydrolab Minisonde and YSI 6600, and found no significant (P > 0.05) deviations with 
respect to any of the parameters, except for turbidity.  We therefore chose to use the YSI 
6600 for routine monitoring in 2002 because it was much easier to use.  However, to 
ensure valid comparisons, turbidity data were not used in statistical analyses between 
years.  Instead, we used the Hach 2100 Portalab (Hach, Loveland, Colorado) to measure 
turbidities in triplicate from water samples collected with the Van Dorn sampler.  All 
sites were georeferenced with a handheld global positioning system unit (4–6 m 
accuracy). 

To survey the fish community, we used three pairs of fyke nets (two pairs of large 
nets (13 and 4 mm bar mesh, 4.25 m length, 1 m × 1.25 m front opening) and one pair of 
small nets (4 mm bar mesh, 2.1 m length, 0.5 m × 1.0 m front opening)) that were set 
parallel to the emergent zone at the 1 and 0.5 m depth contour, respectively.  The paired 
nets were positioned face-to-face with a 7 m lead connecting them, while 2.5 m wings 
were set off the front openings at a 45° angle.  Whenever possible, nets were set within 
submergent vegetation, but when there was too little vegetation or when appropriate 
depths were not available, the nets were set near the emergent vegetation.  After 24 h, 
fish present in the nets were sized, enumerated, and identified according to Scott and 
Crossman (1998).  Unknown species (i.e., small cyprinids) were frozen and identified 
later with a dissecting microscope.  All other individuals were released live at the site.  
Fish data were pooled for the three nets at each wetland. 

On nine different occasions from November 2001 to October 2002, we conducted 
fish surveys at the North and South sites in Frenchman’s Bay, Lake Ontario (see Fig. 2-1, 
inset a).  Because of the small size of the bay, we used only one pair of large nets at each 
site.  An intensive water-quality monitoring program was carried out from May to 
September in 2002 at both sites, as well as an open-water area; on an approximately 
biweekly basis, water samples were collected for nutrients, chlorophyll a, and suspended 
solids as mentioned above.   Two YSI 6600 multiparameter probes were also deployed in 
the North and South sites (see locations in Fig. 2-1, inset a) to take hourly measurements 
of temperature, pH, conductivity, dissolved oxygen, turbidity, and chlorophyll a.  All 
laboratory methods used to process water quality samples have been detailed elsewhere 
(Lougheed et al. 1998; Chow-Fraser 1999, 2006). 
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Published data for validation 
Published data in the appendix of Brazner and Beals (1997) were used to validate 

the WFI.  In 1990 and 1991, Brazner (1997) used a combination of fyke nets, trap nets, 
and bag seines to survey the fish community of 24 wetland and beach habitats in Green 
Bay, Lake Michigan.  The sampling sites were divided among three regions of Green 
Bay: lower, middle, and upper bay (see Fig. 2-1, inset b).  The least impacted areas were 
primarily located in upper bay, while the heavily impacted areas were located in lower 
bay, as indicated by distance from cities and highways and by a relative index of 
development. 
 
Statistical analyses 

CANOCO 4.5 (ter Braak and Smilauer 1998) was used to run canonical 
correspondence analysis (CCA).  Fish species and wetlands were ordinated by creating 
synthetic axes that best fit the gradients of the environmental data (ter Braak and 
Verdonschot 1995).  Prior to conducting the CCA, we used the detrended correspondence 
analysis (DCA) to verify that the species had a unimodal distribution over the 
environmental gradient (i.e., length of the gradient was greater than 4.0 standard 
deviation units; ter Braak and Smilauer 1998).  All environmental variables and species 
abundances (pooled data from three fyke nets) were log10-transformed and standardized 
to have zero mean and unit variance.  Rare species (i.e., those occurring in only one 
wetland) were excluded from this analysis to allow for the index to focus on the more 
common species that are more likely to be encountered by other investigators.  We used 
Monte Carlo permutations under the full model (500 random permutations; ter Braak and 
Smilauer 1998) to determine the statistical significance of the canonical axes and 
analyzed presence or absence (PA) and abundance (AB) data separately.  To adjust for 
seasonal variation in the data set, a partial CCA (pCCA) was used, rather than a regular 
CCA, with day of the year as a covariable (ter Braak and Verdonschot 1995).  Shannon–
Wiener diversity and Simpson’s evenness values were calculated with MVSP (version 
3.1, Kovach Computing Services, Ithaca, New York).  All other statistical analyses were 
preformed using SAS JMP IN (version 5.1, SAS Institute Inc., Cary, North Carolina). 
 
Development of the WFI 

We used observed trends in the pCCA to guide the development of the WFI.  
Because the first axis appeared to ordinate wetlands according to degree of water-quality 
degradation, we used pCCA axis 1 to derive values for optimum and tolerance (hereafter 
referred to as U and T, respectively; ter Braak and Verdonschot 1995).  A centroid is the 
center of a cluster of species scores, and we used the placement of this centroid along the 
synthetic degradation axis to indicate the species’ U value. Each species was assigned a 
weight that corresponded to its position on pCCA axis 1, where 1 indicated most tolerant 
to degradation and 5 was most intolerant to degradation.  The weighted standard 
deviations of the species scores on pCCA axis 1 were used to indicate niche breadth and 
were used to assign the T values, where 1 indicated a wide niche breadth and 3 indicated 
a narrow niche breadth.  Species having narrow niche breadths were indicative of specific 
environmental conditions and were more useful as indicator species.  Species occurring 
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in 5% or fewer wetlands were given a T value of 1, since we do not know if those taxa 
truly have a narrow niche or if the fishing method we used was ineffective in sampling 
those species. 

To develop the WFI, each species was assigned U and T values according to the 
following equation (Kelly and Whitton 1995; Lougheed and Chow-Fraser 2002): 
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where Yi is the presence or log10 abundance (log(x + 1)) of species i, Ti is the value from 
1 to 3 (indicating niche breadth), and Ui is the value from 1 to 5 (indicating tolerance of 
degradation).  WFI (PA) refers to scores calculated using presence or absence data, and 
WFI (AB) refers to scores when log10 abundance (log(x + 1)) data was used.  WQI 
scores corresponding to each wetland in this study were obtained from Chow-Fraser 
(2006), an independently derived index based on only water-quality data collected from 
110 wetlands located throughout the five Great Lakes.  This index ranges from –3, which 
is indicative of the most impacted conditions, to +3, which is indicative of the most 
undisturbed sites.  An appropriate 12-variable equation from Chow-Fraser (2006) was 
used to calculate WQI scores for all wetlands in the study using data collected at the same 
time as the fish collection and the two long-term stations in Frenchman’s Bay. 

For examples of WFI use, we compared WFI scores between two sites of 
Frenchman’s Bay that differed with respect to the level of urban impact.  We also used 
the fish information from Frenchman’s Bay to calculate corresponding fish IBI scores 
(Minns et al. 1994).  Although their IBI was developed for Areas of Concern (AOC) 
littoral zones, Frenchman’s Bay is adjacent to the Toronto AOC and has similar impacts.  
They also used 100 m electrofishing transects to derive their IBI, while we used fyke 
nets, but the sampling effort was consistent between study sites; hence any bias due to 
gear type would be constant for within-study comparisons.  We also calculated the 
WSATI-WQ and WSATI-WT (Wichert and Lin 1996) for the two sites.  Although these 
indices were developed for species occurring in streams rather than in wetlands, many of 
the species used in developing the indices occur in Frenchman’s Bay, and on that basis, 
we felt they were appropriate for comparison.  We also calculated WFI scores from 
published fish data for 24 sites in Green Bay, Lake Michigan (Brazner and Beals 1997). 
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RESULTS 
 
Description of environmental variables 

The wetlands included in this study (Table 2-1) ranged from oligotrophic to 
hypereutrophic (Table 2-2) based on primary nutrient concentrations.  WQI scores for 
each site reflect the degree of anthropogenic disturbance and the range of wetland 
conditions included in this study.  Water depth at the open water site where water and 
environmental variables were collected varied between 0.2 m in the shallowest marshes 
to 4.1 m (mean of 1.3 m).  Physicochemical variables varied a great deal between sites: 
temperature ranged from 14.9 to 31.5 °C (mean 23.7 °C), dissolved oxygen ranged from 
4.4 to 13.8 mg·L–1 (mean 8.13 mg·L–1), and conductivity ranged from 91 to 1658 μS·cm–1 
(mean 445 μS·cm–1) (Table 2-2).  Chlorophyll varied between 0.5 μg·L–1 for 
unproductive systems to 100.4 μg·L–1 in eutrophic systems (mean 14.9 μg·L–1).  Water 
clarity, represented by suspended solids, ranged from near 0.0 to greater than 300.0 
mg·L–1.  Phosphorus and nitrogen also varied a great deal between sites: 18.4–398.0 
μg·L–1 total phosphorus and 1.0–100.3 μg·L–1 for soluble reactive phosphorus.  Total 
ammonia had a mean of 0.09 mg·L–1, with a range of 0.01–0.34 mg·L–1, while total 
nitrate had a mean of 0.39 mg·L–1.  WQI scores ranged from –2.39, indicative of highly 
degraded conditions, to 1.5, which is indicative of very good wetland conditions (Chow-
Fraser 2006); the average score was –0.23, which is associated with moderately degraded 
conditions. 
 
pCCA – index development 
In total, 41 fish taxa were identified and enumerated in this study.  Total number of fish 
caught in wetlands had a mean of 435 and a range of 34 to 4577 individuals; a majority 
were juveniles.  Of the 15 environmental variables that were initially entered into the 
pCCA, five (total Kjeldahl nitrogen (TKN), total nitrogen (TN), total suspended solids 
(TSS), pH, and latitude) were eliminated because they were redundant (according to 
value of the inflation factor of >10).  The final list of variables retained in the pCCA 
were: total phosphorus (TP), soluble reactive phosphorus (SRP), total ammonia nitrogen 
(TAN), total nitrate nitrogen (TNN), total inorganic suspended solids (TISS), total 
organic suspended solids (TOSS), chlorophyll a (CHLa), temperature (TEMP), COND, 
dissolved oxygen (DO), and longitude (LONG).  The U and T values (Table 2-3; see 
Materials and methods) were assigned based on patterns that emerged from the pCCA 
biplot, which related the statistical mode for each species along the synthetic axes (Fig. 2-
2).  The first two environmental axes together explained 45.3% of the total variation in 
species AB data.  The first axis was highly correlated with several environmental vectors, 
including COND (r = 0.81), TAN (r = 0.76), TP (r = 0.69), CHLa (r = 0.65), and TISS (r 
= 0.47) (Fig. 2-2).  The second axis was highly correlated with the longitude of the 
wetland (LONG; r = 0.59) and is likely a reflection of lake-to-lake differences in wetland 
development.  Since similar trends were observed when PA data were used in the pCCA, 
the results are not presented here. 

Both types of fish data (i.e., AB and PA) were ordinated according to their 
statistical mode along synthetic axis 1.  Those species (see Table 2-3 for key to all 
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species codes) associated with positive values tended to be very tolerant of degraded 
conditions, examples of which are white perch (Morone americana; MOAM) and 
channel catfish (Ictalurus punctatus; ICPU), whereas species associated with negative 
values were intolerant of anthropogenic disturbance and tended to be more abundant in 
wetlands, where values for nutrients, TSS, COND, and CHLa were low, examples of 
which are longnose gar (Lepisosteus osseus; LEOS) and the mimic shiner (Notropis 
volucellus; NOVO).  Although much of the variation in fish distribution was due to 
species-specific tolerance of habitat degradation (i.e., pCCA axis 1), some variation could 
be attributed to the location of wetlands (i.e., pCCA axis 2).  For example, species such 
as johnny darter (Etheostoma nigrum; ETNI) and redfin pickerel (Esox americanus; 
ESAA), which were associated with the positive end of pCCA axis 2 (higher longitude), 
were more commonly encountered in wetlands of Lake Michigan.   

The species assigned U values were related to a taxon’s position on the first 
canonical axis (Fig. 2-2).  The freshwater drum (Aplodinotus grunniens; APGR) and 
goldfish (Carassius auratus; CAAU) were each given a U value of 1 because their 
centroids were located near the positive end of axis 1 (Fig. 2-2), which indicates they are 
very tolerant of degraded conditions (Table 2-3).  By contrast, species such as blackchin 
shiner (Notropis heterodon; NOHN) and the longnose gar (LEOS) were each given a U 
value of 5 because their centroids were placed near the negative end of the pCCA axis 1, 
which indicates they are very intolerant of environmental degradation.  All of the 
remaining species were assigned intermediate values (2, 3, or 4) according to the position 
of the species centroids along pCCA axis 1.  Additional research is needed to confirm the 
rare species’ position in the index. All species were assigned U and T values using the 
above approach and are presented separately for AB and PA data (Table 2-3).   
 
Comparison of the WFI with other indices of wetland quality 

To evaluate the ability of the WFI to characterize wetland quality, we compared 
them with corresponding scores of the WQI.  WFI scores for the 41 wetlands were 
plotted against corresponding WQI scores for both the PA and AB data (Figs. 2-3a and 2-
3b, respectively).  Both sets of data yielded highly significant regression equations for 
WFI (PA) and WFI (AB) data (r2 = 0.64 and r2 = 0.59, respectively).  For comparison, 
we regressed conventional measures of community diversity against WQI scores.  We 
found no significant relationship between the WQI and the Shannon–Wiener diversity 
index (Fig. 2-3c; P = 0.80), the Simpson’s evenness index (Fig. 2-3d; P = 0.66), species 
richness (Fig. 2-3e; P = 0.11), or log10 total abundance (Fig. 2-3f; P = 0.35).  We also 
calculated scores for the Simpson’s diversity index (not shown) and found no significant 
relationship with the WQI (P = 0.84). 

In contrast, we found a highly significant relationship between WFI scores and 
species richness of submersed aquatic vegetation (SAV) (Fig. 2-4; r2 = 0.70, P < 0.0001).  
WFI scores increased asymptotically from less than 2.0 in wetlands that had no SAV to 
3.8 when SAV richness reached 12 or greater.   
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Use of the WFI to assess site quality in Frenchman’s Bay 
The physicochemical parameters collected by the YSI probes at the two sites in 

Frenchman’s Bay are summarized in Table 2-4.  The probes collected hourly data for 114 
days during the summer of 2002. We first calculated daily means and then compared 
these on a monthly basis between sites.  The ambient temperature at the North station 
tended to be higher than that at the South station (significantly higher in June, August, 
and September).  Water conductivity was consistently higher at the North station, with a 
range of 1.17– 1.26 times higher than that at the South station.  The North station was 
also associated with higher water turbidity (significantly higher in June and September) 
and higher chlorophyll (significantly higher every month).  On the other hand, there were 
less consistent differences with respect to dissolved oxygen concentration between 
stations; in June, conditions were more deoxygenated in the north, whereas in September, 
the reverse was true, and in July and August, there were no significant differences. 

The WQI scores for the two sites varied throughout the summer but the North site 
scores were always lower than those for the South site during 2002 (Fig. 2-5).  Both sites 
also had their lowest scores at a similar time in mid- to late June, indicating that larger 
factors influence the Bay as a whole, even though the water quality at the South site is 
consistently better.  For most dates, the North site was classified as moderately degraded 
and on a few occasions was even considered very degraded according to this index.  In 
contrast, the South site was in the upper end of the moderately degraded category and 
was at times considered to be of good quality (Chow-Fraser 2006). 

Differences in WFI scores between the North and South sites were consistent with 
differences in water-quality characteristics (Fig. 2-6).  WFI (AB) and WFI (PA) 
calculated for the South station were significantly higher than those for the North (WFI 
(AB) 2-tailed t test, P < 0.05; WFI (PA) 1-tailed t test, P < 0.05; 2-tailed t test, P = 0.09).  
Regardless of the type of data used, WFI scores for the South site tended to be higher 
than those for the North during the nine sampling occasions in 2001 and 2002 (Fig. 2-6).  
Although scores were comparable during the early part of the season, they diverged by 
midsummer, and by late summer, WFI scores associated with the North station were 
substantially lower than those associated with the South. 

For comparison, we generated scores of three other published indices (Minns et 
al.’s (1994) Fish IBI, Wichert’s (1995) WSATI-WQ, and Wichert and Lin’s (1996) 
WSATI-WT) using fish information collected from Frenchman’s Bay (Table 2-5).  The 
12 metric fish IBI scores were slightly higher for the South compared with the North site, 
but there were no significant differences (paired t test, P = 0.44). Even when we corrected 
for inclusion of offshore species by calculating a modified IBI* (Minns et al. 1994), we 
did not obtain a significant difference (P = 0.60).  Similarly, WSATI-WQ and WSATI-
WT results indicated that scores for the South site were slightly higher, but once again, 
we found no significant differences (paired t test, P = 0.21, P = 0.35, respectively). 
 
Validation of the WFI 

The fish information from Brazner and Beals (1997) was used to generate WFI 
(AB) and WFI (PA) scores for each of the 24 sites in Green Bay. The WFI (PA) and WFI 
(AB) were equally effective for showing regional differences among sites; scores were 
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lowest in the lower bay, increased in the middle bay, and were highest in the upper bay 
(Table 2-6).  Scores of WFI (PA) increased significantly from the lower bay (2.36) to 
middle bay (2.79) to upper bay (3.07) (analysis of variance (ANOVA); Tukey–Kramer; P 
< 0.05).  Similarly, mean scores for the WFI (AB) showed a significant increase from 
2.18 in the lower bay to 2.65 in the middle bay and to 3.04 in the upper bay (P < 0.05; 
Table 2-6).  Neither of the WFI scores could distinguish between wetland and beach 
habitats (2.70 vs. 2.79 for WFI (PA); 2.54 vs. 2.70 for WFI (AB)) when the data were 
pooled; however, when site types were re-analyzed by region, we found significant (P < 
0.01) differences between beach and wetland habitats within each portion of Green Bay 
(2.27 vs. 2.46, 2.77 vs. 2.81, and 3.05 vs. 3.10 for lower, middle, and upper Green Bay, 
respectively).  Overall, beach habitat in the lower bay was associated with the lowest 
scores (2.27 and 2.12 for WFI (PA) and WFI (AB), respectively), while wetland habitat 
in the upper bay had the highest scores (3.10 and 3.12 for WFI (PA) and WFI (AB), 
respectively).  By contrast, there were no significant differences between developed and 
undeveloped sites when regional differences were ignored (2.70 vs. 2.76 for WFI (PA), P 
= 0.89; 2.63 vs. 2.61 for WFI (AB), P = 0.67).  These results are consistent with Brazner 
and Beals’ (1997) conclusions that both site-specific environmental characteristics and 
information from ordinations and cluster analysis of the fish assemblages varied among 
the three major regions, with habitats in the less urbanized upper Green Bay having the 
best quality, those in the heavily urbanized and industrialized lower bay being the most 
degraded, and those in the moderately impacted middle bay having intermediate quality.  
They also concluded that the differences in fish assemblages between beach and wetland 
habitats were likely the result of reduced macrophyte cover due to increased wave 
exposure in the former. 
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DISCUSSION 
The WFI was developed based on quantifiable relationships between fish 

distribution and associated water quality conditions for 40 coastal wetlands located 
primarily in the lower Great Lakes.  Based on WQI scores calculated for these sites, 
wetlands in this study included sites that were highly degraded because of nutrient and 
sediment enrichment, as well as high-quality sites that were relatively undisturbed by 
human activities.  When compared with other diversity indices such as Shannon–
Wiener’s H′, Simpson’s evenness, and species richness, only the WFI (calculated with 
either the PA or AB data) varied as a linear function of WQI, demonstrating that the WFI 
is more useful than the others as an indicator of anthropogenic impact.  Species diversity 
and richness are probably less sensitive to degradation in this case, because turnover in 
the fish community resulting from habitat degradation does not necessarily lead to 
changes in species diversity or richness (e.g., Chow-Fraser et al. 1998).  As well, a large 
number of tolerant species could result in a higher diversity score for degraded sites, and 
this may explain why species richness was negatively correlated with WQI score.  
Species-specific tolerances based on observed trends in wetlands were more informative 
than diversity and richness alone.  Additional factors such as metal contamination and 
recreational usage may also affect the fish community, but we have only focused on the 
impacts related to nutrients, turbidity, and conductivity.  This could limit the usefulness 
of the WFI in situations where other stressors are contributing to changes in the fish 
community.  Use of the WFI may also be limited to coastal wetlands in the Great Lakes 
region and should not be directly applied to smaller inland lakes without validation. 

That wetland degradation leads to changes in the fish community has already been 
documented for wetlands such as Cootes Paradise Marsh (Chow-Fraser et al. 1998) and 
Green Bay (Brazner 1997) and forms a scientifically defensible basis for formulation of 
the WFI.  Deterioration in water quality reduces plant diversity and biomass (Lougheed et 
al. 2001), and this can affect fish negatively in two ways.  First, it is widely accepted that 
juvenile fish use macrophytes to hide from piscivores (Scott and Crossman 1998).  
Second, macrophytes provide shelter for plankton and benthic invertebrates, which are 
essential prey items for both juvenile fish and benthivores (Jude and Pappas 1992).  
Increased water turbidity can also affect the acuity of visual feeders and make it more 
difficult for them to forage.  Once the habitat becomes degraded, exotic invaders such as 
common carp assert their dominance, promoting higher turbidity and causing further 
deterioration in the macrophyte community (Chow-Fraser 1999).  The WFI is effective in 
linking this species shift across the trophic gradient, from fish assemblages that are 
intolerant of pollution in unimpacted wetlands with abundant SAV to fish that are very 
tolerant of pollution in degraded wetlands with very little or no SAV.  The relationship 
between WFI and water quality is in part an indirect consequence of the strong 
relationship between desirable fish species, which are weighted highly by the WFI, and 
the species richness of SAV, which is directly regulated by water quality and turbidity 
(Lougheed et al. 2001). 

Although the U and T values assigned to the species were based on statistical 
relationships between fish occurrence and water quality, they are also consistent with 
what is known about the ecology of the species.  For instance, the longnose gar (LEOS) 
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and blackchin shiner (NOHN) are identified as highly intolerant of degradation (U = 5).  
The longnose gar depends heavily on aquatic vegetation throughout its life cycle (Scott 
and Crossman 1998).  The blackchin shiner prefers cool, clear waters and quickly 
disappears when turbidity increases and the amount of submerged vegetation decreases 
(Trautman 1981).  By comparison, we classified both pumpkinseed (Lepomis gibbosus; 
LEGI) and brown bullhead (Ameiurus nebulosus; AMNE) as moderately tolerant of 
degradation (U = 3).  The fact that both species were distributed widely within our 
database (present in over 60% of the wetlands) fits with the conventional wisdom that 
these species can spawn in a variety of habitat types, but prefer moderate vegetation 
(Scott and Crossman 1998).  In contrast, white perch (Morone americana; MOAM) have 
been found in eutrophic areas of Lake Champlain, where there is elevated turbidity and 
chlorophyll (Hawes and Parrish 2003; these documented observations support our 
assigning these latter species a low U value of 1. 

