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Overview

The North American Great Lakes (also known as the Laurentian Gt Lakes) are one of the wonders of the world, yet have suffered massive, deleterious change since the start of the European colonisation of America. A diverse community of fishes has been depleted by overfishing, habitat despoilation, eutrophication, persistent contaminants, introduction of exotic species of fish and mollusc and perhaps even global warming. The community is very diverse to British eyes, the number of lakes and their geographical spread complicate the picture and it is difficult to appreciate the complexity of all of the factors involved. However, it is an extremely interesting and useful example to become familiar with, partly because it contains such a broad swathe of problems, and partly because of the massive effort that is being made by the US and Canadian governments to rectify the situation. The outcome of this is interesting from a scientific perspective as well as from the point of view of general environmental management. The management being attempted is nothing less than a major ecosystem reconstruction. To date, major improvements have been made, the ecosystem 'functions' similarly to the original but has a different mix of species, is prone to rapid and unstable change and is not as productive of fish for the fisheries.

Although these notes provide a basic introduction and you can read summaries in various text books, you are best advised to follow up the material on websites prepared by various organisations actually involved in fisheries management in the Great Lakes. The situation continues to change at a speed that makes it difficult for textbooks to keep up. Follow the links on the course web: http://pcwww.liv.ac.uk/aquabiol/gtlakes/  for an easy introduction to the Web at its best. 

Great Lakes - Main features

The watershed of the Great Lakes contains thousands of industries and > 33 million people (Shear 2006). It is the source of drinking water to ca 24 million people. 1/3 popln of Canada, 1/8 of USA live within the catchment. 142 established fishes in the Great Lakes, 25 of which are introduced.(Cudmore-Vokey 2000)
Of the lakes, L Superior has changed the least in 200 yrs, change has been greatest in Erie, intermediate in the other three - Michigan, Huron & Ontario
Despite their very large size, they are still sensitive to water-borne pollution since only 1% of water entering the system flows out of St Lawrence in an average year

In the 1950s -60s the prevalent view was ‘Dilution is the solution to Pollution’ so that very little regard was paid to the disposal of all types of wastes and the standard of sewage treatment.

As a consequence, the main underlying environmental problem was that of Cultural Eutrophication, which has resulted in - adverse environmental conditions, fish kills, reduction in commercial and sport fishing. Originally it is likely that there was < 2µg/l of tot Phosphorus in Lake Superior.
The original fish stock was dominated by the large predatory Lake Trout and a small ‘species flock’ of coregonid type fish, both of which prefer cold, clear well-oxygenated water. The various adverse environmental changes have thus been reflected in lower fish catches
The Changes:
When Europeans colonised the Great Lakes region, they started a catalogue environmental change which produced massively degraded ecosystems in the Great Lakes by the 1950s and 60s. The reasons for changes in the order that they probably became significant 
1
intensive selective fishing – resulting in overfishing of many populations
2
physical modification of tributary rivers, deliberately or accidentally
3
invasion or introduction of exotic, marine species

4
eutrophication

5
high levels of persistent, possibly toxic chemicals

Eutrophication

Eutrophication is a common consequence of intensified use of our environment. However, in lakes in the modern world, eutrophication does not normally happen in isolation: there can be many more factors involved. Perhaps the best example of this are the North American Great Lakes which have been greatly changed in many ways over the last 300 yrs.

Increased nutrient input into a waterbody will have a large impact on primary production and the fish biomass derived from it. Partly, increased nutrient supply increases the amount of primary production that can feed through to fish production, and partly it changes environmental conditions that can interfere with the ecology of particular species, eventually causing their complete loss. The general changes resulting from eutrophication of lakes can be summarised as taking the fish community from one dominated by fish typical of cool, clear well oxygenated waters such as salmonids through percids to a community dominated by fish tolerant of warm de-oxygenated water such as the cyprinids. This happens to also result in a shift from commercially valuable species to those of less value. From the narrow point of view of fisheries, in waterbodies where the initial conditions are very oligotrophic, then the first modest increase in nutrients may increase fish production and can be considered to be beneficial. This can also be the case in eutrophic waters containing species already adapted to eutrophic conditions. This phenomenon is taken to its extreme in some types of aquaculture where large amounts of fertilisers are used to support intensive fish production.