One advantage of the WFI over the WZI and WQI is that it can provide more 
rapid assessments.  Although more specialized and sometimes expensive equipment is 
required to assess the fish community, virtually all the data can be processed immediately 
in the field with moderate training.  By comparison, both the zooplankton and water-
quality samples require specialized equipment, as well as lab processing, analyses, and 
technical expertise that can add months to the assessment process.  Karr (1991) found 
that fish assessment was less costly than chemical–physical water quality and other 
bioassays, but was only slightly less expensive than macroinvertebrate community 
assessment. Fish are only one of many bioindicators in use today, but it is only a single 
tool and should be used in accord with other indices for greatest knowledge of wetland 
condition. 

The use of PA or AB data in calculating the WFI produced very similar results for 
both the sites we sampled and those in Green Bay.  An advantage of the WFI (PA) over 
WFI (AB) is that the PA index may be used with historic species lists that do not have 
accompanying fish abundances.  The WFI (PA) may also be relatively stable through the 
season, since a few spawning adults and many juveniles will lead to the same score, and 
therefore restrictions on time of sampling may be relaxed.  Chow-Fraser et al. (2006) 
consistently caught more fish with fyke nets than with boat electrofishing across a large 
gradient of wetland quality.  Where different sampling gears are involved in fish 
collection, the data may have to be standardized prior to application of the WFI (AB). 
Comparison of WFI scores should be restricted to sites where similar fishing methods are 
used because this will reduce the effects of gear selectivity if the bias for all sites is kept 
constant.  When abundance is used to calculate the WFI, the nature of the formula allows 
for a larger range of scores, especially when there is a large number of the indicator 
species (i.e., U = 1 or 5). 

We have demonstrated two uses for the WFI in this paper.  First, we demonstrated 
the usefulness of the WFI for detecting intrawetland variation between two sites with 
different water-quality characteristics in a small, urbanized wetland (Frenchman’s Bay, 
Lake Ontario).  We showed that wetland quality at the North station was more degraded 
than that at the South station, as indicated by significantly higher CHLa, conductivity, 
and turbidity and lower WQI scores; and lower species diversity of SAV (McNair and 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 73

Chow-Fraser 2003).  The WFI was sufficiently sensitive to separate the two sites based 
only on fish assemblage data.  Although other indices showed a trend towards higher 
scores in the South site, none were significant.  The WFI was able to significantly detect 
differences between the North and South sites, probably because it had been developed 
with a large gradient of wetlands in three Great Lakes.  The other indices had been 
developed for a relatively narrow range of wetland types (IBI; Great Lakes AOC) or 
areas (WSATI; Toronto streams) and had not been developed specifically for coastal 
marshes.  Both the WFI (AB) and WFI (PA) were effective in identifying the more 
degraded quality of the North station, although the WFI (PA) scores were more consistent 
compared with corresponding WFI (AB) values.  This suggests that PA data may be less 
susceptible to either regional or seasonal differences in fish distribution.  This shows that 
the WFI is an effective indicator of wetland quality and can be used to compare sites 
within a wetland during a monitoring program or to gauge the impacts of wetland 
development or restoration over time.  Second, we have generated WFI scores for a 
historic data set from an area of the Great Lakes that had not been included in the 
development of the index.  The WFI successfully differentiated among three regions in 
Green Bay (Brazner and Beals 1997) in terms of overall habitat quality for wetland-
associated fish species.  The fact that three different gears (fyke nets, seines, and minnow 
traps) had been used to collect the fish did not appear to affect the ability of the WFI to 
discriminate among habitat quality, as long as fishing effort had been consistent.  
However, additional research is needed to determine if WFI scores generated solely by 
one gear type can be used interchangeably with those generated solely by another gear 
type (e.g., electrofishing boat versus paired fyke nets).  Fish-based indices are only a 
single tool that can be used for assessing wetland condition, and while they can produce 
rapid assessments, they should be used in association with other metrics and trophic 
levels for a complete understanding of the stresses on the system.  Nevertheless, the 
Wetland Fish Index should prove to be an effective tool to aid in the management and 
protection of important fish habitat in coastal wetlands of the Laurentian Great Lakes. 
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Table 2-1: Summary of wetland locations, coordinates (decimal degrees), year sampled, 
and Water Quality Index (WQI) scores. 
  

 
Lake 

 
Wetland 

 
Latitude 

 
Longitude 

 
Year 

Sampled 
 

 
WQI

* 

Erie/Niagara Buckhorn 43.0563 78.9712 2001 -0.70 
Erie/Niagara Grand River 42.9000 79.6000 2001 -1.73 
Erie/Niagara Long Point  42.5893 80.3355 2001 0.76 
Erie/Niagara Old Woman Creek 41.3822 82.5145 2002 -2.39 
Erie/Niagara Presque Isle 42.1590 80.0985 2001 -0.04 
Erie/Niagara Rondeau Bay 42.2880 81.8670 2001 0.52 
Erie/Niagara Spicer Creek 43.0234 78.8968 2001 1.51 
Erie/Niagara Turkey Point 42.6336 80.3417 2002 0.77 
Huron  Wigwam Bay 43.9702 83.8543 2001 0.43 
Michigan Betsie 44.6129 86.2142 2001 -0.10 
Michigan Kalamazoo 42.6335 86.1668 2001 -1.18 
Michigan Lincoln 43.9800 86.4400 2001 -0.54 
Michigan  Manistee River 44.2622 86.2958 2001 -0.33 
Michigan Muskegon 43.2501 86.2501 2001 0.24 
Michigan Pentwater 43.7628 86.4078 2001 -0.72 
Michigan Pigeon River 42.8997 86.1883 2001 -0.09 
Michigan White River 43.4002 86.3500 2001 0.24 
Ontario Blessington Bay 44.1670 77.3330 2001 0.30 
Ontario Bronte Creek 43.3833 79.7002 2002 -0.89 
Ontario Cootes Paradise 43.2667 79.9167 2001 -1.46 
Ontario Cootes Paradise 43.2667 79.9167 2002 -1.02 
Ontario Credit River 43.5500 79.5800 2002 -1.50 
Ontario Darlington 43.8730 78.7970 2002 -0.68 
Ontario Fifteen Mile Creek 43.1669 79.3167 2002 -1.86 
Ontario Goose Bay 44.3501 75.8667 2002 -0.05 
Ontario Grass Bay 44.1502 76.2668 2002 1.17 
Ontario Grindstone Creek 43.2932 79.8839 2002 -1.22 
Ontario Grindstone Sunfish Pond 43.2833 79.8833 2002 -2.01 
Ontario Hay Bay Marsh 44.1667 76.9334 2002 0.07 
Ontario Humber River 43.6167 79.4833 2002 -1.20 
Ontario Jordan Harbour 43.1501 79.3833 2002 -1.05 
Ontario Little Cataraqui Creek 44.2167 76.5500 2002 -1.15 
Ontario Little Sodus 43.3394 76.6945 2001 0.42 
Ontario Madoma Creek 44.2667 76.3833 2002 0.63 
Ontario Mud Bay 44.0668 76.3167 2002 -0.49 
Ontario Muskellunge River 43.9668 76.0501 2002 -0.10 
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Ontario Perch River 43.9836 76.0669 2002 0.16 
Ontario Presqu'ile Prov. Park 44.0000 77.7306 2002 0.57 
Ontario Salmon River 43.5683 76.2022 2002 1.43 
Ontario Sandy Creek 43.7009 76.1965 2001 1.23 
Ontario Wellers Bay 44.0168 77.6167 2002 1.23 
      

*WQI categories: -3--2 highly degraded, -2--1 very degraded, -1-0 moderately degraded, 
0-1 good, 1-2 very good, 2-3 excellent
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Table 2-2: Summary of environmental conditions and in-text abbreviations encountered 
at 40 Great Lakes wetlands in this study.   

 
Parameter 

 

 
Mean 

 
Median 

 
Range 

Depth (m) 1.28 1 0.20-4.10 
Temperature (TEMP; °C) 23.7 24.1 14.8-31.5 
Dissolved oxygen (DO; mg·L-1) 8.1 7.5 4.4-13.8 
Conductivity (COND; mS·cm-1) 445 359 91-1658 
Chlorophyll (CHLa; µg·L-1) 14.9 7.1 0.5-100.3 
Total Inorganic Suspended solids (TISS; mg·L-1) 24.4 5.9 0.3-339.0 
Total Organic Suspended Solids (TOSS; mg·L-1) 15.2 4.9 0.1-331.4 
Total phosphorus (TP; µg·L-1) 117.8 97.6 18.4-398.0 
Soluble reactive phosphorus (SRP; µg·L-1) 16.5 7 1.0-100.3 
Total ammonia nitrogen (TAN; mg·L-1) 0.09 0.03 0.01-0.34 
Total nitrate nitrogen (TNN; mg·L-1) 0.39 0.3 0.01-1.27 
Water Quality Index (WQI) -0.23 -0.09 -2.39-1.51 
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Table 2-3: U and T values for fish species based on presence/absence data (P/A) and 
abundances (AB) and organized by family.  U values were assigned from the species’ 
position on the first canonical axis and the T values were assigned based on the 
weighted standard deviation of the first axis species scores.   
 
       P/A AB 
Family Code Common name Scientific name U T U T 
Amiidae AMCA bowfin Amia calva 4 2 4 2 
Atherinopsidae LASI brook silverside Labidesthes sicculus 4 2 4 2 
Catostomidae CACO white sucker Catostomus commersonii 3 1 3 2 
Centrarchidae MIDO smallmouth bass Micropterus dolomieu 4 2 4 2 
 AMRU rockbass Ambloplites rupestris 4 1 4 2 
 MISA largemouth bass Micropterus salmoides 3 2 3 2 
 LEGI pumpkinseed Lepomis gibbosus 3 2 3 2 
 PONI black crappie Pomoxis nigromaculatus 3 2 3 2 
 LEMA bluegill Lepomis macrochirus 3 1 3 1 
 POAN white crappie Pomoxis annularis 1 1 1 1 
 LECY green sunfish Lepomis cyanellus 1 1 1 1 
Clupeidae ALPS alewife Alosa pseudoharengus 2 2 1 2 
 DOCE gizzard shad Dorosoma cepedianum 1 2 1 2 
Cyprinidae NOHN blackchin shiner Notropis heterodon 5 3 5 3 
 NOVO mimic shiner Notropis volucellus 5 3 5 3 
 NOHE blacknose shiner Notropis heterolepis 4 2 4 2 
 PINO bluntnose minnow Pimephales notatus 3 1 4 2 
 NOAT emerald shiner Notropis atherinoides 3 2 3 2 
 NOCR golden shiner Notemigonus crysoleucas 3 2 3 2 
 NOHU spottail shiner Notropis hudsonius 2 1 2 1 
 PIPR fathead minnow Pimephales promelas 2 1 2 1 
 CYSP spotfin shiner Cyprinella spiloptera 2 1 1 1 
 CYCA common carp Cyprinus carpio 2 1 1 1 
 HYHA brassy minnow Hybognathus hankinsoni 1 2 1 2 
 CAAU goldfish Carassius auratus 1 2 1 2 
Esocidae ESAA redfin pickerel Esox americanus 4 3 4 3 
 ESMA muskellunge Esox masquinongy 4 3 4 3 
 ESLU northern pike Esox lucius 4 2 4 2 
Fundulidae FUDI banded killifish Fundulus diaphanus 4 3 4 3 
Gasterosteidae CUIN brook stickleback Culaea inconstans 3 2 3 2 
 GAAC threespine stickleback Gasterosteus aculeatus 2 2 2 1 
Ictaluridae NOGY tadpole madtom Noturus gyrinus 4 2 4 2 
 AMME black bullhead Ameiurus melas 3 2 3 2 
 AMNE brown bullhead Ameiurus nebulosus 3 1 2 1 
 ICPU channel catfish Ictalurus punctatus 1 2 1 2 
Lepisoptiedae LEOS longnose gar Lepisosteus osseus 5 3 5 3 
Moronidae MOAM white perch Morone americana 1 1 1 2 
 MOCH white bass Morone chrysops 1 1* 1 1* 
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Percidae PECA logperch Percina caprodes 3 2 4 2 
 ETNI johnny darter Etheostoma nigrum 3 2 3 2 
 PEFL yellow perch Perca flavescens 3 2 3 2 
Sciaenidae APGR freshwater drum Aplodinotus grunniens 1 2 1 2 
Umbridae UMLI central mudminnow Umbra limi 4 2 4 2 
* species occurring in < 5% of wetlands were automatically assigned a T value of 1
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Table 2-4: Comparison of environmental variables between “North” and “South” sites in 
Frenchman’s Bay.  Means of all parameters were compared with paired t-tests 
(Bonferroni corrected alpha = 0.05).  For each pair that was significantly different, the 
larger number appears in bold.  
 

    
South 

   
North 

    
  Month mean SE mean SE P-value
Temperature (ºC) June 18.9 0.54 20.5 0.58 <0.05 
 July 23.4 0.29 25.8 0.28 n.s. 
 Aug 23.5 0.31 24.5 0.37 <0.05 
 Sep 21.1 0.41 24.4 0.47 <0.05 
       
Dissolved Oxygen (mg·L-1) June 9.83 0.30 7.15 0.39 <0.05 
 July 8.40 0.17 6.04 1.00 n.s. 
 Aug 9.44 0.20 9.51 0.15 n.s. 
 Sep 7.26 0.16 8.34 0.33 <0.05 
       
Conductivity (μS·cm-1) June 371 4.2 461 5.1 <0.05 
 July 354 1.6 424 10.5 <0.05 
 Aug 332 5.4 390 6.3 <0.05 
 Sep 352 1.1 446 16.6 <0.05 
       
Turbidity (NTU, nephelometric 
turbidity units) June 12.2 3.08 36.7 5.45 <0.05 
 July 6.7 0.65 11.9 4.01 n.s. 
 Aug 4.1 0.52 4.6 1.36 n.s. 
 Sep 5.5 0.97 18.5 3.98 <0.05 
       
Chlorophyll a (μg·L-1) June 25 1.6 30 1.5 <0.05 
 July 13 0.5 21 2.0 <0.05 
 Aug 10 0.5 18 0.9 <0.05 
  Sep 12 0.7 16 0.9 <0.05 
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Table 2-5: Comparison of Wetland Fish Index (WFI), Index of Biotic Integrity (IBI; 
Minns et al. 1994), and Weighted Species-Association Tolerance Index for water quality 
(WSATI-WQ) and water temperature (WSATI-WT; Wichert and Lin 1996) calculated 
for seven separate days in 2002.  Asterisks denote significant differences between sites 
(*1 tailed paired t test p < 0.05, **2-tailed paired t test p < 0.05; SE = standard error). 
 

 
North 

 
South 

 
 

Means SE Means SE 
WFI (PA)* 2.73 0.09 2.92 0.06 
WFI (AB)** 2.64 0.12 2.93 0.08 
IBI 53.78 5.66 60.31 6.39 
WSATI-WQ 5.60 0.60 6.68 0.64 
WSATI-WT 20.69 1.48 22.88 1.55 
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Table 2-6: Wetland Fish Index scores (PA = presence absence species data used and AB 
= log10 abundance species data used) calculated for wetlands and beaches in Green Bay, 
Lake Michigan, based on fish surveys conducted by Brazner (1997).   Means with the 
same letter indicate they are not significantly different (P > 0.05) as indicated by a 
Tukey-Kramer post-hoc test. 
 

  WFI (PA)  WFI (AB) 
 n mean  SE  mean  SE 

By region  
lower 4 2.36 A 0.06  2.18 A 0.06 
middle 4 2.79   B 0.04  2.65   B 0.06 
upper 4 3.07     C 0.03  3.04     C 0.09 

       
By habitat site type       

beach 12 2.70 A 0.10  2.54 A 0.11 
wetland 12 2.79 A 0.09  2.70 A 0.12 

       
By region and site type       

lower, beach 2 2.27 A 0.04  2.12 A 0.04 
lower, wetland 2 2.46 AB 0.11  2.23 AB 0.11 
middle, beach 2 2.77 AB 0.06  2.55 AB 0.07 
middle, wetland 2 2.81    B 0.05  2.75    BC 0.08 
upper, beach 2 3.05     C 0.03  2.94       C 0.14 
upper, wetland 2 3.10     C 0.05  3.12       C 0.10 

       
By development type       

developed 12 2.72 A 0.10  2.63 A 0.12 
undeveloped 12 2.76 A 0.09  2.61 A 0.12 
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Figure 2-1: Location of study sites (circles) around the shoreline of the Great Lakes used 
in the development of the Wetland Fish Index, with map of Frenchman Bay marsh and 
location of the sampling sites (inset a), and location of Green Bay in Lake Michigan with 
regions from Brazner and Beals (1997: inset b). 
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Figure 2-2:  Biplot of partial canonical correspondence analysis (pCCA) using log10 
abundance data for 42 fish species on first and second canonical axes.  Codes for species 
are shown in Table 3. 
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Figure 2-3: Plot of (a) Wetland Fish Index calculated with presence-absence fish data 
(WFI (PA)) (r2 = 0.64, P < 0.0001),  (b) Wetland Fish Index calculated with log10 
abundance fish data (WFI (AB)) (r2 = 0.59, P < 0.0001),  (c) Shannon-Wiener’s H’ (P = 
0.80), (d) Simpson’s evenness (P = 0.65), (e) species richness (r2 = 0.08, P = 0.11) and (f) 
log10 abundance (P = 0.35) versus corresponding Water Quality Index (WQI) scores for 
40 Great Lake coastal wetlands. 
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Figure 2-4: Relationship between Wetland Fish Index (WFI) scores and the species 
richness of submersed aquatic vegetation.  Data are fitted with a quadratic regression 
analysis (r2 = 0.70 P < 0.0001).   
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Figure 2-5: Comparison of Water Quality Index (WQI) scores for North (solid) and 
South (open) sites in Frenchman’s Bay, Lake Ontario during 2002. 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 91

 

 
 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 92

Figure 2-6: Comparison of (a) Wetland Fish Index (WFI) (presence-absence (PA)) and 
(b) WFI (abundance (AB)) scores for North (solid) and South (open) sites in 
Frenchman’s Bay during 2002. 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 93

 

 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 94

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 3: 
Application of the Wetland Fish Index to northern Great Lakes marshes with an emphasis 

on Georgian Bay coastal wetlands. 
 

Seilheimer, T.S. and P. Chow-Fraser
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ABSTRACT 
The Wetland Fish Index (WFI), a published indicator of wetland condition that ranks 
wetlands based on tolerance of fish species to degraded water-quality conditions, had 
been developed with data from 40 wetlands located exclusively in the southern portion of 
the Great Lakes basin (Lakes Erie, Ontario and Michigan).   No data had been included 
from wetlands of the northern Great Lakes (Lakes Superior and Huron) and especially 
those of eastern and northern Georgian Bay, where many wetlands are still unaffected by 
human activities.  We demonstrate why application of the WFI for the lower lakes 
(WFILower) can yield biased scores when applied to data for upper lakes wetlands.  We 
then develop a basin-wide index to include data from 60 other coastal wetlands located in 
the northern portion of the basin that includes 32 from Georgian Bay.  The inclusion of 
the northern sites in the development of a basin-wide WFI (WFIBasin) still produced index 
scores that were positively correlated with water-quality conditions as indicated by Water 
Quality Index scores.  We explain why use of the basin-wide WFI is better than one 
developed specifically for upper lakes (WFIUpper).  Overall, WFIBasin scores were higher 
in the northern Lakes (Superior 3.49; Georgian Bay 3.67; Huron 3.62) than in the 
southern Lakes (Michigan 3.33; Erie 3.12; Ontario 3.09).   WFI scores are only 
minimally affected by inter-annual variation, which allows for its use for long-term 
monitoring.  We recommend that the WFIBasin be used when managers need to manage at 
a scale across the entire Great Lakes basin. 
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INTRODUCTION 
 Located on the interface between terrestrial and aquatic ecosystems, Great Lake 
coastal wetlands are productive habitats that are vital for the existence of diverse fish 
communities.  Jude and Pappas (1992) identified more than 80 fish species that use 
wetlands at some time in their life-cycle, of which a large proportion are dependent on 
wetlands.  In the Great Lakes, fish preferentially use wetlands over other more common 
but less productive habitats (e.g. bedrock, beaches; Wei et al 2004).  Development for 
agriculture and urban areas are accompanied by high nutrient and sediment load to the 
wetlands, leading to increased algal production and water turbidity and ultimately leading 
to decreases in macrophyte abundance and diversity (Chow-Fraser 1998; McNair and 
Chow-Fraser 2003).  There is a documented relationship between degradation of water 
quality and fish habitat quality, which impacts the fish community, and hence, in heavily 
populated areas of the Great Lakes basin, near large urban centers and agriculturally 
developed regions of Lakes Ontario, Erie and Michigan, there has been accelerated loss 
of coastal wetland fish habitat (Chapters 1 and 2; Brazner and Beals 1997). 
 Ecological indices have been developed as a method for ranking habitats (e.g. 
streams or wetlands) relative to each other or for tracking change through time (Chapter 
2, Seilheimer and Chow-Fraser 2006).  Indices provide a simple method to present and 
analyze very complicated and complex ecological and community data.  Fish are 
commonly used to monitor ecological integrity in streams (Karr 1981), lakes (Drake and 
Valley 2005), and wetlands (Minns et al. 1994).  Recent work has focused on the 
development of indicators specifically for Great Lakes coastal wetlands using: water 
quality (Chow-Fraser 2006), zooplankton (Lougheed and Chow-Fraser 2002) and fish 
(Uzarski et al 2005; Chapter 2, Seilheimer and Chow-Fraser 2006).  The Wetland Fish 
Index developed by Seilheimer and Chow-Fraser (2006; Chapter 2) grades wetlands 
based on species-specific tolerance to degradation.  As a comparison, the Index of Biotic 
Integrity (IBI) is a common type of ecological index (Karr 1981; 1991) that has also been 
used to quantify ecosystem health but, unlike the WFI, the IBI relies on a combination of 
fish community metrics (e.g. % exotic species, number of sensitive species) that have not 
been derived from empirical tolerance of fish species to environmental conditions.  Since 
the WFI was originally developed with data from wetlands located in the southern Great 
Lakes (Michigan, Erie, and Ontario), it was primarily intended for use in southern sites, 
and should not be applied to northern sites without rigorous validation. 
 Our objectives in this study are, first, to demonstrate that the Wetland Fish Index 
developed in the lower Great Lakes is not appropriate for use in the upper Great Lakes 
without the addition of fish species found in northern Lakes.  We will modify the 
Wetland Fish Index (WFI; Chapter 2, Seilheimer and Chow-Fraser 2006) with the 
inclusion of wetlands and species from the northern Great Lakes (Superior, Georgian 
Bay, and Huron).  Secondly, we will demonstrate that the WFI is strongly and positively 
correlated with water-quality conditions, and can be used as an indicator of wetland 
condition when water quality data are inconvenient to collect or unavailable.  We also 
expect to find significantly higher WFI scores in the unimpacted northern wetlands 
compared to those in the impacted southern sites.  Finally we will show that correction 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 97

for the proportion of exotic fish species in the wetlands will result in a larger range of 
index scores, especially for wetlands of the lower lakes.   
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METHODS 
 
Study sites 
 The wetlands included in this study for the development of the Wetland Fish 
Index were selected from a pool of wetlands sampled by others (Lougheed and Chow-
Fraser 2002; P. Chow-Fraser, personal communication), from published sources on 
wetland research and local knowledge of residents in the area of study.  Wetlands were 
selected each field season to include sites from the entire range of the Water Quality 
Index (Chow-Fraser 2006), which resulted in our covering the full range of the 
degradation in Great Lake wetlands (WQI scores: Tables 3-1 and 3-2). 