Changes in the fisheries of the American Great Lakes (there are summaries in the latest edition of Moss 1988 or Tyler Miller 1988). The lakes are referred to as upper (L. Superior) to lower (L. Erie) The others are Lakes Michigan, Huron and Ontario) provide the most graphic example of the impact of eutrophication on a fishery although the picture is complicated by the effects of overfishing.  The lakes are very sensitive to pollution because only 1% of the water, which they contain, flows out in a single year via the Saint Lawrence River. L. Superior shows the least impact of change, L. Erie the shallowest lake shows the greatest.  Lakes Michigan, Huron and Ontario are intermediate. The factors having significant impact on the fisheries were overfishing of a selective nature, environmental deterioration in the tributary streams and rivers affecting spawning grounds, the invasion of new species and finally environmental change associated with eutrophication.  It is also likely that, accumulation of persistent pollutants interferes with the breeding of some fish species whilst threatening the health of fish consumers including humans.

L. Ontario was the first drainage basin to be settled so that the impact of human interference became apparent there before the other lakes but the effects have gradually moved outwards to the others leaving L. Superior the least affected. The Atlantic Salmon (Salmo salar ) in L. Ontario was the first casualty of overfishing starting in  the 1700s and disappearing altogether by 1900.  It was probable that the deterioration of conditions caused by logging, sawmills and exploitation of water power in the spawning streams was as much responsible for its disappearance as the fishing pressure. Attempts to re-establish a fishery for the Atlantic Salmon in Ontario have failed principally because without the tree cover, the streams are too warm in summer to maintain suitable conditions. In the upper lakes and after the Salmon fishery had declined in Ontario, whitefish (Coregonus clupeiformis ) and Lake trout (Salvelinus namaycush ) formed the main basis of the fishery, were
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Fig 1
The North American Great Lakes

heavily overfished and had declined in L. Erie by 1940 and L. Huron by 1950. As the trout and coregonid fisheries were fished out, the cisco (Lake Herrings - Leucichthys sp.) populations were also fished out. A fishery for Salvelinus namaycush is now maintained at great expense by a restocking programme.

In the late 1800s two marine species, the Alewife (Alosa pseudoharengus) and the sea lamprey (Petromyzon marinus) entered L Ontario. Both species were native to the adjoining coasts and it is not known for certain why they were only successful in establishing themselves then but it probably had something to do with the changes in the overall environment as well as the building of the Welland canal which bypassed the Niagra Falls. The lamprey, which is parasitic on large fish, reached L. Erie by 1921, L. Huron and L. Michigan by 1930 and L Superior in 1946. The Alewife was somewhat slower.  Predation by the lamprey was a factor in the destruction of the populations of larger carnivorous fish which then seemed to allow massive populations of the Alewife to develop. These were so large that huge fish-kills have occurred leaving thousands of tons of fish on the lakeshore causing huge problems of odour and public health.  Predation by the Alewife changes zooplankton composition and this in turn affects the algal composition. Overall it is impossible to separate out the impact of eutrophication from the other major influences but it is certain that there is increased de-oxygenation of deeper water and sediment surfaces, increased algal standing crops (total P has increased from 2-3 µgl-1 to 20-30 µgl-1).  Currently the fishery is dominated in the lower lakes by percid and cyprinid fish of low commercial value and typical of warm, more eutrophic water.

Fish yields

Over the past century declined in Huron & Ontario, remained relatively constant in Superior, Michigan & Erie, but this apparent stability masks major changes in quality 

Atlantic salmon - only present in L Ontario because of the barrier effect of the Niagara Falls

Fishing for salmon began in 1700s, was reduced by 1880 and ceased by 1900. Although intensive fishing reduced populations, it was changes due to forestry that eliminated species - waterpower, dams, sawmills sawdust, sedimentation after logging

A major effect has also been changes of water temperature after clearing of the original forests because of lack of shading in summer of small headwater streams stop. This has resulted in the failure of attempts to re-introduce Atlantic salmon.