We used environmental and fish data collected from 100 coastal wetlands located 
in all five Great Lakes, including Georgian Bay, which is located entirely within Canada 
in the eastern arm of Lake Huron (Table 3-1).  A subset of the wetlands were sampled in 
multiple years, which resulted in a total of 108 data points for water quality and fish 
information (Table 3-1).  We treat Georgian Bay as a separate entity because it is a large 
water body and has distinctive environmental conditions.  There were a total of 60 
wetlands from northern or upper Great Lakes: 16 in Superior, 32 in Georgian Bay, and 13 
in Huron (Fig. 3-1; see inset for Georgian Bay).   There were a total of 40 wetlands from 
the southern or lower lakes:  23 in Ontario, 8 in Erie, and 8 in Michigan (Fig. 3-1).   
 
 
Field Sampling 

We measured a set of important variables for fish habitat in each wetland, which 
included water-quality parameters, substrate type, and other physical attributes.  
Wetlands were visited between early June and late August during 2000–2005.  Water 
samples were collected at least 10 m from the edge of the emergent aquatic vegetation for 
analysis of planktonic algae, primary nutrients, and suspended solids.  To minimize 
contamination from benthic algae in certain wetlands where submergent vegetation was 
present throughout, we sampled in the deeper areas with very little submergent 
vegetation.  Water samples were collected with a 1-L Van Dorn bottle deployed at mid-
depth and dispensed into clean, acid-washed Nalgene bottles for nutrient analyses and 
into brown Nalgene bottles for chlorophyll analyses.  All samples were frozen until 
analysis (usually within 3 months of collection) with methods in Chow-Fraser (2006). 

Temperature, conductivity, dissolved oxygen, and turbidity were measured with a 
Hydrolab Minisonde multiparameter probe attached to a Surveyor display (Hydrolab, 
Austin, Texas) during 2000-2001.  A YSI 6600 multiparameter probe with two optical 
sensors (turbidity and chlorophyll) and a YSI 650 display (YSI, Yellow Springs, Ohio) 
was used in 2002-2005.  We conducted a side-by-side comparison of both the Hydrolab 
Minisonde and YSI 6600, and found no significant (P > 0.05) deviations with respect to 
any of the parameters, except for turbidity.  We georeferenced the sites with a handheld 
global positioning system unit (4–6 m accuracy).  For the fish community survey, we 
used three paired fyke nets (two pairs of large nets (13 and 4 mm bar mesh, 4.25 m 
length, 1 m × 1.25 m front opening) and one pair of small nets (4 mm bar mesh, 2.1 m 
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length, 0.5 m × 1.0 m front opening)) set parallel to the emergent zone at the 1 and 0.5 m 
depth contour, respectively.  The paired nets were positioned face-to-face and connected 
with a 7 m lead, while 2.5 m wings were set off the front openings at a 45° angle.  Nets 
were set within submergent vegetation, unless there was too little vegetation or when 
appropriate depths were not available, and then the nets were set near the emergent 
vegetation.  After 24 h, fish present in the nets were sized, enumerated, and identified 
according to Scott and Crossman (1998) and released at the site.  Fish data were pooled 
for the three nets at each wetland. 

In 31 wetlands, in addition to fyke nets, we used a 5 meter Smith-Root 
(Vancouver, WA) electrofishing boat with a 7.5 Generator Powered Pulsator (GPP).  Fish 
were collected during three daytime transects that correspond to the location of the three 
paired fyke nets and were sampled for 300-400 shock seconds each (i.e. total time of 
1,000 to 1,200 seconds when electrical current was applied to the water).  We used direct 
current at a frequency of 60 hertz to produce an output of 3 to 7 Amps.  To standardize 
our fishing effort, the voltage was adjusted to maintain power output of 2000 watts. 
 
 
Statistical analysis 
 CANOCO 4.5 (ter Braak and Smilauer 1998) was used to run partial canonical 
correspondence analysis (pCCA) as in Seilheimer and Chow-Fraser (2006, Chapter 2).  
Seasonal variation in the data set was adjusted by performing a partial CCA (pCCA), 
rather than a regular CCA, with day of the year as a covariable (ter Braak and 
Verdonschot 1995).  Prior to conducting the CCA, we used the detrended correspondence 
analysis (DCA) to verify that the species had a unimodal distribution on an artificial 
gradient (i.e., length of the gradient was greater than 4.0 standard deviation units; ter 
Braak and Smilauer 1998).  All environmental variables were log10-transformed and 
standardized to have zero mean and unit variance.  Species abundances (pooled data from 
three fyke nets) were log10-transformed before analysis and rare species (i.e., those 
occurring in only one wetland) were excluded from this analysis to allow for the index to 
focus on species that are more likely to be encountered by other investigators.  Statistical 
significance of the canonical axes was determined with Monte Carlo permutations under 
the full model (500 random permutations; ter Braak and Smilauer 1998) for 
presence/absence (PA) and abundance (AB) data separately.  Note that only the presence 
of a species could contribute to the calculation of the WFI score, and that the score itself 
was not directly influenced by absence of a particular species.  All other statistical 
analyses (e.g. paired t-test, Tukey-Kramer honestly significant difference (HSD), and 
Analysis of Variance (ANOVA)) were performed with SAS JMP IN (version 5.1, SAS 
Institute Inc., Cary, North Carolina).  An alpha of 0.05 was used to determine statistical 
significance in all cases. 
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Index development 
 The Wetland Fish Index (WFILower) was developed by Seilheimer and Chow-
Fraser (2006) with environmental and fish data from 40 coastal marshes located primarily 
in Lakes Michigan, Erie, and Ontario.  To assess the need for a new Wetland Fish Index 
that could be applied to sites in the upper Great Lakes, we first calculated observed WFI 
scores by using the U and T values from Seilheimer and Chow-Fraser’s (2006) Table 3-4, 
and applying them to the fish community data we collected from 57 sites in the upper 
lakes.  We then used the linear regression between WFILower and WQI scores (Fig. 2-3a; 
Seilheimer and Chow-Fraser (2006)) to calculate predicted WFI scores from WQI scores 
generated independently from corresponding environmental data for the 57 sites.  WQI 
scores were calculated from 12 water-quality parameters.  The Water Quality Index 
scores range from –3, which is indicative of the most impacted conditions, to +3, which 
is indicative of the most undisturbed sites.  

We also attempted to develop a separate WFI using only wetlands in the upper 
Great Lakes.  We used multivariate statistics as outlined previously (also see Chapter 2 
for more details) to ordinate fish in relation to environmental data for 60 wetlands in the  
northern Great Lakes (Lake Superior, Georgian Bay, and Lake Huron) to develop an 
upper lake Wetland Fish Index (WFIUpper).  The analysis is not included here because the 
relationship between water quality and fish occurrence did not produce any significant 
pCCA axes (P = 0.15).   Based on these findings, we think that development of a basin-
wide WFI (WFIBasin) would be a suitable alternative, since the underlying degradation 
gradient for sites in the upper lakes is too weak to support development of a separate 
index.  Additionally, we feel that an index that could be applied to all 5 Great Lakes 
would be very useful for the type of cross-lake comparisons commonly required for the 
State of the Lakes Conferences (SOLEC). 

Development of the WFI for the entire Great Lake basin was directed by observed 
trends in the pCCA (WFIBasin; Fig. 3-2).  This analysis was expanded by 20 fish species 
from 41 in Seilheimer and Chow-Fraser (2006) to 61 species in this study (common name 
and scientific names listed in Table 3-3).  It is important to note that the WFIBasin only 
included species that were encountered in more than one wetland (> 1%).  Because the 
first axis appeared to ordinate wetlands according to degree of water-quality degradation, 
we used pCCA axis 1 to derive values for optimum and tolerance (hereafter referred to as 
U and T, respectively; ter Braak and Verdonschot 1995).  A centroid is the center of a 
cluster of species scores, and we used the placement of this centroid along the synthetic 
degradation axis to indicate the species’ U value.  Each species was assigned a weight 
that corresponded to its position on pCCA axis 1, where 1 indicated most tolerant to 
degradation and 5 was most intolerant to degradation.  The weighted standard deviations 
of the species scores on pCCA axis 1 were used to indicate niche breadth and were used 
to assign the T values, where 1 indicated a wide niche breadth and 3 indicated a narrow 
niche breadth.  Species having narrow niche breadths were indicative of specific 
environmental conditions and were more useful as indicator species.  To develop the 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 101

WFI, each species was assigned U and T values according to the following equation 
(Lougheed and Chow-Fraser 2002; Seilheimer and Chow-Fraser 2006): 
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where Yi is the presence or log10 abundance (log(x + 1)) of species i, Ti is the value from 
1 to 3 (indicating niche breadth), and Ui is the value from 1 to 5 (indicating tolerance of 
degradation). WFIBasin (PA) refers to scores calculated using presence/absence data, and 
WFIBasin (AB) refers to scores when log10 abundance (log(x + 1)) data were used.  The 
12-variable equation from Chow-Fraser (2006) was used to calculate WQI scores for all 
wetlands in this study, from data that had been collected at the same time that fish had 
been collected. 
 
Exotic species correction 

The exotic species correction for the WFIBasin score is a way to account for the 
presence of exotic species (see Table 3-4 for list of exotic species) in the fish community.  
To correct for this, we subtracted the square root of the proportion of exotic species in 
each wetland from the corresponding WFIBasin score calculated from PA data.  For 
abundance data, the correction was equal to the square root of the proportion of exotic 
individuals in a wetland, and this quantity was subtracted from the WFIBasin score.   We 
made sure that all the WFI scores had a minimum value of 1, even if the modification 
resulted in a lower value. We will refer to these modified basin-wide scores as WFIBasin 
(PAex) and WFIBasin (ABex) for the PA and AB data, respectively.  This correction for 
proportion of exotic species was originally conceived for the Wetland Macrophyte Index 
(WMI; Croft and Chow-Fraser 2006).
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RESULTS 
 
Environmental conditions 

Wetlands in this study (Table 3-1) ranged from oligotrophic to hypereutrophic 
based on nutrient concentrations (Table 3-2), and we detected broad regional differences 
that could be separated into northern sites (wetlands of Superior, Georgian Bay, Huron) 
versus southern Lakes (wetlands of Michigan, Erie, Ontario) (t-test; P<0.05) (Table 3-2).  
Wetlands were included from across the entire range of the WQI, from the “highly 
degraded” to the “excellent” category of wetland condition (Table 3-2).  The northern 
Lakes were associated with higher mean WQI scores, which corresponded to an overall 
“good” status for Lake Superior and “very good” for each of Lake Huron and Georgian 
Bay.  By comparison, mean WQI scores were classified as “moderately degraded” for 
each of Lake Ontario, Erie, and Michigan, although Erie and Ontario had several 
wetlands with WQI scores that were considered in “good” condition (1.01 and 1.28, 
respectively; Table 3-2).  Temperatures were coolest in  Lake Superior wetlands, with a 
mean value of 17.8°C compared with temperatures of 22.9 and 24.9 for Georgian Bay 
and Erie wetlands (Tukey-Kramer; P<0.0001).  Conductivity, an indicator of urban 
development, was higher in the southern Lakes (Michigan 382 µS·cm-1; Erie 343 µS·cm-

1; Ontario 463 µS·cm-1) compared to northern Lakes (Superior 135 µS·cm-1; Georgian 
Bay 155 µS·cm-1; Huron 156 µS·cm-1).  Total phosphorus, total ammonia, and total 
nitrate were significantly lower in the northern Lakes than in southern Lakes (Table 3-2).  
Generally, wetlands of the north had lower concentrations of total suspended solids, 
compared with those of the south (Table 3-2). 
 
Application of WFILower to northern sites 
 Given these broad differences in environmental conditions between the northern 
and southern wetlands, we wanted to first assess the applicability of the WFILower to 
wetlands of the upper lakes.  Data from 57 sites of the upper lakes were included in a 
comparison of  observed  WFILower scores (calculated by applying U and T values from 
Table 2-3; Seilheimer and Chow-Fraser 2006) and predicted scores (calculated by using 
the relationship between WFILower and WQI for the lower Great Lakes) (Fig. 3-2).   Only 
41% (n = 24) of the wetlands had scores that fell within +0.2 units of the predicted 
WFILower score based on water-quality conditions alone.   Few wetlands scored higher 
than expected, with only 7 wetlands that had observed WFILower scores between 0.2 and 
0.56 units  of the expected value; Matchedash Bay (in Georgian Bay) had the largest 
positive deviation from expected.  The majority of the observed WFILower scores (36 of 
57 total wetlands), however, had lower than expected values;  40% (n = 23) scored 0.2 to 
0.6 units lower than expected, while 1% (n = 3) had scores that were as much as 0.60 to 
1.0 unit below expected (Fig. 3-2).  Observed scores associated with Lake Superior 
wetlands deviated most from expected scores, where mean difference between predicted 
and observed WFILower scores was significantly greater (-0.35 below expected; Tukey-
Kramer HSD P = 0.01) than that for Georgian Bay (-0.06 below expected).  This is most 
likely a reflection of the significantly larger number of species present in Lake Superior 
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wetlands that had not been included in the WFILower (an average of 3.24 species per site, 
as compared with 0.92 species per site for Georgian Bay, and 1.00 species per site for 
Lake Huron) (Tukey-Kramer HSD P = 0.0002). 
 
Fish assemblages for wetlands in all 5 Great Lakes 

Given the poor performance of the WFILower in the above analysis, we felt that a 
new basin-wide index had to be developed from fish assemblages that correspond to 
wetlands in all 5 Great Lakes.  As pointed out in the Methods, our attempt to develop an 
index specifically for upper lake wetlands failed because of the lack of a significant 
environmental gradient.  A total of 38,219 individual fishes, from 19 families, and 61 
species, were captured with fyke nets in all Great Lakes and used here to develop the 
basin-wide WFI (Table 3-3).  Six species were present in more than half the sites, 
representing 52% of the total number of individuals included for this study.   These 
included three sunfish (pumpkinseed Lepomis gibbonus, rockbass Ambloplites rupestris, 
and largemouth bass Micropterus salmoides), yellow perch Perca flavescens, brown 
bullhead Ameiurus nebulosus, and bluntnose minnow Pimephales notatus (Table 3-3).   
More than 75% of the total catch was accounted for by 18 taxa present in 25+ sites; the 
remaining 43 species were captured in fewer than 25 sites and accounted for remainder of 
the total catch (Table 3-3).  Eleven of these species, including three exotic species, were 
captured in only a single site, and these have been excluded from the multivariate 
statistical analyses (see Note (Table 3-3)). 
 
 
Index development 

An ordination of the 61 fish species with 8 environmental variables produced 
significant correlations between species and environmental degradation for both PA (Fig. 
3-3) and AB data (not presented here because of similarities in loading of environmental 
variables and ordination of species).  The pCCA results produced a significant CCA axis 
1 and all canonical axes (P = 0.002), with the first two axes explaining 55.2% of the 
variation in the presence data, and 56.8% of the variation in abundance data.  The first 
axis of the pCCA was strongly correlated with environmental conditions (PA: 0.906; AB: 
0.896), where the positive end of pCCA axis 1 was associated with species normally 
found in degraded conditions while the negative end was associated with species that are 
intolerant of water-quality impairment (due to anthropogenic disturbance) (Fig. 3-3).   
Several environmental variables were highly correlated with the first pCCA axis: total 
phosphorus (TP; r = 0.81), conductivity (COND; r = 0.79); chlorophyll (CHL; r = 0.76); 
total inorganic suspended solids (TISS; r = 0.63), and total ammonia (TAN; r = 0.61).  
The remaining three environmental variables were only weakly correlated with the first 
pCCA axis but the correlation was greater with the first axis than with the second: total 
organic suspended solids (TOSS; r = 0.47); soluble reactive phosphorus (SRP; r = 0.29), 
and total nitrate (TNN; r = 0.27). 

The position of a species on the pCCA biplot is a reflection of the mean 
environmental conditions in which they were found.  This location can be interpreted as 
representing the species’ affinity for degraded versus unimpacted habitat.  For example, 
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species located on the positive side of the ordination should be tolerant of high levels of 
nutrients, chlorophyll, conductivity, and suspended solids (i.e. disturbed sites) (Fig. 3-3), 
and these include:  goldfish, Carassius auratus (20); gizzard shad, Dorosoma 
cepedianum (17); green sunfish, Lepomis cyanellus (8); freshwater drum, Aplodinotus 
grunniens (60); and channel catfish, Icalurus punctatus (46) (Fig. 3-3).  Species in the 
middle of the ordination are neither associated with impacted nor unimpacted sites, and 
tend to be distributed over a wide range of environmental conditions.  These are the most 
common and ubiquitous taxa (Table 3-3), and include species such as: pumpkinseed, 
Lepomis gibbonus (9); smallmouth bass, Micropterus dolomieu (12);  brown bullhead, 
Ameiurus nebulosus (45); bluntnose minnow, Pimephales notatus (34); and yellow perch, 
Perca flavescens (55) (Fig. 3-3). 

 By contrast, species found on the negative side of the ordination tend to require 
low levels of conductivity, nutrient, chlorophyll, and suspended solids, and these include 
blackchin shiner, Notropis heterondon (29);  mimic shiner, Notropis volucellus (32);  
longnose gar Lepisoteus osseus (48); northern redbelly dace, Phoxinus eos  (33); and 
Iowa darter, Etheostoma exile (52) (Fig. 3-3).  Species that had not been included in 
WFILower are identified in bold in Table 3-4, and most of these had centroids located on 
the bottom-left (negative) side of the pCCA biplot (Fig. 3-3), which is primarily 
correlated with low conductivity and total phosphorus.  Only a single northern species 
(creek chub, Semotilus atromaculatus (36)) had a centroid located to the right of the 
ordination, indicating that it is not an indicator of pristine water-quality conditions, and 
this is consistent with its rare occurrence in a few degraded wetlands in the lower lakes. 

U values for each species were assigned based on the location of the species 
centroid on pCCA axis 1, and these were carried out separately for presence/absence and 
abundance data (Table 3-4).   The green sunfish, Lepomis cyanellus (8) (Fig. 3-3) and 
white bass, Morone chrysops (50) were each given a U value of 1 (Table 3-4) because 
their centroids were located near the positive end of axis 1 (Fig. 3-3), which indicates 
they are tolerant of degraded conditions (Table 3-4).  Species such as northern redbelly 
dace (33) and the longnose gar (48) were each given a U value of 5 because their 
centroids were placed near the negative end of the pCCA axis 1, which indicates they are 
intolerant of environmental degradation.  All of the remaining species were assigned 
intermediate values (2, 3, or 4) according to the position of the species centroids along 
pCCA axis 1.  The weighted standard deviation of the centroids for each species was used 
to assign the T values for 61 fish species (Table 3-4). 
 We were careful not to create discrepancies between the U and T values for 
species that were found in both the WFILower (Chapter 2, Seilheimer and Chow-Fraser 
2006) and WFIBasin.  Fortunately, this was not a difficult task, and only a few species 
required minor adjustments.  This harmonization resulted in the WFILower essentially 
being a subset of the WFIBasin.  Therefore, even though this study supercedes our earlier 
one, as long as the species assemblage does not include any of the “northern species” 
(appear in bold in Table 3-4), the same score would result whether or not the WFILower or 
the WFIBasin is used. 
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WFI performance 
There were similar trends in frequency distribution of U values for the WFIBasin 

derived from PA (Fig. 3-4 a-f) and AB data (Fig. 3-4 g-l).  The occurrence of species 
with a U value of 5 is more common in the northern lakes than the southern, especially 
for the basin-wide index (WFIBasin (PA)) (Fig. 3-4 a-c).   There were few occurrences 
where U equaled 5 for wetlands in the lower lakes (Fig. 3-4e), but many instances where 
U equaled 1 (see Fig 3-4).   When data for all lakes were combined, the most common U-
value was the intermediate score of 3.  These trends in U values need to be confirmed 
with other datasets (not used in the development of the index) in order to provide insights 
into the basic structure of fish communities in specific areas of the Great Lakes. 

We plotted WFIBasin scores against Water Quality Index (WQI) scores for each 
wetland and found a significant positive relationship (Fig. 3-5 a-d).  Wetlands with 
unimpacted water quality had higher WFIBasin scores for both PA (slope = 0.31; r2=0.66; 
P<0.0001; Fig. 3-5a) and AB data (slope = 0.35; r2 = 0.61; P < 0.0001; Fig. 3-5b).  When 
presence of exotic species were taken into account, the relationship was still statistically 
significant between WFI and WQI, and the slope increased for both the PA (slope = 0.41; 
r2 = 0.70; P < 0.0001; Fig. 3-5c) and AB regressions (slope = 0.44; R2 = 0.511; P < 
0.0001; Fig. 3-5d).   Whereas correction for the presence of exotic species significantly 
improved the explanatory power of the relationship between WQI and WFIBasin (PAex), it 
apparently had the opposite effect on the relationship between WQI and WFIBasin (ABex).  

   
Temporal and fishing gear variation in WFI scores 

We compared data for eight wetlands located in four of the five Great Lakes 
where we had sampled in multiple years to assess the performance of the WFIBasin (Fig. 
3-6a).   Since annual variation were similar for both the WFIBasin (PA) and WFIBasin (AB) 
scores, we have only included results for the former.  The largest inter-annual variation in 
WFI scores occurred in two wetlands, Matchedash Bay in Georgian Bay (0.29 units) and 
Turkey Point in Lake Erie (0.35 units) (Fig. 3-6a); by comparison, there was little inter-
annual variation associated with corresponding WQI scores (Fig. 3-6b).   The largest 
change in WQI scores between years was evidenced in Cloud Bay, although there were 
no corresponding departures for WFI scores.  Despite these differences, there was 
remarkably high agreement between scores from multiple years,  and there does not 
appear to be any consistency in how scores deviated from lake to lake.    

Within a subset of 31 wetlands, we compared WFIBasin scores calculated with fish 
information collected in three sets of paired fyke nets (FN) with those calculated from 
three transects of boat electrofishing (EF).  Mean scores were only slightly higher for FN 
compared with EF data (Fig. 3-7), but the differences were not significant for Lake Erie, 
Georgian Bay and Lake Huron (two-tailed t-test; P = 0.66, P = 0.35, P = 0.37, 
respectively).   Only in Lake Ontario were mean WFIBasin scores for FN significantly 
higher than that for EF (two-tailed t-test; P = 0.05; Fig. 3-7).  We also observed lake-to-
lake variation in the number of fish species captured by different fishing methods.  There 
were no significant differences between methods for Lake Erie and Lake Huron wetlands 
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(Erie: 10.0 vs 14.5 species per wetland for FN and EF, respectively) (two-tailed t-test P = 
0.20) (Huron: 10.6 vs  9.6 species) (two-tailed t-test P =0.51).  However, significantly 
more species were captured with FN in Georgian Bay and Lake Ontario wetlands 
(Georgian Bay: 14.6 vs  11.4 species) (two-tailed t-test P = 0.02) and (Lake Ontario: 13.9 
vs 10.4 species) (two-tailed t-test P = 0.03); Fig. 3-7).  The differences in WFIBasin scores 
observed in Lake Ontario sites may be related to the presence of more species in fyke 
nets but this reason does not seem to apply to Georgian Bay. 
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DISCUSSION 
 This paper represents one of the few fish-based ecological indices for use in Great 
Lake coastal wetlands and is the only one that has been developed with data from all 5 
Great Lakes, including eastern and northern Georgian Bay, and the North Channel.   The 
wetlands included in this study ranged from sites with high human impact (i.e. high 
nutrient concentrations in the water and sediment, and turbid water) to relatively 
undisturbed sites (i.e. nutrient poor water and sediments, and high water clarity).  Like its 
predecessor, the WFILower, the basin-wide index produced scores that were highly 
correlated with WQI scores, and this confirms the usefulness of fish (either presence or 
abundance data) to indicate overall water-quality conditions in wetlands.   Correcting for 
the proportion of exotic species present in a wetland increased the range of possible 
WFIBasin scores, making the index more sensitive to changes in ecological integrity.  This 
modified index will be useful as a rapid method for the comparison of intra- and inter-
wetland variation and for tracking changes in wetlands through time.  

The development of the WFILower in Seilheimer and Chow-Fraser (2006, Chapter 
2) and expansion of the index to include all the Great Lakes (this study) are based on the 
presence of a strong environmental gradient.  Without such a gradient, there would be 
limited variation in the distribution and abundances of fish species.   Other researchers 
have recommended the use of a random stratified method for selecting sampling sites 
(Danz et al. 2005), but we used a different strategy by deliberately selecting wetlands that 
occurred in different parts of the environmental gradient.  By sampling across the 
gradient each year, we reduced the amount of variation dependant on the degree of 
human impact due to climatic factors.  Random sampling design will also reduce the 
likelihood that sites with high severity of impacts that occur at a low frequency (Suter 
2001), which we have been able to include (e.g. Old Woman Creek (high impact) and 
Longuissa Bay (low impact).  Although other fish indices for the Great Lakes have 
explicitly separated wetlands into groups based on the type of wetland vegetation (e.g. 
Typha versus Scirpus; Uzarski et al 2005), we believe that it is appropriate to include 
wetlands from all the Great Lakes in a single index because there is large overlap in 
distribution for many species (e.g. pumpkinseed and yellow perch), and all lakes have at 
least a few sites that are degraded and some that are still in good condition.   

Exotic species continue to disrupt wetland habitat and displace native species in 
the Great Lakes (Brazner et al 1998).  The presence of exotic species can greatly decrease 
the WFI score when it is modified to account for the presence of non-natives in 
ecologically disturbed sites, even though the reduced score is not necessarily a reflection 
of water-quality impairment.  The correction factor for the proportion of exotic species 
that we employ for the WFIBasin is similar to some community metrics in published IBIs 
(Uzarski et al 2005: %non-native richness).   

The round goby (Neogobius elanostomus) is expanding in the Great Lakes 
(Schaeffer et al 2005) and tends to become established in a variety of different sites, 
ranging from those with  poor water quality (Hamilton Harbour, Lake Ontario; Balshine 
et al 2005) to those with relatively good water quality (Georgian Bay and Lake Huron; 
unpublished data).  Therefore, its use as an indicator of water-quality impairment is of 
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limited value, and is one reason why it is currently excluded from the Wetland Fish Index 
(see Table 3-4); however, gobies often dominate areas that they colonize, and in so doing, 
change the community structure of the resident fish community.   Hence, by accounting 
for their presence as an exotic species in the wetland (especially with WFIBasin (AB)), the 
WFIBasin scores will be lowered even though the goby cannot be included in the WFI 
calculation  through assigned U and T values.   

To demonstrate this, unpublished data (P. Chow-Fraser, personal communication) 
collected in 2005 with fyke nets in Big Tub Harbour (Tobermory, Ontario) will be used.  
Big Tub Harbour is one of the most recreationally impacted sites in Fathom Five National 
Marine Park, receiving heavy recreational use.  The fish survey showed that round goby 
was dominant, being only 1 of 8 species but accounting for 66% of the total catch.   
Before presence of exotic species had been taken into account, the WFIBasin (PA) and 
(AB) scores were relatively high, 3.20 and 3.43, respectively.  But once they were taken 
into account, scores became reduced to 2.84 and 2.61, respectively, and these more 
accurately reflected the moderately disturbed environmental quality.  This demonstrates 
the potential for investigators to modify the WFI to account for specific problems that are 
not explicitly addressed in the development of the index. 

For an index to be useful, it should be able to provide comparable scores from 
year to year, and be easily adapted to studies where different protocols are used.  
Seilheimer and Chow-Fraser (2006, Chapter 2) found that the WFI was seasonally and 
spatially stable in an urban wetland in Lake Ontario.  Our comparison of 8 wetlands that 
had been sampled in two consecutive years produced relatively stable scores that did not 
vary erratically.  However, more wetlands need to be assessed over time in a larger range 
of wetland conditions to fully understand how the WFI will perform in long-term 
synoptic surveys.    Chow-Fraser et al. (2006) found that fyke nets tend to catch 
significantly more fish than boat electrofishing, although both methods capture a similar 
number of species per wetland; however the water quality of the wetland needs to be 
considered when choosing an appropriate method.  We have been able to show that the 
WFIBasin scores for the different gear types reflect the general differences in wetland 
condition between the upper and lower Great Lakes.  Unfortunately a majority of the sites 
were in the upper Great Lakes where water quality is not degraded and fish communities 
are similar.  The addition of wetlands from more degraded regions of the Great Lakes 
would be beneficial for the comparison of WFI scores with different fishing gear types 
(e.g. seine or trap nets).   

The WFIBasin has many potential uses in Great Lake wetlands but needs to be first 
validated in all 5 Great Lakes.  Seilheimer and Chow-Fraser (2006, Chapter 2) 
successfully used the WFILower to discriminate between sites within a single degraded 
wetland, and among multiple sites within a region based on published data (Green Bay; 
Brazner and Beals 1997).  One of the most useful features of the WFIBasin is its ability to 
calculate scores based on a species list alone, which is in sharp contrast to IBIs that often 
require abundance and biomass data for complete score calculation (Karr 1981; Uzarski 
et al. 2005).  The WFIBasin provides a useful method for ranking wetlands but should 
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probably be used in association with other analyses of fish diversity, assemblage, and 
habitat.  

This study introduced a useful index of wetland quality that can be applied for 
coastal wetlands throughout the Great Lakes basin.  The WFIBasin scores were generally 
higher for wetlands in the northern Lakes, compared with those in the southern Lakes, but 
this is a direct reflection of the differences in degree of water-quality impairment between 
the highly impacted southern portion of the Great Lakes basin, and the less impacted or 
undisturbed northern portion.  We have also added a correction factor to account for the 
proportion of exotic species, that can be used to indicate the ecological integrity of the 
wetland, in addition to its water-quality conditions.  The modified WFIBasin should 
therefore be useful to managers and researchers who require a relatively simple way to 
summarize complex fish community data to track changes in the health of Great Lakes 
coastal wetlands. 
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Table 3-1: Summary of wetland locations, coordinates (decimal degrees), year sampled, 
and Water Quality Index (WQI) scores. 
 

Lake Wetland Latitude Longitude
Year 

Sampled 
WQI 
Score 

        
Erie/Niagara Buckhorn 43.056 -78.971 2001 -0.716  
Erie/Niagara Grand River 42.900 -79.600 2001 -1.876
Erie/Niagara Long Point 42.596 -80.342 2001 0.613
Erie/Niagara Old Woman Creek 41.382 -82.515 2002 -2.422
Erie/Niagara Presque Isle 44.000 -77.731 2001 0.107
Erie/Niagara Rondeau 42.288 -81.867 2001 0.410
Erie/Niagara Spicer Creek 43.023 -78.897 2001 1.013
Erie/Niagara Turkey Point 42.634 -80.342 2002 0.643
Georgian Bay Charles Inlet 45.646 -80.568 2004 1.185
Georgian Bay Cormican Bay 45.408 -80.313 2003 2.250
Georgian Bay French River Main 45.968 -80.888 2005 1.642
Georgian Bay Garden Channel 45.185 -80.122 2004 1.618
Georgian Bay Green Island 44.788 -79.744 2003 0.907
Georgian Bay Green Island 44.789 -79.749 2004 1.380
Georgian Bay Ganyon Bay 44.921 -79.818 2005 1.425
Georgian Bay Hog Bay 44.735 -79.805 2004 0.717
Georgian Bay Herman's Bay 45.218 -79.870 2005 1.594
Georgian Bay Hockeystick Bay 44.945 -79.863 2005 1.419
Georgian Bay Ingersoll Bay 45.281 -80.256 2005 1.783
Georgian Bay Key River 45.887 -80.679 2003 0.663
Georgian Bay Longuissa Bay 44.967 -79.891 2004 2.300
Georgian Bay Lily's Pond 44.870 -79.815 2005 -0.462
Georgian Bay Matchedash Bay 44.734 -79.667 2002 -0.650
Georgian Bay Matchedash Bay 44.755 -79.696 2003 -0.154
Georgian Bay Matchedash Bay 44.755 -79.696 2004 -0.167
Georgian Bay Moose Bay 45.072 -80.050 2004 1.847
Georgian Bay Moreau Bay 45.011 -79.943 2004 1.168
Georgian Bay Musky Bay 44.810 -79.783 2003 1.153
Georgian Bay North Bay 44.896 -79.794 2005 0.432
Georgian Bay Ni (Mud) Bay 45.409 -80.456 2005 1.285
Georgian Bay Oak Bay 44.796 -79.732 2003 1.234
Georgian Bay Oak Bay 44.796 -79.732 2004 1.124
Georgian Bay Otter Bay 45.954 -80.824 2005 1.170
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Georgian Bay Quarry Island 44.834 -79.810 2003 1.109
Georgian Bay Robert's Bay 44.855 -79.829 2004 1.443
Georgian Bay Sandy Island West 45.277 -80.268 2005 1.889
Georgian Bay Sturgeon Bay South 44.737 -79.742 2004 0.601
Georgian Bay Sturgeon Bay Central 45.618 -80.433 2003 0.194
Georgian Bay Treasure Bay 44.869 -79.860 2005 1.782
Georgian Bay Tadanac 1 45.034 -79.991 2005 1.793
Georgian Bay Tadanac 2 45.039 -79.988 2005 1.969
Georgian Bay Tadanac Lake 45.034 -79.955 2005 2.785
Georgian Bay West Bay 45.422 -80.307 2003 0.515
Georgian Bay Walden's Pond 45.923 -80.876 2005 1.513
Huron Boomcamp Bay 46.173 -82.350 2004 0.895
Huron Cedarville 45.983 -84.350 2002 -0.023
Huron Dogfish Bay 46.081 -81.736 2005 1.363
Huron Deadhorse Bay 46.105 -81.608 2005 1.360
Huron Echo Bay 46.495 -84.055 2002 0.052
Huron Iroquois Bay 46.089 -81.635 2004 1.886
Huron Jumbo Bay 46.056 -81.820 2004 1.845
Huron Jumbo Bay 46.052 -81.819 2005 1.774
Huron Mackinac Bay 46.000 -84.400 2002 0.038
Huron Ojibwa Bay 44.888 -79.856 2005 1.796
Huron Spanish River 46.183 -82.317 2002 0.974
Huron Vincent's Bunk 46.058 81.626 2004 1.283
Huron Wardrope Island 46.055 -81.717 2004 2.026
Huron Wardrope Island 46.051 81.706 2005 1.748
Huron Wigwam Bay 43.970 -83.854 2001 -0.066
Michigan Betsie 44.613 -86.214 2001 -0.261
Michigan Kalamazoo River 42.633 -86.167 2001 -1.359
Michigan Lincoln 44.850 -87.150 2001 -0.711
Michigan Muskegon 43.250 -86.250 2001 -0.029
Michigan Manistee 44.262 -86.296 2001 -0.471
Michigan Pigeon River 42.900 -86.188 2001 -0.329
Michigan Pentwater 43.763 -86.408 2001 -0.300
Michigan White River 43.400 -86.350 2001 0.147
Ontario Blessington Bay 44.167 -77.333 2002 0.142
Ontario Bronte Creek 43.393 -79.715 2002 -0.983
Ontario Cootes Paradise Marsh 43.267 -79.917 2001 -1.498
Ontario Cootes Paradise Marsh 43.267 -79.917 2002 -1.559
Ontario Credit River 43.550 -79.084 2002 -1.476
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Ontario Darlington 43.873 -78.797 2002 -1.155
Ontario Frenchman's Bay 43.812 -79.095 2001 -0.294
Ontario Fifteen Mile Creek 43.167 -79.317 2002 -1.987
Ontario Sunfish Pond 43.283 -79.883 2002 -2.308
Ontario Goose Bay 44.350 -75.867 2002 0.112
Ontario Grass Bay 44.150 -76.267 2002 1.130
Ontario Hay Bay 44.167 -76.933 2002 0.451
Ontario Humber River 43.617 -79.483 2002 -1.421
Ontario Jordan Harbour 43.150 -79.383 2002 -1.949
Ontario Little Cataraqui 44.217 -76.550 2002 -1.283
Ontario Little Sodus 43.339 -76.694 2001 0.329
Ontario Muskellunge River 43.967 -76.050 2002 -0.429
Ontario Madoma 44.267 -76.383 2002 0.726
Ontario Mud Bay 44.067 -76.317 2002 -0.724
Ontario Perch River 43.984 -76.067 2002 0.135
Ontario Presqu'ile Prov. Park 44.000 -77.731 2002 0.470
Ontario Salmon River 48.567 -76.200 2002 1.284
Ontario Sandy Creek 43.701 -76.196 2001 1.058
Ontario Weller's Bay 44.017 -77.617 2002 0.999
Superior Au Train 46.433 -86.817 2001 0.669
Superior Bark Bay 46.850 -91.198 2001 0.462
Superior Batchwana Bay 46.546 -84.311 2004 1.875
Superior Cloud Bay 48.081 -89.444 2001 2.135
Superior Cloud Bay 48.083 -89.437 2002 1.237
Superior Chippewa Park 48.317 -89.200 2002 0.702
Superior Flag River 46.787 -91.388 2001 -0.113
Superior Hurkett Cove 48.831 -88.495 2002 -0.092
Superior Lost Creek 46.859 -91.136 2001 0.713
Superior Laughing Whitefish 46.517 -87.017 2001 0.723
Superior Nemadji River 46.684 -92.033 2001 -0.160
Superior Pine Bay 48.033 -89.519 2001 -0.021
Superior Pike River 47.017 -88.517 2001 1.011
Superior Sturgeon River Slough 47.000 -88.483 2001 -0.133
Superior Sioux River 46.734 -90.878 2001 0.569
Superior Taquamenon River 46.550 -85.017 2001 0.902
Superior West Fish Creek 46.584 -90.946 2001 0.703
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Table 3-2: Summary of environmental conditions (mean, median, and range) for 100 
wetlands organized by Great Lake. P-values correspond to t-test used to compare data 
between southern (Ontario, Erie and Michigan) and northern sites (Superior, Georgian 
Bay and Huron). 

Lake   Superior 
Georgian 

Bay Huron Michigan Erie Ontario 
P-

values 
                  

         
Wetlands (n)  15 32 13 8 8 24  
         
WQI scores Mean 0.63 1.08 1.06 -0.41 -0.28 -0.43 < 0.001 
 Median 0.67 1.18 1.28 -0.31 0.26 -0.36  

 Range 
-0.16 -
2.13 

-0.64 -
2.25 

-0.07 -
2.03 

-1.36 -
0.15 

-2.42-
1.01 

-2.31-
1.28  

         
Temperature (°C) Mean 17.8 22.9 23.1 24.4 24.9 23.9 0.004 
 Median 18.1 23.6 23.2 24.7 24.9 24.0  

 Range 
12.5 -
24.2 

14.4 - 
28.6 

21.4-
24.6 

20.1 - 
27.5 

21.1-
31.5 

14.9-
28.7  

         
Conductivity 
(µS·cm-1) Mean 135 155 156 382 434 463 < 0.001 
 Median 133 138 129 383 323 345  

 Range 
56 -    
267 

48 -     
383 

69 -  
361 

149 -   
584 

224-
770 

91 - 
1658  

         
Total phosphorus 
(µg·L-1) Mean 38.0 24.4 30.8 80.6 74.1 112.0 < 0.001 
 Median 40.6 24.0 16.3 81.3 124.6 128.5  

 Range 
8.8 -  
76.8 

5.4 -   
63.5 

6.7-
140.9 

12.4-
154.0 

19.3-
398.0 

13.3-
333.0  

         
Soluble reactive 
phosphorus (µg·L-1) Mean 9.4 7.1 12.4 4.7 13.7 17.6 0.0627 
 Median 9.6 5.2 5.4 3.6 5.2 11.9  

 Range 
2.6 -  
19.7 

0.1 -   
22.8 

1.0-
83.9 

1.4 -   
12.2 

0.5-
67.2 

0.7 - 
94.1  

         
Chlorophyll a 
(µg·L) Mean 4.1 2.7 2.2 17.7 18.4 14.2 0.0002 
 Median 3.0 2.1 1.1 6.8 3.5 8.7  

 Range 
0.1 -  
11.4 

0.4 -     
9.1 

0.5 - 
7.6 

0.5 -   
90.9 

0.8-
100.3 0.3-95.3  
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Table 3-2: cont.         
         

Lake   Superior 
Georgian 

Bay Huron Michigan Erie Ontario 
P-

values 
                  

         
         
Total Ammonia 
nitrogen (mg·L-1) Mean 0.026 0.018 0.029 0.024 0.168 0.093 0.0011 
 Median 0.021 0.010 0.020 0.015 0.055 0.028  

 Range 
0.001 -

0.1 
0.001-
0.10 

0.001-
0.11 

0.001-
0.06 

0.001
-0.64 

0.001-
0.56  

         
Total nitrate 
nitrogen (mg·L-1) Mean 0.30 0.22 0.22 0.45 0.40 0.33 0.0305 
 Median 0.20 0.23 0.17 0.38 0.12 0.22  

 Range 
0.02 -
0.93 

0.001-
0.57 

0.01-
0.67 

0.17  -
0.87 

0.001
-1.27 

0.07-
1.03  

         
Total organic 
suspended solids 
(mg·L-1) Mean 3.6 2.8 2.1 7.9 6.9 21.7 0.0326 
 Median 3.5 2.6 1.3 7.9 4.3 4.2  

 Range 
0.8 -    
6.5 

0.1 -   
16.6 

0.2 - 
9.0 

1.7 -   
14.4 

1.8-
24.1 

0.1-
331.5  

         
Total inorganic 
suspended solids 
(mg·L-1) Mean 5.1 3.6 4.8 6.3 16.5 26.5 0.0594 
 Median 2.4 1.0 0.1 6.3 2.8 6.2  

  Range 
0.01 -
13.7 

0.001-
16.1 

0.001-
18.5 

0.01 - 
13.6 

0.3-
67.2 

0.3-
339.0   

 
*WQI categories: -3 to -2, highly degraded; -2 to -1, very degraded; -1 to 0, moderately 
degraded; 0 to 1, good; 1 to 2, very good; 2 to 3, excellent.
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Table 3-3: Species occurrence and total abundance for all fish species included in the 
development of the basin-wide Wetland Fish Index (WFIBasin). 