In the upper Lakes and in Lake Ontario, after the salmon declined, whitefish (Coregonus clupeaformis) and Lake trout (Salvelinus namaycush) were both heavily over-fished - Lake Erie by 1940, Huron by 1950s. Lake trout fishery now maintained by annual stocking

Gradually shift to less valuable Ciscoes (Leucicthys artedi - Lake Herring) + others in deep water and were progressively fished out

Currently depend on percids and other fishes favoured by the changes taking place

Lake sturgeon (Acipenser fulvescens) - deliberate removal because of damage to nets plus over exploitation for caviar isinglass etc + changes in spawning habitat

particularly vulnerable with slow growth and late sexual maturity - even following a ban on commercial fishing - only common in parts of Lake Huron

The changes in tributary streams that affected salmon reproduction in L Ontario, became widespread elsewhere in late 19th and early 20th centuries. Commercially exploited spp - entered streams to breed - easy to capture during congregation below dams etc

Between 1860 and 1880 - two marine species entered L Ontario, the sea lamprey (Petromyzon marinus) & the alewife (Alosa pseudoharengus). Both could have entered previously up the Saint Lawrence but possibly environmental conditions are now more suitable for them after recent anthropogenic change. However, there was also a canal built in 1880s to connect the Hudson River, New York to the Great Lakes system. Later, the Erie and Welland Canals allowed them to bypass the Niagara Falls

The Lamprey reached Lake Erie by 1921, Lake Huron & Michigan by 1930s & Lake Superior by 1946.

The Alewife generally lagged behind, reaching Erie and Huron in 1931-33, Michigan in 1949 and Superior in 1953

Both species need deep water for part of their life cycles. Possibly as a result, neither species  are abundant or problematic in Erie

Pattern of damage was one of parasitism of lamprey on large lake piscivores - lake trout, burbot (lota lota) and deepwater Ciscoes, then smaller species until the lamprey itself declined.

Now managed by lampricides in spawning streams, physical barriers or the release of sterile males.

Reduction of the piscivores apparently favoured the Alewife - aggressive predation on zooplankters, competition with young piscivores and may even feed on the young fish stopping populations recovering.

It is actually difficult to actually see what part eutrophication has played in the fisheries decline.

Another complication in the story is the colonisation of the lakes by various ‘exotic’ species - Pink salmon - breeding, Coho salmon (Oncorhynus kisutch), the Chinook salmon, O tshawytscha, the steelhead trout (Oncorhyncus mykiss) & brown trout have all been introduced.

The increased populations of large piscivores has resulted in reductions in Alewife, and since 1983 marked increases in zooplankton and transparency of the water.
First introduced to the Great Lakes in the late 1870s, non-native salmonines have emerged as a prominent component of the Great Lakes ecosystem and an important tool for Great Lakes fisheries management. Fish managers stock non-native salmonines to suppress abundance of the non-native preyfish, alewife, thereby reducing alewife predation and competition with native fish, while seeking to avoid wild oscillations in salmonine-predator/alewife-prey ratios. In addition, non-native salmonines are stocked to create recreational fishing opportunities with substantial economic benefit.
After decimation of the native top predator (lake trout) by the non-native, predaceous sea lamprey, stocking of non-native salmonines increased dramatically in the 1960s and 1970s. Based on stocking data obtained from the Great Lakes Fishery Commission (GLFC), approximately 922 million non-native salmonines were stocked in the Great Lakes basin between 1966 and 2005. This estimate excludes the stocking of Atlantic salmon in Lake Ontario because they are native to this lake. Non-native salmonines also reproduce in the Great Lakes. For example, many of the chinook salmon in Lake Huron are wild and not stocked. This includes mostly Chinook salmon, followed by Rainbow trout. Since 2002, 74 million non-native salmonines have been stocked in the Great Lakes. Although, this is a large amount of fish being stocked, the number of stocked salmonines has actually decreased 32% from 2002 to 2004.

Of non-native salmonines, chinook salmon are the most heavily stocked, accounting for about 45% of all non-native salmonine releases (Figure 1). Rainbow trout are the second highest nonnative stocked species, accounting for 25% of all non-native salmonine releases. Chinook salmon, which prey almost exclusively on alewife, are the least expensive of all non-native salmonines to rear, thus making them the backbone of stocking programs in alewife-infested lakes, such as Lakes Michigan, Huron and Ontario.
Recently (2005) the indicator for salmon & trout reports a mixed/improving assessment across the Great Lakes basin. Lake trout stocking in Lake Huron has re-established a significant biomass, and stocking effectiveness remains high. Adequate spawning stocks (>age 6),however, are not yet established because predation by sea lamprey may be limiting recovery. In Lake Superior in 2003, sea lamprey consumed as much biomass as was taken by all fishing activities. As well, thiamine-deficiency in salmonids feeding on alewife remains problematic. In Lake Ontario, chinook salmon abundance is stable, possibly because natural reproduction is contributing to higher survival rates of young fish. The condition of the spawning chinook has deteriorated, however.