Common name Scientific name 

Wetlands 
species 

occurred 
Total 

abundance 
    

pumpkinseed Lepomis gibbonus 94 6274 
rockbass Ambloplites rupestris 83 855 
yellow perch Perca flavescens 81 1374 
brown bullhead Ameiurus nebulosus 80 4649 
largemouth bass Micropterus salmoides 64 3354 
bluntnose minnow Pimephales notatus 56 3396 
bowfin Amia calva 49 158 
spottail shiner Notropis hudsonius 39 3774 
bluegill Lepomis macrochirus 37 1891 
northern pike Esox lucius 36 75 
banded killifish Fundulus diaphanus 35 585 
golden shiner Notemigonus crysoleucas 34 463 
blacknose shiner Notropis heterolepis 33 1409 
tadpole madtom Noturus gyrinus 31 187 
smallmouth bass Micropterus dolomieu 31 183 
common carp Cyprinus carpio 30 363 
johnny darter Etheostoma nigrum 27 151 
black crappie Pomoxis nigromaculatus 26 297 
emerald shiner Notropis atherinoides 24 588 
blackchin shiner Notropis heterondon 24 291 
longnose gar Lepisoteus osseus 24 62 
white sucker Catostomus commersoni 23 1548 
mimic shiner Notropis volucellus 23 898 
common shiner Luxilus cornutus 19 238 
logperch Percina caprodes 14 62 
white crappie Pomoxis annularis 13 234 
brook silverside Labidesthes sicculus 12 21 
fathead minnow Pimephales promelas 11 329 
spotfin shiner Cyprinella spilopterus 10 198 
longear sunfish Lepomis megalotis 10 181 
alewife Alosa pseudoharengus 10 154 
central mudmonnow Umbra limi 10 20 
gizzard shad Dorosoma cepedianum 9 454 
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black bullhead Ameiurus melas 9 139 
brook stickleback Culaea inconstans 9 123 
trout-perch Percopsis omiscomaycus 8 1466 
threespine stickleback Gasterosteus aculeatus 8 526 
white perch Morone americana 8 182 
ninespine stickleback Pungitius pungitius 7 143 
northern redbelly dace Phoxinus eos 7 120 
shorthead redhorse Moxostoma macrolepidotum 7 54 
Iowa darter Etheostoma exile 6 41 
rainbow smelt Osmerus mordax 5 147 
green sunfish Lepomis cyanellus 5 140 
channel catfish Icalurus punctatus 5 32 
sand shiner Notropis stamineus 4 70 
mottled sculpin Cottus bairdi 4 12 
brassy minnow Hybognathus hankinsoni 3 35 
freshwater drum Aplodinotus grunniens 3 6 
longnose sucker Catostomus catostomus 3 6 
slimy sculpin Cottus cognatus 3 6 
muskellunge Esox masquinongy 3 6 
walleye Sander vitreus 3 4 
creek chub Semotilus atromaculatus 3 4 
least darter Etheostoma microperca 2 162 
white bass Morone chrysops 2 37 
silver redhorse Moxostoma anisurum 2 14 
pearl dace Margariscus margarita 2 10 
round whitefish Prosopium cylindraceum 2 9 
goldfish Carassius auratus 2 6 
redfin pickerel Esox americanus 2 3 
    
Total  100 38219 
        

Note: Eleven species were excluded from the analysis because they only occurred in a 
single wetland: American eel Anguilla rostrata; pirate perch Aphredoderus sayanus; lake 
chub Couesius plumbeus; lake chubsucker Erimyzon sucetta; round goby Neogobius 
melanostomus (exotic); whitemouth shiner Notropis alborus; pugnose shiner Notropis 
anogenus; rainbow trout Oncorhynchus mykiss; sea lamprey Petromyzon marinus 
(exotic); longnose dace Rhinichthys cataractae; and rudd Scardinius erythrophthalmus 
(exotic).
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Table 3-4: Water-quality optimum (U) and tolerance (T) values for 61 fish species from 
presence/absence  (PA) or abundance (AB) data.  Species not included in Seilheimer and 
Chow-Fraser (2006) are shown in bold.  † indicates that species is native to Lake Ontario 
but not the other Great Lakes. 

      PA   AB     
 Species 

# Family Common name U T U T Exotic 
1 Amiidae bowfin 4 2 4 2  
2 Atherinopsidae brook silverside 4 2 4 2  
3 Catostomidae longnose sucker 5 3 5 3  
4  white sucker 3 1 3 2  
5  silver redhorse 5 3 5 3  
6  shorthead redhorse 4 2 4 2  
7 Centrarchidae rockbass 4 1 4 2  
8  green sunfish 1 1 1 1  
9  pumpkinseed 3 2 3 2  
10  bluegill 3 1 3 1  
11  longear sunfish 4 3 4 3  
12  smallmouth bass 4 2 4 2  
13  largemouth bass 3 2 3 2  
14  white crappie 1 1 1 1  
15  black crappie 3 2 3 2  
16 Clupeidae alewife 2 2 1 2 * 
17  gizzard shad 1 2 1 2  
18 Cottidae mottled sculpin 4 3 4 3  
19  slimy sculpin 4 2 4 2  
20 Cyprinidae goldfish 1 2 1 2 * 
21  spotfin shiner 2 1 1 1  
22  common carp 2 1 1 1 * 
23  brassy minnow 1 2 1 2  
24  common shiner 4 3 4 3  
25  pearl dace 4 3 4 3  
26  golden shiner 3 2 3 2  
27  emerald shiner 3 2 3 2  
28  blacknose shiner 4 2 4 2  
29  blackchin shiner 5 3 5 3  
30  spottail shiner 2 1 2 1  
31  sand shiner 3 1 3 1  
32  mimic shiner 5 3 5 3  
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33  northern redbelly dace 5 3 5 3  
34  bluntnose minnow 3 1 4 2  
35  fathead minnow 2 1 2 1  
36  creek chub 3 1 3 1  
37 Esocidae redfin pickerel 4 3 4 3  
38  northern pike 4 2 4 2  
39  muskellunge 4 3 4 3  
40 Fundulidae banded killifish 4 3 4 3  
41 Gasterosteidae brook stickleback 4 2 4 2  
42  threespine stickleback 2 2 2 1 † 
43  ninespine stickleback 4 3 4 3  
44 Ictaluridae black bullhead 3 2 3 2  
45  brown bullhead 3 1 2 1  
46  channel catfish 1 2 1 2  
47  tadpole madtom 4 2 4 2  
48 Lepisosteidae longnose gar 5 3 5 3  
49 Moronidae white perch 1 1 1 2 * 
50  white bass 1 1 1 1  
51 Osmeridae rainbow smelt 4 3 4 3 * 
52 Percidae Iowa darter 5 3 4 3  
53  least darter 4 3 5 3  
54  johnny darter 3 2 3 2  
55  yellow perch 3 2 3 2  
56  logperch 3 2 4 2  
57  walleye 4 3 4 3  
58 Percopsidae trout-perch 4 3 4 2  
59 Salmonidae round whitefish 4 3 4 3  
60 Sciaenidae freshwater drum 1 2 1 2  
61 Umbridae central mudminnow 4 2 4 2   
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Figure 3-1:  Location of 100 wetlands in the Laurentian Great Lakes that were sampled 
for water quality and fish in 2002 
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Figure 3-2:  Observed Wetland Fish Index (WFI) scores, calculated by applying U and T 
values to fish community data according to Seilheimer and Chow-Fraser (2006),  versus 
predicted WFI scores estimated from Seilheimer and Chow-Fraser’s (2006) documented 
relationship between WFI and Water Quality Index (WQI) scores (see Chow-Fraser 
2006).  Data are for 57 wetlands in the northern Great Lakes: Lake Superior (s), Georgian 
Bay (g), and Lake Huron (h).  The solid line is a line indicating observed = predicted, 
while the dotted line delineates +0.2 units above and below the line of unity. 
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Figure 3-3:  Ordination biplot of 61 fish species (see Table 3-4 for species numbers) 
from canonical correspondence analysis of 100 Great Lakes wetlands with 8 
environmental variables (conductivity COND; total nitrate nitrogen TNN; soluble 
reactive phosphorus SRP; total phosphorus TP; total organic suspended solids TOSS; 
total inorganic suspended solids TISS; total ammonia nitrogen TAN; and chlorophyll 
CHL).
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Figure 3-4: Frequency of occurrence of WFI (PA) U values (a-f) and WFI (AB) U values 
(g-l) for Lake Superior (a and g), Georgian Bay (b and h), Lake Huron (c and i), Lake 
Michigan (d and j), Lake Erie (e and k), and Lake Ontario (f and l). 
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Figure 3-5:  Regression of Wetland Fish Index (WFI) scores against Water Quality Index 
(WQI) scores.  WFI scores were calculated with a) presence data only b) abundance data, 
c) presence data corrected for exotic species, and d) abundance data corrected for exotic 
species. Letter codes indicate Lake origin of the wetland (e = Erie, g = Georgian Bay, h = 
Huron, m = Michigan, o = Ontario, and s = Superior). 
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Figure 3-6: Comparison of a) Wetland Fish Index (PA) scores and b) Water Quality 
Index scores for consecutive years in wetlands (Cloud Bay 2001-2002; Green Island 
2003-2004; Matchedash Bay 2003-2004; Oak Bay 2003-2004; Jumbo Bay 2004-2005; 
Wardrope Island 2004-2005; Turkey Point 2001-2002; and Cootes Paradise 2001-2002). 
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Figure 3-7: Mean WFIBasin (PA) scores and standard error for boat electrofishing (black 
bars) and fyke nets (white bars) in Lake Ontario (n = 8), Lake Erie (n = 2), Georgian Bay 
(n = 12), and Lake Huron (n = 9).
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ABSTRACT 
 We conducted a change-detection analysis to determine if there had been 
significant improvements in the habitat quality of Lake Ontario coastal wetlands that 
could be attributed to Remedial Action Plans (RAPs) around the shoreline of Lake 
Ontario that had taken place during the mid-to-late 1980s.  This was accomplished by 
comparing present-day fish community data with historic information collected in the 
same wetland area along the lake shoreline.  We used a 5-km buffer to “resample” an 
existing database of spawning/nursery habitat from the early 1980s to derive a “historic” 
species list associated with thirteen representative wetlands located on the shoreline of 
Lake Ontario.  A recent fish list for the thirteen wetlands was obtained from another 
published dataset from surveys conducted during 2001 and 2002.  Overall, there was no 
significant difference with respect to the total number of families between eras, but the 
current species list had 40 species compared with 24 in the historical list.  Species that 
increased were mainly in the Cyprinid and Ictalurid families, while those in the 
Moronidae decreased.  For each wetland, we calculated Wetland Fish Index (WFI) 
scores, which are relative measures of wetland quality with scores ranging from 1 to 5, 
indicating worst to best conditions, respectively.  The mean WFI score of 3.16 for the 
recent era was significantly higher than that for the historic era of 2.83 (Wilcoxon Signed 
Rank test; P < 0.05), and this is consistent with the conclusion that lakewide RAPs have 
been effective in recovering some of the ecological functions of degraded coastal 
wetlands of Lake Ontario. 
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INTRODUCTION 
 The Laurentian Great Lakes have been subjected to anthropogenic stress since 
European settlement in the region in the late 1700s.  Degraded water quality led to 
declines in fish stocks and quality of habitat.  In response to degraded water quality, the 
Great Lakes Water Quality Agreement (GLWQA) of 1972 was enacted, which set limits 
on the amount of phosphorus entering the system.  Additional steps to improve the lakes 
occurred in 1978 through identification of Areas of Concern (AOC), sites within the 
Great Lakes that had impairment of beneficial uses (e.g. fish habitat and eutrophication).   
Of the 14 defined beneficial uses, 5 are directly referring to fish (see Table 4-1).   
Remedial Action Plans (RAPs) were developed for each AOC, in order to identify the 
problems, set remediation goals, and monitor improvement until beneficial uses are 
restored.  There are 8 AOC sites throughout the Lake Ontario shoreline, with differing 
problems and losses of beneficial uses, which affect fish habitat on multiple levels (IJC 
2003; Table 4-2).   Billions of dollars have already been spent on restoring beneficial 
uses, with anticipated costs for improvement to wastewater infrastructure and sediment 
remediation alone estimated at $7.4 billon (USD) in United States AOCs and $1.9 billion 
(CAD) for Canadian AOCs (IJC 2003).  Habitat restoration costs for 187 restoration 
projects completed in Canadian AOCs for a total cost of $80.3 million (CAD; IJC 2003).   
 Jude and Pappas (1992) demonstrated that wetlands are important fish habitat by 
showing that 47 of 113 Great Lake fish species were closely associated with wetlands, 
while an additional 35 used wetlands during some life stage.   Wei et al. (2004) 
demonstrated empirically the dependence of Great Lakes fishes on availability of coastal 
marshes for spawning and nursery habitat throughout the entire Great Lakes shoreline.  
Hence, coastal wetlands of Lake Ontario are assumed to provide critical fish habitat for 
the Lake Ontario fish community.  Unfortunately, many coastal marshes have been 
drastically altered over the last 300 years.  Nearly 60% of the original wetlands have been 
lost on the Canadian shoreline of Lake Ontario, with even higher loss along the shoreline 
between Toronto and the Niagara River (Whillans 1982).  The remaining wetlands face 
potential decreases in quality due to urbanization and other anthropogenic impacts 
(Chow-Fraser 2006).   
 Change in the response of aquatic biota to environmental perturbation has been 
used as a measure of ecosystem health in many aquatic habitats (e.g. streams, lakes, Great 
Lakes) with multiple trophic levels: plants (Albert and Minc 2004); zooplankton 
(Lougheed and Chow-Fraser 2002); and macroinvertebrates (Burton et al. 1999).  The 
Index of Biotic Integrity (IBI; Karr 1981) is a widely used measurement of habitat quality 
and ecosystem health based on fish- community data in relation to known reference 
conditions, and has been used to assess environmental quality (Lyons et al. 2001; Karr 
1991) and to monitor restoration efforts.  Two IBIs have been developed for use in the 
Lake Ontario basin: in littoral habitat of AOCs (Minns et al. 1994) and in tributaries of 
the Greater Toronto area (Steedman 1988).  Likewise, the Wetland Fish Index (WFI; 
Chapter 2, Seilheimer and Chow-Fraser 2006) was developed to rank Great Lakes 
wetlands with fish assemblage data.  Unlike the IBI, the WFI can be calculated with 
presence-absence fish data only, which is often the only data available for historical 
species lists and datasets. 
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Although site-by-site comparison of fish is useful, fish are migratory and need to 
be studied on a lakewide scale.  Some aspects of the Lake Ontario fish community have 
been monitored over time on a large spatial scale in open water (salmonids and 
commercial fish; Mills et al. 2003).  By comparison, there has been no comprehensive 
study of changes in the quality of critical habitat such as wetlands since implementation 
of the RAPs in the early 1980s.   A common lament from government officials who fund 
these remedial actions is that benefits to fish and wildlife populations are not well 
quantified and are infrequently reported.  To fully determine the far-reaching impacts of 
RAPs, we need to track both temporal and spatial changes in the fish communities of 
Lake Ontario, not only in open-water, where most of the current effort is focused, but 
also in wetlands that occur at rivermouths and at lake margins.   We therefore need to 
conduct a basin-wide assessment of the change in status of Lake Ontario coastal wetlands 
in response to remedial actions. 
 It was difficult to find a primary source that could provide the sort of parallel 
information to do a lakewide assessment before and after the implementation of RAPs.  
However, we were able to use information from two recently published studies to derive 
the necessary information to assess temporal and spatial changes:  for historic 
information, we used the GIS database of Wei et al. (2004), which contains locations 
where Great Lakes fish are known to have spawning and nursery habitat along the entire 
Lake Ontario shoreline (determined from field surveys and current as of the early 1980s), 
and for the present-day dataset, we used Seilheimer and Chow-Fraser’s (2006, Chapter 2) 
data, which consisted of standardized fish surveys conducted in 24 coastal wetlands of 
Lake Ontario during 2001 and 2002.  
 We have three main objectives in this study.   First we will determine if fish 
biodiversity in the coastal wetlands surveyed in the recent era have changed significantly 
compared with data from the early 1980s, prior to implementation of RAPs.   Secondly, 
we will calculate WFI scores for these wetlands to quantify the change in habitat quality 
between time periods.  Thirdly, we will determine if proximity of sites to AOCs can be 
statistically related to improved habitat quality, as determined by an increase in WFI 
scores in the recent era.   These results will help us evaluate the overall effectiveness of 
RAPs on wetlands in the Lake Ontario ecosystem, and will help demonstrate the 
usefulness of WFI as an indicator of wetland quality, especially when only species lists 
are available to be used as a benchmark of change.  
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METHODS 
Study Site 

Lake Ontario is the smallest of the Laurentian Great Lakes and the last in the 
chain, with water entering from the other four Great Lakes via the Niagara River, and 
exiting to the Atlantic Ocean via the St. Lawrence River.  49% of the drainage basin in 
Lake Ontario is forested, 39% is agricultural, and the remaining 7% is urban area 
(Stewart et al. 1999).  Almost three quarters of the approximately 6 million people living 
in the basin are in the province of Ontario, Canada (Mills et al. 2003), with majority 
living in the highly urbanized western end of the lake between Hamilton and Toronto, 
Ontario.   There are 8 AOCs in Lake Ontario (Fig. 4-1).  Of the 14 beneficial uses 
outlined in the GLWQA Annex 2 (Table 4-1), Lake Ontario AOCs range from having 
only 1 impaired use (Port Hope, ON) to 12 (Rochester Embayment, NY; Table 4-2).  In 
addition to Rochester, 3 Ontario AOCs have multiple impaired uses: Hamilton Harbour 
(11), Toronto and region (8), and the Bay of Quinte (10; Table 4-2).  AOCs are equally 
distributed around the lake and between the two countries, Ontario has 4 AOC, New 
York has 3, and one is shared by both countries (Niagara River).  All of the Lake Ontario 
RAPs are in the second stage (restoration of impairments) except Port Hope, which is 
only at stage 1 but is not located near our sites (Fig. 4-1). 
 
Data used in this study  
 Fish species list were obtained from the study published by Seilheimer and Chow-
Fraser (2006, Chapter 2) and corresponding water-quality information were obtained 
from Chow-Fraser (2006) (see location of wetlands in Fig. 4-1).  Although Seilheimer 
and Chow-Fraser (2006, Chapter 2) surveyed 24 wetlands throughout the Lake Ontario 
shoreline, there was only comparable historic information for 13 sites (see Table 4-3).   
Fish were surveyed with 3 sets of paired fyke nets that were set overnight in each 
wetland, and water samples were collected simultaneously in an open-water area close to 
the nets.  We followed the method developed by Chow-Fraser (2006) and Seilheimer and 
Chow-Fraser (2006, Chapter 2) to calculate Water Quality Index (WQI) and Wetland 
Fish Index (WFI) scores for each wetland.   The complete field protocols used to collect 
fish and water-quality information can be found in the cited studies.  The WQI score had 
been developed from water-quality data collected from 110 wetlands located throughout 
the five Great Lakes, and is significantly correlated with the proportion of altered land in 
wetland watersheds (Chow-Fraser 2006).  WQI scores range from –3, which is indicative 
of the most impacted conditions, to +3, which is indicative of the most undisturbed sites.   
 We derived the historic fish information (circa 1980s) by “re-sampling” the GIS 
database created by Wei et al. (2004) of the species occurrences listed in the Goodyear et 
al. (1982) “Atlas of the spawning and nursery areas of Great Lakes fishes.”  This was 
accomplished by setting a buffer (5-km radius) around the centroid of each of the thirteen 
wetlands and using Arcview (ESRI, version 3.2) to determine the species of fish that 
were entrained by the buffer.  The resulting species list constituted the historic dataset, 
which we used to compare with the species list from the recent survey. 
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Statistical analysis 
 We used the Fisher’s exact test for 2 x 2 contingency tables (alpha = 0.05) to test 
if fish species occurrence were significantly different between historic and recent times 
(Rutherford et al. 1992).  The Fisher’s exact test is used to test significance between 
presence and absence of species between the two datasets when n is small (Agresti 2002).  
Comparison of species richness, family richness, number of species per family, and WFI 
scores were done with the nonparametric Wilcoxon sign-rank test (alpha = 0.05; Zar 
1999).  Significance of WFI scores between time periods for location in Lake Ontario and 
distance to AOC sites were tested with Tukey-Kramer post hoc test (alpha = 0.05).  All 
statistical tests were performed in SAS JMPIN (version 5.1, SAS Institute Inc., Cary, 
North Carolina). 
 In addition to comparisons of family and species richness, we also corrected the 
species richness to be proportional to total number occurring within each dataset.  
Proportional richness is the proportion of species occurring in a single site in comparison 
to the total found within each dataset.  As an example, the proportion of Site A species 
richness was equal to: 10 species in Site A divided by 24 species in historic dataset, 
which equals 0.42 species.   Significance between time periods was tested with Wilcoxon 
sign-rank test.   

We acknowledge that the comparison of data from the recent survey with data 
derived from the Goodyear et al. (1982) dataset is not ideal because of differences in 
survey method and effort used between studies, but we feel that the comparison is valid 
because all sites in each time period had received the same treatment.  In the absence of 
more suitable data, we must use what is available, while acknowledging potential 
problems.   
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RESULTS 
 According to WQI values taken from Chow-Fraser (2006), 4 of the wetlands in 
this study currently are “very degraded” (Cootes Paradise Marsh/Grindstone Creek and 
Credit River, Darlington Provincial Park, Little Cataraqui Creek), 3 are “moderately 
degraded” (Frenchman’s Bay, Mud Bay/Perch River, and Muskellunge River), 4 are in 
“good” quality (Presqu’ile Provincial Park, Weller’s Bay, Hay Bay Marsh, and Little 
Sodus), while the remaining two have “very good” quality (Salmon River and Sandy 
Creek) (Table 4-3).   For the most part, the poor-quality sites are all associated with cities 
at both the western and eastern end of Lake Ontario (see Fig. 4-1).   The better-quality 
sites are found in the eastern portion of the lake, along the U.S. shoreline, where land-use 
is primarily forested and undisturbed.   By comparison, conditions of wetlands located on 
the Canadian shoreline in the eastern portion of Lake Ontario were considered better than 
those in urban landscapes, but not as good quality as those in primarily undisturbed 
watersheds, and this may reflect the low-intensity farming that occurs along the shores of 
many of the wetlands in the Bay of Quinte area.    
 Although the Water Quality Index works well with current data, appropriate 
water-quality data could not be located for the historic era, and therefore variables other 
than water quality had to be used to facilitate comparisons between time periods.   
Therefore, data from the historic fish surveys summarized in Goodyear et al. (1982) and 
imported into GIS by Wei et al. (2004) were compared directly with data collected in the 
recent survey by Seilheimer and Chow-Fraser (2006).    Since the Wetland Fish Index 
only requires presence/absence data, WFI scores could easily be calculated for both time 
periods for comparison purposes.    
   We first reviewed the datasets to determine if there had been differences in 
species richness and taxonomic composition.    There were significantly more families 
associated with the recent era (13.15) compared with the historic (6.92) era (P = 0.001; 
Table 4-4), but when these numbers were converted to the proportion of all taxa for each 
time period, the differences were no longer significant (P = 0.27).   There have been 
significantly more species within the Centrarchid (bass and sunfish; 3.63 vs 1.77; P = 
0.007), Cyprinid (minnows and shiners; 2.92 vs 1.00; P = 0.001), and Ictalurid (bullhead) 
families in recent years.   By comparison, there were no significant differences for 
Percids (perch and darters), and the number of Moronid (white perch Morone americana 
and white bass Morone chrysops) species have actually declined in recent years (0.62 v. 
0.15, P = 0.031). 
  When all of the wetlands were considered together, we found a total of 24 species 
in the historic dataset, which is considerably lower than the 40 in the recent dataset 
(Table 4-5). Three of the 8 Centrarchid species (i.e. pumpkinseed Lepomis gibbosus, 
bluegills Lepomis macrochirus, and rockbass Ambloplites rupestris) were found 
significantly more often in recent surveys (Table 4-5).   Although no species was found 
exclusively in the historic dataset, 16 were found only in recent times.  Twelve of these 
unique species could be considered rare (i.e. occurred in fewer than 3 wetlands), and their 
absence in the historic list could be attributed to insufficient sampling effort; however, 
the other four species occurred in close to 40% of the wetlands (5 of 13) surveyed, and 
two in particular, the bowfin Amia calva and bluegill were conspicuously present in > 
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75% of the wetlands (10 of 13).  Therefore, appearance of these latter four in the recent 
dataset when they had not been noticed in any of the 13 wetlands two decades earlier 
deserves some further attention.   By comparison, only four species occurred more 
frequently in the historic compared with recent surveys, and these included smallmouth 
bass Micropterus dolomieu, white sucker Catostomus commersonii, white perch and the 
northern pike Esox lucius.   Distributions of alewife Alosa pseudoharengus and 
largemouth bass Micropterus salmoides were statistically similar in the two time periods, 
and are the only species that could be considered equally common in both eras. 
 We further grouped the fish species into families to examine their distributions 
across wetlands in both time periods.  There was sufficient information for five families 
to conduct statistical comparisons (Table 4-6).  These results generally reinforce trends 
noted earlier when the data were examined on a species-by-species basis (see Table 4-5).  
There were twice as many Centrarchid species in the recent survey compared with the 
historic (mean of 3.62 versus 1.77) and almost three times as many Cyprinid (mean of 
2.92 versus 1.00) and Ictalurid (mean of 1.62 versus 0.62) species (Table 4-6).  We found 
no significant differences in mean Percid species between eras, and a significant decrease 
in mean Moronid species over time (0.62 vs 0.15, respectively).   
 WFI scores corresponding to the two time periods were generated for each 
wetland (Table 4-3).  For two sites, Cootes Paradise/Grindstone Creek and Wellers Bay, 
WFI scores differed minimally (< 0.1 unit) between time periods and we interpret this to 
mean that there has been no change in wetland quality over the two decades.   For three 
sites, Credit River, Frenchman’s Bay, and Little Cataraqui Creek, there was a decrease in 
WFI scores through the two decades.   By contrast, scores for the remaining eight sites 
were generally much higher for the recent era (Table 4-3), and this was especially evident 
for Presqu’ile Provincial Park and Hay Bay Marsh, where differences between time 
periods were 1.43 and 1.73, respectively.   When data were pooled by time periods and 
compared, we found a significant increase in WFI scores from the 1980s to 2000s (2.83 
versus 3.16, respectively; two-tailed Wilcoxon signed rank test, P = 0.047; Table 4-3).   
Our data therefore indicate that the habitat quality of wetlands has improved significantly 
following implementation of RAPs around Lake Ontario. 
 There was a significant linear relationship between the recent WFI scores (r2 = 
0.57, P = 0.0028) and recent WQI scores (see data in Table 4-3); however, there was no 
relationship between the historical WFI scores and the recent WQI scores.  Mean WQI 
scores were significantly lower in the western sites (-1.20) compared with the eastern 
Ontario and New York sites, 0.16 and 0.36 respectively (t-test P = 0.036).  Corresponding 
WFI scores generally increased with increased distance from RAP sites in Lake Ontario, 
but the trend was not significantly different between time periods (Table 4-7).  For 
wetlands located in the U.S. shoreline (southeastern portion of the lake; see Fig. 4-1), 
WFI scores were significantly higher in the recent survey (3.40) compared with the 
historic survey (3.04), and this trend was reproduced for the eastern sites on the Canadian 
shoreline, although the means were not significantly different between time periods.    By 
contrast, sites located in western Ontario showed a deterioration in quality through time 
with corresponding decrease in WFI score of 2.65 to 2.57 ( Wilcoxon Signed Rank test; P 
< 0.05).
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DISCUSSION 
 The first objective of this study was to determine how species richness and 
diversity of species within families have changed across wetlands following 
implementation of lakewide Remedial Action Plans in the late 1980s and the early 1990s.  
Species richness can be used as a measure of diversity in a habitat (Findlay and Houlahan 
1997) and can be monitored over time to track changes.  We have documented significant 
changes in the fish communities before and after RAPs in two ways.  First, mean species 
richness in the thirteen wetlands have increased significantly over the two decades (Table 
4-4).  There has been an overall increase from 24 species in the historic survey to 40 in 
the recent survey; even if we removed the rare species (occurring in 2 or fewer wetlands), 
the comparison would be 11 versus 19 species for historic and recent periods, 
respectively (Table 4-5).  Secondly, the mean number of Centrarchid, Cyprinid and 
Ictalurid species in the 13 wetlands has significantly increased through time, while the 
mean number of Moronid species has significantly declined (Table 4-6).  These changes 
in fish communities are reflected in significant differences in mean Wetland Fish Index 
scores, which indicate that habitat quality in the thirteen coastal wetland complexes have 
generally improved following implementation of RAPs (Table 4-3).   
 Watershed development and urbanization are known to have negative effects on 
fish habitat at a local scale (Paul and Meyer 2001; Wang et al. 2003).   The four sites that 
yielded decreased WFI scores following RAPs were all surrounded by urbanized land-
use:  three wetlands located in the highly urbanized western end of Lake Ontario between 
the Ontario cities of Hamilton and Pickering, and one located at the eastern end within 
the city of Kingston, ON (see Fig. 4-1).  Wei and Chow-Fraser (2006) have documented 
the separate and synergistic effects of urbanization and fluctuating water level on the 
emergent marsh of Cootes Paradise Marsh, which is located in the city of Hamilton, ON.  
Findings in this study confirm the hypothesis that the negative effect of increased 
population growth in wetland watersheds may trump any benefits of in-marsh habitat 
restorations such as carp exclusion or creation of habitat structure and complexity.   Since 
a large proportion of the nearly 6 million Canadians currently live in the western end of 
Lake Ontario (Fuller et al. 1995), and there are no plans for zero-growth, the long-term 
prognosis for marshes in these heavily urbanized watersheds is not favorable, and more 
effort must be focused on a comprehensive program to control non-point source 
pollution.  
 Since the WFI is an index of wetland condition that reflects the degree of human 
disturbance on water-quality (Chapter 2, Seilheimer and Chow-Fraser 2006), it is ideal 
for detecting long-term changes in water-quality conditions of wetlands.  The significant 
relationship between recent WFI and WQI scores noted in this study confirms that the 
Wetland Fish Index can be used as a surrogate of water-quality parameters at the scale of 
Lake Ontario.    Seilheimer and Chow-Fraser (2006, Chapter 2) has also shown it to be 
sensitive to track both temporal and spatial changes in wetland quality within a relatively 
small coastal marsh (Frenchman’s Bay) that has multiple points of entry for pollutants.  
An advantage of the WFI is that it can be calculated with presence-absence data alone, 
unlike Minns et al.’s (1994) Fish IBI for AOCs, which has 7 of its 12 metrics requiring 
biomass and abundance data.  As we have discovered in this study, species lists are often 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 142

the only historical information available on a regional basis, and consequently, indices 
based primarily on abundance information cannot be used. 
 Although lakewide total phosphorus loadings have declined since the 1980s and 
the overall water quality in Lake Ontario has improved (Mills et al. 2003), the magnitude 
of improvements and benefits vary regionally.  Such geographic differences are reflected 
in variation of WFI scores throughout the basin; for instance, in the Bay of Quinte, where 
phosphorus concentrations have been drastically reduced through the Bay of Quinte RAP 
(Nicholls et al. 2002), we have seen an increase in the number of Centrarchid and 
Cyprinid species that corresponds to the largest increase in WFI scores between time 
periods for two associated wetlands (Presqu’ile Provincial Park and Hay Bay Marsh).  
Abundance of yellow perch Perca flavescens (Hoyle and Schaner 2001) and largemouth 
bass (Hoyle 2001) have increased in Bay of Quinte with the reduction of phosphorus.  
Trophic status has also changed in the nearshore areas of northeastern Lake Ontario, 
adjacent to Perch River / Muskellunge River site, from mesotrophic (moderate TP in 
1978) to oligotrophic (low TP in 1995; O’Gorman and Burnett 2001).  Accompanying the 
trophic shift, O’Gorman and Burnett (2001) reported changes in the warm-water fish 
community and reduced fish density, while we found an above average increase in WFI 
score (Perch River / Muskellunge River +0.63 v. overall average +0.33). 
 Effective management of the fish communities in Lake Ontario wetlands needs to 
be done on a basin-wide scale.  The Lake Ontario Lakewide Management Plan (LAMP), 
as part of the GLWQA of 1987, identifies near-shore wetlands as a main habitat in Lake 
Ontario, along with three other zones: offshore (>15m), nearshore, and tributaries (Lake 
Ontario LAMP 1998).  Two lakewide problems identified in the LAMP were restrictions 
on fish consumption and loss of fish habitat (Lake Ontario LAMP 1998).  The whole-lake 
context allows for stronger conclusions to be drawn in regards to the effectiveness of 
remediation.  Kelso and Minns (1996) found that on a basin-wide scale the fish 
assemblages varied more by region than between AOC and non-AOC sites.  We have 
eliminated the confounding effects of geographical difference in ecoregions by focusing 
on a single Great Lake, which allows us to compare the differences between AOC and 
non-AOC sites.  It is important that benefits accrued at the scale of Lake Ontario be 
explicitly recognized in studies such as ours, even if specific remedial actions associated 
with a particular AOC cannot be demonstrated (e.g. the lack of change in WFI scores 
associated with Cootes Paradise Marsh).   
 We acknowledge that there are differences in surveying methods used to collect 
data between time periods, but the type of sampling gear is not expected to dramatically 
affect presence/absence data.   Even though we did not have ideal datasets, we believe 
that it is an appropriate and necessary comparison.  Kelso and Minns (1996) used Fish 
Species Distribution Data System data for comparisons with AOC sites, which were 
collected from 1920s to 1990 at different times of year and with different fish gear types.  
Fish data from the atlas was collected and compiled for nursery and spawning habitat 
with the express purpose of providing a database “against which changes in the condition 
and use of spawning and nursery habitat of Great Lakes fishes could be viewed and 
evaluated” (Goodyear et al. 1982).  There is a bias in the dataset, but we have been 
conservative in our analyses with the comparison of presence-absence data only.  Rank 
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statistics are appropriate because we are comparing the ranks rather than absolute values 
(Zar 1999).   
 This study with 13 representative coastal wetlands distributed throughout the 
Lake Ontario shoreline, has shown that both the total number of species and families of 
fish have changed significantly since the early 1980s.  These differences were reflected in 
corresponding WFI scores that were calculated by using only presence-absence data.  We 
quantified the degree of improvement in wetland condition at each site, and were able to 
explicitly link these improvements to lakewide implementation of Remedial Action 
Plans.  Although RAPs have led to recovery of ecological functions on a lakewide basis, 
health of urbanized wetlands, especially those at the western end of the lake, will be 
severely compromised by non-point-source pollution resulting from increased human 
populations over the next decade.  Future work should focus on developing monitoring 
programs that take into account both local and lakewide assessments of both the fish 
community and water-quality conditions.
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Table 4-1: List of the fourteen impairments of beneficial uses from Annex 2 of the Great 
Lakes Water Quality Agreement of 1978. 
 

No Beneficial use impairment 
1 Restrictions on fish and wildlife consumption 
2 Tainting of fish and wildlife flavor 
3 Degradation of fish and wildlife populations 
4 Fish tumors or other deformities 
5 Bird or animal deformities or reproduction problems 
6 Degradation of benthos 
7 Restrictions on dredging activities 
8 Eutrophication or undesirable algae 
9 Restrictions on drinking water consumption 

10 Beach closings 
11 Degradation of aesthetics 
12 Added costs to agriculture or industry 
13 Degradation of phytoplankton and zooplankton populations 
14 Loss of fish and wildlife habitat 
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Table 4-4:  Total number of families and species occurring in 13 sites in historical and 
recent time periods.  Proportions of total species and families found in each wetland were 
compared with a 2-tailed Wilcoxon sign-rank test to determine significant differences 
between eras. 
 
  Family Richness Species Richness 
Site Site Code Historic Recent Historic Recent 
Cootes Paradise/Grindstone Creek A 7 8 10 20 
Credit River B 5 7 7 17 
Frenchman's Bay C 9 7 3 8 
Darlington Provincial Park D 3 6 10 16 
Presqu'le Provincial Park E 1 8 3 11 
Wellers Bay F 3 6 3 9 
Hay Bay Marsh G 3 8 9 11 
Little Cataraqui Creek H 2 6 17 14 
Mud Bay I 9 7 12 23 
Perch River/Muskellunge River J 8 13 1 13 
Sandy Creek K 5 5 6 11 
Salmon River L 6 8 5 7 
Little Sodus M 6 7 4 11 
Total families/species per time 
period  10 17 24 40 
            
Mean richness   5.15 7.38 6.92 13.15 
 P-value  0.016  0.001 
            
Proportion of occurrence within 
time period  0.72 0.80 0.29 0.61 
  P-value   0.265   <0.0001



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 148

Table 4-5: Comparison of species occurrences between the historic and recent surveys in 
Lake Ontario.   Fisher’s exact test was used to determine significant differences in the 
distribution of species between the two eras; an asterisk indicates that the comparison 
was 1-tailed whereas all others were 2-tailed.   
      Cumulative occurrence 

Family Common name Scientific name Historic Recent 
P-

value 
Amiidae bowfin Amia calva  10 0.0001 
Anguillidae american eel Anguilla rostrata  1 — 
Atherinopsidae brook silverside Labidesthes sicculus  1 — 
Catostomidae white sucker Catostomus commersonii 7 1 0.0302 
Centrarchidae pumpkinseed Lepomis gibbosus 1 13 <.0001 
 bluegill Lepomis macrochirus  11 0.0016 
 rockbass Ambloplites rupestris 3 10 0.0169 
 largemouth bass Micropterus salmoides 6 9 — 
 white crappie Pomoxis annularis  3 — 
 black crappie Pomoxis nigromaculatus 4 2 — 
 smallmouth bass Micropterus dolomieu 9 1 0.0036 
 green sunfish Lepomis cyanellus  1 — 
Clupeidae alewife Alosa pseudoharengus 6 4 — 
 gizzard shad Dorosoma cepedianum 2 3 — 

Cyprinidae bluntnose minnow Pimephales notatus 2 8 
0.0207

* 
 common carp Cyprinus carpio 4 6 — 

 golden shiner Notemigonus crysoleucas 1 5 
0.0801

* 

 fathead minnow Pimephales promelas 1 5 
0.0801

* 
 spottail shiner Notropis hudsonius 2 4 — 
 emerald shiner Notropis atherinoides 2 2 — 
 spotfin shiner Cyprinella spiloptera  2 — 
 blacknose shiner Notropis heterolepis  2 — 
 goldfish Carassius auratus 1 1 — 
 brassy minnow Hybognathus hankinsoni  1 — 
 sand shiner Notropis stramineus  1 — 

Esocidae northern pike Esox lucius 10 5 
0.0554

* 
 redfin pickerel Esox americanus  1 — 
Fundulidae banded killifish Fundulus diaphanus 1 7 0.0302 
Gasterosteidae threespine stickleback Gasterosteus aculeatus 2 2 — 
Ictaluridae brown bullhead Ameiurus nebulosus 7 13 0.0149 
 tadpole madtom Noturus gyrinus  6 0.0149 
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 channel catfish Ictalurus punctatus 1 1 — 
 black bullhead Ameiurus melas  1 — 
Lepisosteidae longnose gar Lepisosteus osseus  1 — 
Moronidae white perch Morone americana 7 1 0.0302 
 white bass Morone chrysops 1 1 — 

Percidae yellow perch Perca flavescens 8 12 
0.0801

* 
 johnny darter Etheostoma nigrum 2 3 — 

Salmonidae chinook salmon 
Oncorhynchus 
tshawytscha  1 — 

Umbridae central mudminnow Umbra limi   5 0.0391 
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Table 4-6: Total number of species in the Centrarchid, Cyprinid, Ictalurid, Percid, and 
Moronid families occurring at 13 sites in historical versus recent time periods.  
Significance was determined with the 2-tailed Wilcoxon sign-rank test between eras and 
for the proportion of total species per family in each era. 

  
Centrarchid 

richness 
Cyprinid 
richness 

Site Site Code Historic Recent Historic Recent 
Cootes Paradise/Grindstone 
Creek A 3 7 2 5 
Credit River B 2 3 2 9 
Frenchman's Bay C 1 4 2 4 
Darlington Provincial Park D 0 3 0 1 
Presqu'le Provincial Park E 0 4 0 1 
Wellers Bay F 2 4 0 2 
Hay Bay Marsh G 0 4 0 1 
Little Cataraqui Creek H 2 3 0 1 
Mud Bay I 5 3 4 6 
Perch River/Muskellunge 
River J 3 3 2 5 
Sandy Creek K 1 3 0 0 
Salmon River L 1 2 1 2 
Little Sodus M 3 4 0 1 
Total richness per time period  5 8 7 12 
            
Mean  1.77 3.62 1.00 2.92 
  P-value  0.007  0.001 
Proportion of occurrence 
within time period  0.59 0.74 0.27 0.47 
  P-value  0.209  0.002 
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Table 4-6: cont. 
Ictalurid 
richness 

Percid 
richness 

Moronid  
richness 

Historic Recent Historic Recent Historic Recent 
1 2 0 1 1 1 
0 1 0 0 0 0 
1 2 1 2 1 1 
0 1 1 1 1 0 
0 2 0 1 0 0 
0 2 1 1 0 0 
0 1 1 1 1 0 
0 2 0 1 0 0 
1 1 2 1 1 0 
2 2 1 2 1 0 
1 1 1 1 1 0 
1 2 0 1 0 0 
1 1 2 2 1 0 
2 4 2 2 2 2 

            
0.62 1.62 0.77 1.15 0.62 0.15 

 0.004  0.125  0.031 
0.48 1.21 0.60 0.91 0.48 0.12 

 0.004  0.063  0.031 
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Table 4-7: Comparison of Mean and Standard Errors (SE) of WFI scores for three 
categories of wetlands, sorted by distance (km) to RAP sites around Lake Ontario.  
Significant differences among categories are indicated by letters (a, b, c) and differences 
between time periods are indicated by numbers (1, 2). 
 

  Historic Recent 
Distance (km) n mean SE mean SE 

0-20 4 2.54a1 0.27 2.78a1 0.24 
20-40 4 2.91a1 0.24 3.24a1 0.22 

40+ 5 3.00a1 0.29 3.38a1 0.05 
      
  Historic Recent 
Location n mean SE mean SE 

East New York 5 3.04a1 0.07 3.40a2 0.08 
East Ontario 4 2.74a1 0.49 3.45a1 0.02 

West Ontario 4 2.65a1 0.19 2.57b2 0.03 
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Figure 4-1: Study wetlands (see Table 4-3 for site codes) and Areas of Concern (marked 
with diamonds) in Lake Ontario.  Study site shapes indicate degree of change between 
historical and recent datasets (square indicates worsened conditions, circle indicates 
minimal change, and triangle indicates improved conditions).  Location of Hamilton, 
Toronto, and Kingston are in italics.
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CHAPTER 5: 
Comparative study of ecological indices for assessing human-induced disturbance in 

coastal wetlands of the Laurentian Great Lakes. 
 

Seilheimer, T.S., T.P. Mahoney, and P. Chow-Fraser 
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ABSTRACT 
Numerous ecological indices have been developed to evaluate the wetland quality in the 
Laurentian Great Lakes.  One index, the Water Quality Index (WQI) can be widely 
applied to wetlands and produces accurate measurements of wetland condition.  The WQI 
measures the degree of water-quality degradation as a result of nutrient enrichment and 
road runoff.  The Wetland Fish Index (WFI), Wetland Zooplankton Index (WZI), and the 
Wetland Macrophyte Index (WMI), are all derived from the statistical relationships 
between biotic communities along a gradient of deteriorating water quality.  Compared to 
the WQI, these indices are less labor-intensive, cost less, and have the potential to 
produce immediate results.  We tested the relative sensitivity of each biotic index for 32 
Great Lakes wetlands relative to the WQI and to each other.  The WMI (r2 = 0.84) and 
WFI (r2 = 0.75) had significant positive relationships (P < 0.0001) with the WQI in a 
linear and polynomial fashion.  Slopes of the WMI and WFI were similar when 
comparing the polynomial regressions (ANCOVA; P = 0.117) but intercepts were 
significantly different (P = 0.004).  The WZI had a positive relationship with the WQI in 
degraded wetlands and a negative relationship in minimally impacted wetlands.  The 
strengths and weaknesses of each index can be explained by the interactions among fish, 
zooplankton, aquatic plants and water chemistry.  The distribution of different species 
indicative of low and high quality in each index provides insight into the relative wetland 
community composition in different parts of the Great Lakes and helps to explain the 
differences in index scores when different organisms are used.  Our findings suggest that 
the WMI and WFI produce comparable results but the WZI should not be used in the 
minimally impacted wetlands without further study. 
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INTRODUCTION 
Wetland ecosystems provide important ecological and economic services for the 

Great Lakes.  Basin wide land use changes have caused impairment of water quality and 
the outright loss of wetland habitat (Chow-Fraser et al. 1998; Smith et al. 1991).  
Populated areas of Lake Ontario have had an average loss of 75% of their wetland area, 
while the areas of highest development have had 100% losses (Whillans 1982).  
Degradation of wetlands via degraded water quality causes a cascade of changes in the 
biotic communities, where the altered macrophyte community results in impacted 
zooplankton and fish communities.  Zooplankton are dependent upon submergent 
vegetation as a refugia from planktivorous fish (Timms and Moss 1984; Lougheed and 
Chow-Fraser 2002), so the loss of submergent vegetation can lead to a shift in the 
zooplankton assemblage from turbidity intolerant, epiphytic grazers to turbidity tolerant 
species that thrive in open water (Lougheed and Chow-Fraser 1998).  There is also a well 
documented relationship between fish species and diverse and structurally complex 
submergent vegetation community (Brazner and Beals 1997; Casselman and Lewis 1996; 
Weaver et al. 1997).  The predictable relationship between water quality and wetland 
biotic communities can be used as a proxy for wetland condition, as long as the 
communities are altered as predicted throughout the area of interest. 

Indicators of ecological change are important tools for managers, allow them to 
have a stable and comparable method for tracking how wetland condition changes as 
degraded sites are actively restored and as a means to measure and define endpoints for 
success.  The extent of degradation among sites should be measured so that an objective 
system may be used to identify wetlands that would benefit from restorative efforts.  
Accountability and efficiency are vital to restoration efforts because of the large cost 
associated with them: 187 habitat restoration projects completed in Canadian Great Lake 
Areas of Concern cost a total of $80.3 million (CAD; IJC 2003).  Wetlands that have not 
been impacted by human activities can also be identified and protected with indicators. 
Protection of the habitats before they are degraded is more beneficial to the health of their 
ecosystems and is ultimately more cost effective.   

Within the Great Lakes, few indicators of wetland condition have been developed 
and those in existence have never been directly compared.  Chow-Fraser (2006) 
developed the Water Quality Index (WQI), derived from analysis of 110 wetlands located 
throughout the Great Lakes, using measurement of 12 environmental parameters (e.g. 
nutrients, suspended solids, etc.) to gauge water quality impairment within the wetlands.  
The WQI proved to be a significant and robust measurement of land-use alteration (shift 
from forested to agriculture or urban) and a sensitive indicator of human-induced 
impairment of water-quality.  The use of water quality based indices are limited because 
they are costly, time consuming, and require specialized equipment. Water quality based 
indices, like the WQI, also can not be applied to historical data sets where they are 
available because the necessary parameters are seldom measured or recorded in previous 
surveys of wetlands. 

Biotic indicators have been developed because of the limitations associated with 
chemical indicators (e.g. WQI).  Although biotic indices have been extensively used in 
other systems for plants (prairie wetlands: DeKeyser et al. 2003), invertebrates (streams: 
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Kerans and Karr 1994), and fish (streams: Karr 1981; Wang et al 1997), the development 
of biotic indices in the Great Lakes coastal wetlands has only recently begun in earnest 
(plants: Albert and Minc 2004; macroinvertebrates: Kashian and Burton 2000; fish: 
Uzarski et al 2005).  Three biological indicators have been developed specifically for 
Great Lake coastal marshes: the Wetland Macrophyte Index (WMI; Croft and Chow-
Fraser 2006), the Wetland Zooplankton Index (WZI; Lougheed and Chow-Fraser 2002), 
and the Wetland Fish Index (WFI; Seilheimer and Chow-Fraser 2006; Chapters 2 and 3).  
Developed as surrogates of the WQI, these indicators relate changes in a subset of the 
variables used to develop the WQI with changes in each biotic community.  These 
indicators are desirable substitutes for the WQI because they can be more easily 
implemented in wetlands and are more cost effective than the WQI.  However, the 
relative sensitivity of each index to changes in water quality is not known, but needs to be 
completed, as was done elsewhere (periphyton, macroinvertebrates, and fish; Griffith et 
al. 2006).  Unlike the WQI, each biotic index can be used on historical species lists, and 
this feature makes them ideal for tracking changes in habitat quality before and after 
remedial actions (Chapter 4). 

The primary objective of this study is to determine the relationship between each 
of the WMI, WZI, and WFI to the WQI for 32 wetlands located throughout the Great 
Lakes shoreline. First, we hypothesize that in most situations the biotic indices will 
perform as appropriate substitutes for the WQI but that the gradient underlying the 
development of each index is important in its application to new wetlands.  Secondly, we 
will identify the advantages and disadvantages of each index as an indicator of water-
quality conditions and ecological basis for the conclusions. We will formally test the 
following hypotheses; 1) the WMI and WFI are more   sensitive indicators of water 
quality than is the WZI because they were developed from a broader environmental 
gradient, and 2) weaknesses incurred by the WZI will be due to both the absence of 
appropriate habitat for zooplankton, and predation pressure from planktivorous fish.  
Finally, we will make recommendations for the appropriate use of these indices for 
assessing water-quality conditions in Great Lakes marshes.
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METHODS 
 
Sites 

The database used to conduct this comparison was assembled from previously 
published studies of Chow-Fraser (2006), Croft and Chow-Fraser (2006), Lougheed and 
Chow-Fraser (2002), and Seilheimer and Chow-Fraser (2006; Chapter 2 and 3).  
Although these combined studies included over 200 coastal marshes in total, only thirty-
two met the requirement for inclusion in this study: sampled within a 2-year period for 
water quality, macrophytes, zooplankton, and fish (Fig. 5-1; Table 5-1).  All sites within 
the database were sampled between 2001 and 2005.  The wetlands ranged from a high 
degree of anthropogenic impact (eutrophic; high nutrients and suspended solids) to 
minimal anthropogenic impact (oligotrophic; low nutrients and suspended solids).   
Unfortunately, there were no data from Lake Michigan wetlands, and hence only sites 
from the Canadian Great Lakes are represented in this study (Fig. 5-1).  The northern 
Great Lakes region had greater representation in the study, with 21 total wetlands 
(Superior (4 wetlands), Georgian Bay (16 wetlands), Huron (1 wetland)) compared with 
11 from the southern region (Erie (4 wetlands) and Ontario (7 wetlands); Fig. 5-1). 
 
Sampling 

Water quality data were collected at mid-depth and at least 10 meters from the 
edge of the aquatic vegetation at each wetland and processed with methods outlined in 
Chow-Fraser (2006).  Sites were sampled for zooplankton and fish as outlined by 
Lougheed and Chow-Fraser (2002) and Seilheimer and Chow-Fraser (2006; Chapters 2 
and 3), respectively.  Zooplankton were collected at mid-depth in a vegetation-free zone 
of the wetland with a 5 L Schindler-Patalas zooplankton trap.  Fish were collected with 
three sets of paired fyke nets: two pairs of large nets (13 and 4 mm bar mesh, 4.25 m 
length, 1 m × 1.25 m front opening) and one pair of small nets (4 mm bar mesh, 2.1 m 
length, 0.5 m × 1.0 m front opening) set parallel to the emergent zone at the 1 and 0.5 m 
depth contour, respectively.  The aquatic-plant community was surveyed usually between 
late June and late August.   In wadeable water, emergent plants would be surveyed by 
walking along random transects parallel to the shoreline within the flooded zone.  Some 
submergent taxa could be identified within these transects, but majority of these were 
surveyed with quadrats (0.75 m x 0.75 m) from a canoe or boat, within the vicinity of 
fyke nets that had been set contemporaneously to survey the fish community.  In deeper 
water (>0.5 m), a rake would be used to collect plants that could not be identified from 
the canoe.  Depending on the size and complexity of the wetland, these surveys would 
take from 20 minutes to several hours to complete; generally, 10 to 15 quadrats would be 
sampled in each wetland and only the occurrence of species was noted.  The focus of the 
survey was to identify submergent, emergent and floating plant taxa that serve as fish 
habitat; therefore, species associated with wet meadow were largely ignored. 
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Calculation of the WQI, WMI, WZI, and WFI 
WQI scores were calculated with the 12-variable equation from Chow-Fraser 

(2006; Equation 5-1).  The 12 environmental variables included in the calculation of the 
WQI were: physical (turbidity, total organic and inorganic suspended solids, and 
temperature), chemical (conductivity and pH), nutrient (total phosphorus, soluble reactive 
phosphorus, total nitrogen, total ammonia nitrogen, and total nitrate nitrogen), and 
chlorophyll a concentration. The equation used to generate WQI scores for all wetlands is 
as follows: 

 
 

Eqn 5-1:  WQI = 10.0239684 + (-0.3154965 * log TURB) + (-0.3656606 * log 
TSS) + (-0.3554498* log ISS) + (-0.3760789 * log TP) + (-0.1876029 * 
log SRP) + (-0.0732574 * log TAN + (-0.2016657 * log TNN)              
+ (-0.2276255 * log TN) + (-0.5711395 * log COND) + (-1.1659027 * 
log TEMP) + (-4.3562126 * log pH) + (-0.2287166 * log CHL) 

 
 
  
The index scores range from –3, (indicative of the most impacted condition) to +3 

(indicative of the most undisturbed site).  For descriptive purposes, Chow-Fraser (2006) 
identified six categories to explain the relative condition of the wetlands: < -2, “highly 
degraded”; -2 to -1, “very degraded”; -1 to 0, “moderately degraded”; 0 to +1, “good”; +1 
to +2, “very good”; and > +2, “excellent”, which we will use throughout the text. 

The biotic index scores were calculated with presence data and species-specific U 
and T values for macrophytes, zooplankton, and fish species (Lougheed and Chow-Fraser 
2002; Seilheimer and Chow-Fraser 2006; Chapters 2 and 3) according to Equation. 5-2: 
 

Eqn 5-2:   
∑

∑
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where Yi is the presence (present species = 1) or log10 abundance (log(x + 1)) of species 
i, Ti is the value from 1 to 3 (indicating niche breadth), and Ui is the value from 1 to 5 
(indicating tolerance of degradation).  Individual species have been assigned U and T 
values based on the relationship between their occurrence and environmental variables 
(ter Braak and Verdonschot 1995; see Appendices A and B for published U and T values; 
Chapter 3).  The U value is assigned to each species based on its centroid, (i.e. the center 
of a cluster of species scores in an ordination), along the synthetic degradation axis.  Each 
species was assigned a weight that corresponded to its position on the axis of 
degradation, where 1 indicated most tolerant of degradation and 5 was most intolerant of 
degradation.  The weighted standard deviations of the species scores (ter Braak and 
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Smilauer 1998) on the axis of degradation were used to indicate niche breadth and then 
used to assign the T values, where 1 indicated a wide niche breadth (e.g. found in a wide 
range of wetland conditions) and 3 indicated a narrow niche breadth (e.g. only found in a 
narrow range of wetland condition).  Species having narrow niche breadths were 
indicative of specific environmental conditions and were more useful as indicator species.  
The score for the WMI, WZI, and WFI in each wetland ranges from 1 to 5, where scores 
of 1 are characteristic of poor wetland condition (e.g. high anthropogenic impacts), while 
scores of 5 are associated with excellent wetland condition (e.g. minimal anthropogenic 
impacts). 
 
Comparison of the WQI, WMI, WZI, and WFI 

Pairwise correlations and regression analyses (linear and polynomial) were 
conducted separately for the WMI, WZI, and WFI against the WQI, with the software 
program SAS JMP (version 5.1, SAS Institute Inc., Cary, North Carolina).  SAS JMP was 
also used to compare the slopes of the linear and polynomial regressions between the 
WMI and WFI with the analysis of covariance (ANCOVA).  The alpha level for 
significance of all statistical tests was set at P = 0.05.
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RESULTS 
 
Index overlay 

The 32 wetlands in this study range from low WQI scores indicating “highly 
degraded” condition (e.g. high nutrients and suspended solids) to high WQI scores 
indicating “excellent” conditions (e.g. low nutrients and suspended solids; Table 5-1).  
WQI scores were higher in the northern than the southern wetlands (Fig. 5-1; Table 5-1), 
with the highest-quality wetlands primarily found in the northern Lakes (Superior, 
Georgian Bay, and Huron); only a single wetland from the northern Lakes had a negative 
WQI score (Matchedash Bay 2002 and 2003; Table 5-1).  By comparison, four wetlands 
from Lake Erie and Lake Ontario had WQI scores corresponding to “good” quality (0 to 
1), but the remaining sites in the south were considered degraded (Table 5-1).   The 
regression of WZI against WQI was not significant (r2 = 0.04, P = 0.29) but both 
regressions of WMI and the WFI against WQI were significant (r2 = 0.84, P < 0.0001; r2 
= 0.75, P < 0.0001, respectively).  An analysis of covariance indicated that the slopes of 
the two regression lines for WMI and WFI were significantly different (0.57 and 0.33, 
respectively, P < 0.0001; Fig. 5-2). 

 
Relationship between WMI and WQI 
 The WMI scores ranged from 1.00 (lowest possible score) to a high of 3.87 for 
the 32 wetlands in this study (Table 5-1).  WMI scores increased linearly with WQI until 
a threshold of 2.0, where WMI values began to plateau.  Therefore, we re-ran the 
regression with a polynomial fit and found that it explained slightly more variation (r2 = 
0.86) than did the linear regression (r2 = 0.84; Fig. 5-2).   In degraded wetlands (those 
with WQI scores < 0), macrophyte species richness tended to be lower than that in 
minimally disturbed wetlands (those with WQI > 0; Fig. 5-4).  Wetlands with 
intermediate quality (those with WQI scores between 1 and 2) generally had a higher 
number of submergent species than that in wetlands of “excellent” quality. 
 
Relationship between WZI and WQI 

Linear regression of the WZI scores against WQI scores did not result in a 
significant relationship (r2 = 0.04; P > 0.29; Fig. 5-2).  However, a significant relationship 
was obtained when this regression was conducted using a polynomial fit (r2 = 0.29; P = 
0.01; Fig. 5-5).  There was a positive relationship between WZI and WQI scores in 
degraded wetlands (WQI < 0) but a negative relationship for the minimally impacted sites 
(WQI > 1).    Therefore, both degraded and undisturbed sites (with respect to water-
quality conditions) were associated with low WZI scores, while sites of intermediate 
quality had the highest scores.  
 
Relationship between WFI and WQI 

There was a more defined threshold in the relationship between WFI and WQI 
(Fig. 5-6) than that which had been demonstrated for the WMI vs WQI relationship (Fig. 
5-3).  A polynomial regression produced a significantly better fit (r2 = 0.81; P<0.0001) 
and explained more of the residual variation than did the linear regression analysis (r2 = 
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0.75, P < 0.0001; Fig. 5-1).  Compared with the WMI-WQI relationship, there was a 
narrower range of WFI scores across the entire spectrum of WQI values, ranging from a 
low of 1.88 to a maximum of 4.12.  This narrow range may be the result of index scores 
being suppressed within the category of best quality wetlands, while they have been 
inflated within the category of poor-quality sites (Table 5-1).   
 
WMI versus WFI scores as indicators of water-quality 

Generally, the relationships between WMI (Fig. 5-3) and WFI (Fig. 5-6) with 
WQI are remarkably similar.  The main difference is that WMI scores associated with the 
degraded sites are lower, and this results in a larger range of WMI versus WFI scores 
over the same range of WQI values.   A comparison of the polynomial regressions of the 
WMI and WFI with WQI indicated that the slopes were not significantly different 
(ANCOVA; P = 0.11) but the y-intercepts of the WMI was significantly lower than that 
of the WFI (P = 0.004).  We probed further to uncover the reason for this disparity.  In 
highly degraded wetlands, there was little or no submergent species, and only a few 
floating or emergent taxa, all of which were indicative of polluted conditions (Fig. 5-4; U 
value of 1 (solid bars) in Fig. 5-7a).  By contrast, there was a relatively large number of 
fish species in these same degraded sites (Fig. 5-7b), and although there had been more 
species of fish indicative of poor water quality (U values of 1 and 2), there had also been 
a relatively large number of species that were less pollution tolerant (U value of 3 or 4).  
This had the effect of inflating the WFI score in the highly degraded sites, relative to 
WMI scores.  In fact, there was a consistent distribution of fish species with U value of 3 
(diagonal bars in Fig. 5-7b) across the 6 water-quality categories, and this also had the 
effect of lowering WFI scores in the “very good” and “excellent” wetland categories. 
 
WZI score as indicator of water quality 

The relationship between WZI and WQI was non-linear, with the highest WZI 
scores associated with wetlands in the “good” category (WQI score between 0 and 1).  A 
high score in those wetlands with intermediate disturbance is the result of a large number 
of zooplankton with U value of 5 (most intolerant of pollution) and a T value of 3 
(narrow niche breadth) (Fig. 5-8).  There were fewer zooplankton in this category in both 
the highly degraded sites and in the pristine sites.  The reason for the absence of high-
quality zooplankton in degraded sites is attributed to the absence of submergent plants, 
since most of the plankton in this group (e.g. Simocephalus, Sida (Appendix B) ) are 
obligately associated with submersed aquatic vegetation.  This same reason cannot be 
invoked to explain the low number of high-quality zooplankton in the pristine sites, since 
macrophyte species richness is relatively high in this category (Fig. 5-4).  A more likely 
explanation is that there is a disproportionately high number of planktivorous fish in 
these high-quality wetlands (Fig. 5-9a).  We speculate that planktivory by nursery fish in 
these sites is responsible for the lack of “high-quality” zooplankton in the pristine sites.  
As a comparison, we also plotted the abundance of carnivorous species (those that feed 
primarily on aquatic invertebrates and other animals) and found that they occurred in 
similarly high numbers in most of the water-quality categories (Fig. 5-9b), 
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The total number of wetlands included in the development of these indices, and 
the distribution of sites along the Great Lakes shoreline may also affect the overall utility 
of the three indices.   The WMI was developed from a relatively large group of coastal 
marshes from all five Great Lakes (127 sites; Table 5-2) and this may explain its better 
performance compared with the WFI (100 sites) and the WZI (70 sites).   An additional 
problem with the WZI was the   inclusion of a relatively large number of inland wetlands 
(Table 5-2), that had not been included in the development of the other indicators, and the 
lack of representation from Georgian Bay wetlands that are known to be of “very good” 
and “excellent” quality (Chow-Fraser 2006). 
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DISCUSSION 
The direct comparison of the WFI, WZI, and WMI in a parallel dataset is an 

important step in identifying the strengths and weaknesses of each index within a range 
of water quality conditions (Griffith et al. 2005).  This analysis made it apparent that 
different aspects of the plant, zooplankton, and fish ecology affected the relationship 
between the index scores and WQI scores.  This will help wetland and aquatic managers 
choose an appropriate substitute for the WQI, based on their specific needs and initial 
water-quality conditions.  We have also shown that when developing biotic indices, it is 
important to have a large environmental gradient.  Indices developed over a large 
environmental gradient and over a large spatial scale will also be more useful when 
comparing wetlands at the Great Lakes drainage basin level (Meador et al. 2003). 

Plants are useful indicators of wetland condition and water quality (Miller et al. 
2006) with great potential for use as indicators in Great Lakes coastal marshes (Croft and 
Chow-Fraser in submission; Albert and Minc 2004).  The WMI was a more sensitive 
indicator of water-quality impairment in the most degraded wetlands.  It was associated 
with the lowest variance, and provided successful discrimination between degraded and 
unimpaired wetlands.  Its better performance as an indicator of environmental conditions 
may be because submergent plants are sessile and cannot migrate to more favorable 
habitat;  hence, they are more reflective of the turbidity (Mahaney et al. 2004a, 2004b) in 
the water than are zooplankton and fish.  Sensitivity of the WMI compared to the other 
two indices may also be related to the comparatively large size of the database used to 
develop the index (154 wetlands distributed throughout the 5 Great Lakes) in comparison 
to the smaller databases used to develop the WZI (70 wetlands primarily in Lake Ontario 
with additional inland marshes) and the WFI (100 wetlands in all five Great Lakes). 

Although it was adequate for wetlands ranging from highly degraded to good 
quality, the WZI is probably an unsuitable index for the minimally impacted sites found 
in Lake Superior, Georgian Bay, and northern Lake Huron.  Since a low WZI score could 
be associated with either a highly degraded or an unimpaired site, the WZI would have to 
be modified before it can be applied to the “very good” or “excellent” wetlands.  New 
assignment of U and T values may have to be given to zooplankton species and 
additional indicator species may have to be identified.  The relationship between the 
density and coverage of aquatic plants may also be helpful for assessing the importance 
of aquatic macrophytes and zooplankton because only plant species richness was used in 
this study (rather than biomass or relative abundance). Planktivorous fish species such as 
the emerald shiner and rainbow smelt were captured in high numbers in the “excellent” 
wetlands.  These species are efficient predators of zooplankton (Scott and Crossman 
1998) and would not be inhibited by turbidity because the “excellent” wetlands had high 
water clarity.  The “highly degraded” wetlands also had a high number of planktivores, 
which were primarily alewife Alosa pseudoharengus, a species that feed primarily on 
zooplankton (Becker 1983).  Additional studies need to be done to confirm the impacts of 
planktivorous fish predation on the  performance of the WZI, and these may include 
exclusion experiments, and/or measurements of stomach contents for the relevant species 
of interest. 
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The most degraded wetlands had WFI scores that were higher than would be 
expected based on the WMI-WQI relationship.  One difference between the WMI and 
WFI is that while there tends to be lower species richness of aquatic plants in degraded 
sites, the species richness of fish is usually high across all wetland conditions, even 
though the species composition of the fish community is changed (Chow-Fraser et al. 
1998).  The “highly degraded” and “very degraded” wetlands were associated with the 
most fish with corresponding U-values of 1 and 2, and this contrasts the situation where 
“moderately degraded” wetlands had high number of species with U values of 1 and 2.   
Both WMI and WFI scores associated with wetlands in the “excellent” category leveled 
off, and this may have been due to the diluting effect of a relatively large number of 
species with intermediate U values.  Species with a U value of 3 (Table 3-3) are 
cosmopolitan species, like the yellow perch Perca flavescens and brown bullhead 
Ameiurus nebulosus that are found over a large range of environmental conditions 
(Brazner and Beals 1997).  It appears that the upper range of WMI and WFI scores are 
limited by the presence of ubiquitous species that can thrive in a wide range of 
environmental conditions including both degraded and undegraded sites.   When 
comparing the polynomial regressions of the WMI and WFI, we found that the slopes 
were statistically homogeneous, and thus the relationship between the two indices and the 
WQI is directly comparable.    

The logistics of implementing each of these indicators should also be taken into 
account by ecosystem managers before deciding which indicator would best suit their 
specific needs.  The most cost effective indicator of the three is the WMI, which requires 
a minimal amount of equipment (e.g. boat), access to the wetland, and a technician 
trained in identifying plant species, which can be done with minimal training (U.S. EPA 
2002).  The Wetland Fish Index is more costly because of the cost of specialized nets for 
capturing the fish, but identification of the fish species can be readily accomplished with 
published resources (Becker 1983; Scott and Crossman 1998).  The most expensive and 
time consuming of the three biological indicators is the WZI, which requires specialized 
equipment for the capture of the zooplankton (e.g. Schindler-Patalas zooplankton trap), 
preservatives (until it can be transported back to a lab), and a dissecting microscope for 
species identification.  The most time effective indicator is the WMI, where field 
sampling and calculation of an index score can all be accomplished within a day of 
surveying.  The WFI takes more time to implement because the fyke nets are typically set 
for at least 24 hours before fish identification.  The WZI is the most time consuming of 
all three indices because zooplankton samples must be transported back to a lab where 
they can be properly identified under a microscope, whereas macrophytes and fish are 
identified in the field.  Although some are more cost/time effective than others, all three 
biological indicators are more feasible when compared to the WQI that requires multiple 
probes, technicians, costly lab equipment, and hours of sampling and laboratory 
processing. 

Selection of appropriate indicators of water-quality conditions will depend on a 
number of logistical considerations as well as existence of base-line information.  For 
degraded sites, the WFI, WZI, or WMI all appear to be accurate indicators of water 
quality.  The WZI is not appropriate for use in high-quality sites in its current version, but 
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may be further developed and modified with inclusion of data from undisturbed sites.  
Since macrophytes are not mobile whereas fish are, the former may be better for 
discriminating among high quality wetlands.  If used under appropriate situations, all 
three indices are suitable indicators of water-quality conditions, although the WZI is both 
more costly and time-consuming to use than the other two.  We therefore recommend the 
use of the WMI and/or the WFI in Great Lake coastal wetlands because they both 
successfully differentiate wetlands based on a large gradient of water quality conditions, 
and because historic species list of plants and fish tend to be more available than are 
zooplankton data. 
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Table 5-2: Total number of wetland-sites and their locations in the Great Lakes basin 
corresponding to the development of the Water Quality Index (Chow-Fraser 2006), 
Wetland Macrophyte Index (Croft and Chow-Fraser 2006), Wetland Zooplankton Index 
(Lougheed and Chow-Fraser 2002), and Wetland Fish Index (Seilheimer and Chow-
Fraser 2006). 
 

  
Index 

development     

  
Distribution of wetlands by 

Lake     

  Wetlands (n) 
Lake 

Superior 
Georgian 

Bay 
Lake 

Huron 
Lake 

Michigan 
Lake 
Erie 

Lake 
Ontario 

Inland 
marshes 

         
Water 
Quality 
Index 

110 
 

18 
 

18 
 

8 
 

14 
 

17 
 

35 
 

0 
 

         
Wetland 
Macrophyte 
Index 

127 
 

21 
 

44 
 

18 
 

5 
 

26 
 

40 
 

0 
 

         
Wetland 
Zooplankton 
Index 

70 
 

7 
 

7 
 

4 
 

5 
 

8 
 

23 
 

16 
 

         
Wetland 
Fish Index 

100 
 

15 
 

32 
 

13 
 

8 
 

8 
 

24 
 

0 
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Figure 5-1: Location of 32 wetlands sampled for fish, zooplankton, and plants in the 
Great Lakes basin between the years of 2001 to 2005 (Inset in upper right shows Great 
Lakes location in North America).
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Figure 5-2: Overlay plot of the WMI (crosses with solid regression), WZI (diamonds 
with dotted regression), and WFI (circles with dashed regression) against WQI for 32 
wetlands sampled between the years of 2001 to 2005.
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Figure 5-3: Regression of the WMI vs. the WQI with a polynomial fit (r2 = 0.86; P < 
0.0001), for 32 sampled wetlands within the Great Lakes between the years of 2001 to 
2005. 
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Figure 5-4: Species richness of emergent (solid), floating (open), and submergent 
(diagonal shading) plant species for 32 wetland sites sampled between the years of 2001 
to 2005 spanning 6 intervals of water quality conditions: a) highly degraded, b) very 
degraded, c) moderately degraded, d) good, e) very good, and f) excellent. 
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Figure 5-5: Plot of WZI scores against WQI scores fit with a polynomial regression (r2 = 
0.28; P = 0.01) for 31 wetland sites sampled between the years of 2001 to 2005.
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Figure 5-6: Regression of the Wetland Fish Index vs. the Water Quality Index based on a 
polynomial fit (r2 = 0.81; P < 0.0001), for 33 sampled wetlands within the Great Lakes, 
sampled between the years of 2001 to 2005.
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Figure 5-7: Mean number of species of a) macrophytes and b) fish in six water quality 
groups within five U values (1 = solid bar; 2 = horizontal line bar; 3 = diagonal line bar; 4 
= crosshatched bar; and 5 = open bar), where U value of 1 correspond to species that are 
most tolerant to degraded conditions and U value of 5 correspond to species that are least 
tolerant of degraded conditions.
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Figure 5-8: Mean number of different zooplankton species associated with excellent 
water quality conditions (U value = 5, and T value = 3), as defined by the WZI, across 5 
different intervals of water quality for 31 wetland sites sampled between the years of 
2001 to 2005.
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Figure 5-9: Mean abundance of a) planktivorous fish species and b) carnivorous fish 
species found in 6 different intervals of water quality for 32 sampled wetlands between 
the years of 2001 to 2005.
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GENERAL CONCLUSIONS 
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Thesis Summary 
 In Chapter 1, I showed that the steam inputs from a heavily urbanized watershed 
resulted in more degraded water quality in the northern portion of the Bay than in the 
southern portion, which was more influenced by the open water portion of the Bay and 
Lake Ontario.  The proximity to a major highway led to additional impacts, demonstrated 
by elevated conductivity measurements associated with road runoff during winter storms.  
The differences in water quality between the north and south were also expressed in the 
fish community.  The northern assemblage was dominated by large tolerant, benthivorous 
species (e.g. common carp), while the southern assemblage was more likely to have less 
degradation tolerant species, such as juvenile game fish (e.g. largemouth bass and yellow 
perch).  When compared to historical records, the fish community appeared to have 
remained stable, indicating that water quality has been degraded to a similar degree for 
the last 20 years. 
 In Chapter 2, the Wetland Fish Index was developed by ranking 41 fish species on 
a degradation gradient of nutrient concentration, water conductivity, and water clarity.  
Index scores were significantly related to an index of wetland condition based on water 
quality (Water Quality Index), but other measures of ecological condition (e.g. species 
richness and Shannon diversity) were not significantly associated to water quality for 
coastal wetlands.  The WFI was applied to data collected in an urban wetland (Chapter 1) 
and confirmed the differences in water quality between the more degraded northern site 
in comparison to the less degraded southern site.  The WFI was also applied to a 
published dataset collected in the early 1990s in Green Bay, Lake Michigan.  The WFI 
scores were lower in the more degraded southern portion of Green Bay than the less 
degraded northern portion.  WFI scores were also lower in beach habitats than in wetland 
habitats, which supports the findings of Wei et al. (2004) that wetlands are preferred 
habitats.   
 In Chapter 3, the WFILower (developed in Chapter 2) was found to be inappropriate 
for use in the northern Great Lakes.  Further, there were more than 20 species found in 
the northern Lakes that were not included in the existing index.  Using the environmental 
gradient for 100 wetlands in all five Great Lakes, tolerance to degradation values were 
assigned to the additional species.  The WFIBasin scores were significantly related to water 
quality with an increased r-squared than the earlier WFI (Chapter 2).  The WFIBasin scores 
were found to exhibit only minimal interannual variation, which makes the index useful 
for long term management.  Finally, there were no differences between WFIBasin scores 
calculated from fish data collected with fyke nets compared to data collected at the same 
time with boat electrofishing. 
 In Chapter 4, the fish communities of coastal wetlands were compared before 
major remediation in Lake Ontario Areas of Concern to current conditions after 
remediation.  Major changes in the species assemblages have occurred since remediation 
began, including increases in overall species richness and in the richness of sunfish and 
cyprind species found in wetlands.  There was a significant increase in the WFI score 
between time periods, although scores in the western end of Lake Ontario tended to 
decrease or only increase minimally.  WFI scores in the eastern end of Lake Ontario 
increased over time, with the only decrease in a urban wetland located in Kingston, 
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Ontario.  Although overall wetland condition has increased over time, activities 
associated with local development (e.g. urbanization in western wetlands) have resulted 
in degradation of wetlands independent of lakewide remediation. 
 In Chapter 5, I compared the performance of three biotic indices of wetland 
condition as replacements for the more expensive Water Quality Index.  The WFI and 
Wetland Macrophyte Index (WMI) were both significantly linearly related to water 
quality but the Wetland Zooplankton Index (WZI) was only significant when using a 
polynomial regression.  When comparing the WMI and WFI, the WMI had a higher slope 
in the linear regression but the slopes were not significantly different when comparing 
polynomial regressions for the two indices.  The differences in the WMI and WFI at 
degraded wetlandswas caused by the intolerance of macrophytes to low water clarity, 
while in the same conditions there were still multiple fish species occurring.  The WZI 
had a negative relationship with water quality in wetlands with minimal degradation, 
which appears to be related to higher numbers of planktivorous fish species.  The WMI 
and WFI appear to work equally well at identifying wetland condition in the Great Lakes 
but the WZI should only be used in degraded sites, where it functioned well. 
 
Ecological knowledge 
 Each part of this project provides valuable information on fish habitat in Great 
Lakes coastal wetlands.  Historically, wetlands have been undervalued as fish habitat but 
on-going research is showing their importance for diversity and production of juvenile 
fish (Jude and Pappas 1992; Brazner and Beals 1997).  This is the first study to include a 
large portion of wetlands in Georgian Bay.  Georgian Bay is a globally unique 
embayment that provides important habitat for plants, animals, and humans and was 
considered of sufficient importance to earn status as an UNESCO World Biosphere 
Reserve (UNESCO 2005).  No studies have had this complete coverage throughout the 
eastern coast of Georgian Bay, which is difficult to access but where wetlands are 
minimally affected by human activities (i.e. low nutrient enrichment) in an area that is 
currently experiencing increased recreational and development pressure.  The ecological 
services that the Georgian Bay wetlands provide to the region need to be protected as 
development for recreation increases, the management of the region will need to 
encourage public involvement in the management decisions and increase understanding 
of the importance of the region. 
 
Wetland degradation and fish community 

This project has further confirmed the overriding importance of wetland 
degradation to fish community composition.  The relative impact of degradation on 61 
Great Lake fish species was quantified by determining their tolerance to water quality 
degradation and geographic distribution throughout the Great Lakes.  There are no 
studies on urban impacts on wetland fish communities in the Great Lakes, so the 
Frenchman’s Bay study adds valuable information on the impacts of urbanization on 
wetlands.  The impacts of urban development (elevated nutrients, Wahl et al. 1997; and 
road runoff; Forman and Deblinger 2000) on fish communities often occur at low levels 
over long time periods and have detrimental effects, although fish are likely to utilize any 
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available wetland in western Lake Ontario because many have been lost (>50%, Whillans 
1982).  There are very complex interactions occurring between the urban landscape and 
wetlands, which results in an overall loss of fish habitat and more vulnerability to exotic 
species invasion.  The lakewide improvement in water quality since the 1970s (Millard et 
al. 2003) is evident in the current wetland condition, even in areas that were not directly 
addressed in the remediation.  The protection of wetlands before they are degraded (e.g. 
Georgian Bay) will likely prove to be less expensive, and ultimately be more effective, 
than costly restoration efforts that have limited effects (e.g. Cootes Paradise marsh; 
Lougheed and Chow-Fraser 2001). 
 
Ecological indices and management 

The use of ecological indicators provides a rapid method to assess wetland 
condition of individual or multiple wetlands, and track changes in wetland condition over 
time.  Indicators, like the WFI, can act as proxies for water quality, which saves both time 
and money that would be expended for costly processing of nutrients and other water 
quality variables (Niemi and McDonald 2004).  Fish are a widely recognized group of 
aquatic organisms, which makes fish-based indices useful for communicating with the 
public and demonstrating the condition and importance of wetlands (Karr 1991).  For 
Great Lake coastal wetlands, there have been few successful attempts at developing fish-
based ecological indices.  These findings have important ramifications for present-day 
managers of aquatic resources throughout the Great Lakes because the indices (Chapters 
2 and 3) developed in this project can be applied to all of the Great Lakes without 
distinction between wetland type and Great Lake.  Commonly, the development of other 
ecological indices are restricted geographically to certain regions of the Great Lakes 
(separate Index of Biotic Integrity for northern and southern Great Lakes wetlands; 
Uzarski et al 2005).  Therefore the WFI is very useful, as it can be applied to all wetlands 
in the Great Lakes.  The comparison of wetland indices (WQI, WZI, WMI, and WFI) 
indicates that the success of an indicator is largely dependent on the biology of the group 
studied and the size and quality of the database used to develop the index.  The gradient 
that exists in this study has proven to be sufficientfor differentiating among species 
assemblages throughout the Great Lakes and has added to the tools available for the 
management, restoration, and protection of coastal wetlands, which are vital habitats in 
the Great Lakes.  
 
The Upshot 
 Canada needs to adopt better protection for wetlands of the Great Lakes coastal 
wetlands and, ultimately, wetlands across Canada, against the degration of water quality 
and fish habitat.  In the United States, the Clean Water Act (PL 92-500) explicitly 
includes wetlands in its main objective to: “maintain and restore the chemical, physical, 
and biological integrity of the Nation’s waters.”  As a result, a suite of ecological 
indicators have been developed to monitor conditions in streams, rivers, lakes, and 
wetlands (Karr and Chu 1999).  Protection for wetlands in Canada is not as clear, with the 
objective of the federal wetland conservation policy reading “promote the conservation of 
Canada's wetlands to sustain their ecological and socio-economic functions, now and in 



Ph.D. Thesis T.S. Seilheimer McMaster - Biology 
 

 193

the future” (Environment Canada 1991).  Although the Fisheries Act (Fisheries and 
Oceans Canada 1986) contains the stipulation that there be no net loss of fish habitat, the 
conservation of wetland condition is not required or encouraged.  This project provides 
evidence of the importance of wetlands as fish habitat and the negative effects of poor 
water quality on fish communities, which can be used under the auspices of the Fisheries 
Act to protect wetlands.   

The ultimate goal of this project was to enhance knowledge about fish 
communities in Great Lakes coastal wetlands and to provide researchers and managers 
with fish-based indices of wetland condition.  Within the context of this thesis, these 
goals were reached, and dissemination to the scientific community will allow them to be 
used for the protection of Great Lakes wetlands and other habitats.  With baseline data 
presented here, future research can be used to investigate specific impacts of water level 
change (both due to climate change and water level management) on fish communities 
and fish habitat.  The Great Lakes are a responsibility of the residents of the region and 
need to be protected and conserved for future generations through control of development 
and watershed runoff, and through legal protection of wetland habitat. 
 

 "A thing is right only when it tends to preserve the integrity, stability and 
beauty of the community; and the community includes the soil, water, 
fauna and flora, as well as the people." 

Aldo Leopold, A Sand County Almanac (1949) 
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Appendix A: U and T values for the Wetland Macrophyte Index (from Croft & Chow-
Fraser, in submission). 

 
Taxon 

 
Common name 

 
U 

value 

 
T 

value 
Emergent    
Eleocharis acicularis needle spike rush 4 3 
Eleocharis smallii marsh spike rush 4 2 
Equisetum fluviatile water horsetail 4 2 
Eriocaulon aquaticum pipewort∞ 5 3 
Lythrum salicaria purple loosestrife* 1 1 
Polygonum amphibium water smartweed∞ 1 1 
Polygonum sp. smartweed 1 1 
Pontederia cordata pickerelweed 3 2 
Sagittaria cuneata small arrowhead 3 1 
Sagittaria latifolia broad arrowhead 2 1 
Sagittaria sp. Arrowhead species 2 1 
Scirpus acutus hardstem bulrush 4 2 
Scirpus americanus three-square bulrush 5 3 
Scirpus sp. bulrush 4 1 
Scirpus validus softstem bulrush 4 1 
Sparganium androcladum branched bureed 4 3 
Sparganium angustifolium narrow-leaf burreed 5 1 
Sparganium chlorocarpum greenfruit burreed 2 2 
Sparganium emersum unbranched burreed 1 2 
Sparganium eurycarpum giant burreed 3 2 
Sparganium sp. burreed 2 2 
Typha angustifolia narrow-leaf cattail* 1 1 
Typha latifolia broadleaf cattail 3 2 
Typha sp. cattail 1 1 
Typha x glauca hybrid cattail* 1 2 
Utricularia cornuta horned bladderwort 5 3 
Floating    
Brasenia schreberi water shield 4 1 
Eichhornia crassipes water hyacinth* 1 1 
Hydrocharis morsus-ranae frogbit* 1 2 
Lemna minor lesser duckweed 1 1 
Lemna trisulca ivy duckweed 2 2 
Nelumbo lutea american lotus 1 1 
Nuphar advena spatterdock 1 3 
Nuphar variegata common yellow pond lily 2 1 
Nymphaea odorata fragrant water lily (white) 2 1 
Nymphoides cordata little floating hearts 5 3 
Pistia stratiotes water lettuce* 1 1 
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Potamogeton natans broad-leaved pondweed 2 1 
Sparganium fluctuans floating burreed∞ 4 2 
Spirodela polyrhiza greater duckweed 1 1 
Trapa natans water chestnut* 1 1 
Wolffia sp. watermeal* 1 2 
Submergent    
Bidens beckii Beck’s marsh marigold 4 2 
Cabomba  fanwort 1 1 
Callitriche sp. water starwort 4 2 
Ceratophyllum demersum coontail 1 1 
Chara sp. muskgrass 3 2 
Elodea canadensis canadian waterweed 2 1 
Hippuris vulgaris mare's tail 3 3 
Isoetes sp. quillwort 4 3 
Lobelia dortmanna water lobelia 5 2 
Myriophyllum alterniflorum alternate water milfoil 5 3 
Myriophyllum heterophyllum two-leaf water milfoil 3 2 
Myriophyllum sibiricum common water milfoil 3 2 
Myriophyllum spicatum eurasian water milfoil* 1 1 
Myriophyllum tenellum slender water milfoil 4 3 
Myriophyllum verticillatum whorled water milfoil 4 1 
Myriophyllum sp. water milfoil 1 1 
Najas flexilis slender water nymph 3 2 
Neobeckia aquatica north american Lake-Cress 5 3 
Nitella sp. stonewort 3 1 
Potamogeton amplifolius large-leaved pondweed 4 2 
Potamogeton crispus curly-leaf pondweed* 1 1 
Potamogeton epiphydrus ribbon-leaf pondweed 4 3 
Potamogeton friesii Fries' Pondweed 2 1 
Potamogeton gramineus variable pondweed 4 2 
Potamogeton illinoensis Illinois pondweed 3 2 
Potamogeton obtusifolius bluntleaf pondweed 2 1 
Potamogeton pusillus "slender" pondweed 2 1 
Potamogeton richardsonii clasping-leaved pondweed 3 2 
Potamogeton robbinsii fern-leaf pondweed 4 2 
Potamogeton sp. pondweed 1 2 
Potamogeton spirillus northern snailseed pondweed 5 2 
Potamogeton vaseyi Vaseyi pondweed 2 1 
Potamogeton zosteriformis flat-stemmed pondweed 3 1 
Ranunculus longirostris buttercup, crowfoot 2 1 
Ranunculus sp crowfoot 2 1 
Sagittaria graminea grassy arrowhead 4 3 
Scirpus subterminalis water bulrush 5 2 
Fresh water sponges sponges 5 3 
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Stuckenia pectinata sago pondweed 1 1 
Stuckenia vaginata sheathed pondweed 2 1 
Utricularia geminiscapa hidden fruit bladderwort 5 3 
Utricularia gibba humbed bladderwort 5 2 
Utricularia intermedia flatleaved bladderwort 3 2 
Utricularia minor lesser bladderwort 5 2 
Utricularia purpurea purple bladderwort 5 2 
Utricularia sp. bladderwort 3 2 
Utricularia vulgaris common bladderwort 3 2 
Vallisneria americana tape grass, eel grass 3 1 
Zizania sp. wild rice∞ 4 2 
Zosterella dubia water stargrass 2 2 

* denotes that the species is not native to North America.  ∞ indicates that the plant has a 
mixed habit (i.e. some part of its vegetative life cycle can be submergent, floating or 
emergent) 
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Appendix B: U and T values from the Wetland Zooplankton Index (from Lougheed and 

Chow-Fraser 2002). 
Taxon/species  U  T  
Rotifers    
Anuropsis sp.  3 1 
Ascomorpha sp.  1 1†  
Asplanchna sp.  2 1 
Brachionus sp.  2 1 
Cephalodella sp.  3 1†  
Collotheca sp.  5 2 
Conochiloides  4 2 
Euchlanis sp.  4 2 
Filinia sp.  1 1 
Gastropus sp.  2 1†  
Hexarthra sp.  1 1†  
Kellicotia sp.  3 3 
Keratella sp.  3 1 
Lecane sp.  5 2 
Lepadella sp.  4 2 
Lophocaris sp.  2 1†  
Macrochaetus sp.  4 1†  
Monostyla sp.  5 2 
Mytilina sp.  5 3 
Notholca sp.  3 1†  
Platyias sp.  4 2 
Ploesoma sp.  4 2 
Polyarthra sp.  3 1 
Pompholyx sp.  1 1†  
Scaridium sp.  5 1†  
Testudinella sp.  4 2 
Trichocerca sp.  4 2 
Trichotria sp.  5 2 
   
Chydoridae  4 2 
Kurzia latissima‡  3 3 
Leydigia leydigit‡  1 1†  
Monospilus dispar‡  2 1†  
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Macrothricidae  5 3 
Illiocryptus sordidus‡  1 1†  
   
Daphnidae    
Ceriodaphnia sp.  4 2 
Daphnia sp.  2 2 
Megafenestra sp.  2 1†  
Scapholeberis kingi  4 2 
Simocephalus sp.  5 3 
   
Sididae    
Diaphanosoma birgei  1 2 
D. brachyurum  5 2 
Latona parviremis  4 1†  
Latonopsis occidentalis  5 1†  
Sida crystallina  5 3 
   
Bosminidae  3 1 
   
Additional species    
Polyphemus pediculus  5 3 
Leptodora kindti  1 1†  
Moina sp.  1 1 
Holopedium gibberum  3 1†  

† Taxa that occurred in 10% of wetlands were automatically given a tolerance value of 1. 
‡ These species represent exceptions to the Chydoridae and Macrothricidae groupings. 
 