Lake trout, the keystone species for Great Lakes oligotrophicwaters, is having variable success of recovery, but the trend isimproving. For example, in Lake Ontario, lake trout reproductionwas more successful in 2003 than in the previous five years; twonew spawning sites were found in Lake Huron; and in the LakeErie Eastern Basin, 2003 was the third consecutive year in whichassessment catches increased. However, abundance of somemature lake trout stocks continues to decline because smallerprey-fish biomasses may not support larger lake trout populations,and Dreissenaare adversely impacting spawning shoals.

Lake Erie

This lake is relatively warm, shallow and highly productive. It is the shallowest of the Great Lakes - smallest volume of water, drainage basin heavily industrialised and contains the largest population of any of the lakes. The magnitude of increase is large: c1750 - perhaps 100,000 people in the catchment - 12million by the 1980s

At one time in the 1960’s, massive algal blooms had choked off oxygen to 65% of the lake’s bottom

The size of the commercial fish harvest has remained relatively constant (8lbs/acre) over last 100 years, but species composition has changed many times. It is presently dominated by the Rainbow smelt (an introduced alien) and the native Yellow Perch. Both of these are small and not commercially valuable. The formerly very valuable - lake trout, whitefish, lake herring, blue pike and walleye are not very abundant, some are totally absent.
The direct causes are complex, summer temperature has increased, nutrients have increased several fold and species dominance has changed to opportunistic species. The total harvest of fish has not increased as much as might have been expected - accelerated enrichment - reduced by oxygen deficits.
Environmental Cleanup

Since 1972, > $15 billion dollars has been spent jointly by Canada and the US on cleaning-up. Eutrophication has been controlled, with all the lakes meeting Phosphorus targets by 1986. The rate of cultural eutrophication has been slowed in most areas and even reversed in some by banning/limiting of use of phosphate in household cleaners and detergents and water conditioners within the Great Lakes basins along with building and upgrading sewage works. The latter reduced the numbers of coliform bacteria, algal blooms increases in dissolved O2 and commercial and sport fishing so that only 8 out of 516 swimming beaches remained closed because of gross organic pollution by 1986.

All the lakes except Erie and Ontario met joint US and Canadian goals for reduction of phosphorus by 1986. Since then, total phosphorus concentrations have decreased or held steady in all the Great Lakes except for Lake Erie, where total phosphorus concentrations increased during the1990s. Estimates of loadings to Lake Erie through the 1990s showed that the external loads were apparently not increasing so that total phosphorus concentration increases in Lake Erie may be due to changes in the internal processing of phosphorus. Significant changes in nutrient cycling may have been brought on by the introduction of non-native species, particularly the zebra and quagga mussels. Thus, the phosphorus concentrations in the open lake ecosystems have decreased to (Lakes Michigan and Ontario) or remain unchanged at or below (Lakes Superior and Huron) the target levels. The ecosystem objectives for phosphorus concentrations in Lake Erie have not been achieved.

Remaining problems

The most urgent remaining problems are those to do with toxic contaminants - particularly in Lake Erie & Ontario. Persistent toxic substances that have been associated with, or have the potential to cause, deleterious environmental impacts because of their presence in the Great Lakes basin have generally declined in biota over the past thirty years. Levels of PCBs, DDT and other pesticides have declined dramatically in trout, salmon, herring gull eggs, and spottail shiners. In many cases, however, levels still exceed health-based criteria and/or guide-lines (e.g., fish advisories remain in place on all five Great Lakes for mercury, PCBs, and various organochlorine pesticides). Persistent toxic substances that have been associated with, or have the potential to cause, deleterious environmental impacts because of their presence in the Great Lakes basin have generally declined in biota over the past thirty years. Levels of PCBs, DDT and other pesticides have declined dramatically in trout, salmon, herring gull eggs, and spottail shiners. In many cases, however, levels still exceed health-based criteria and/or guide-lines (e.g., fish advisories remain in place on all five Great Lakes for mercury, PCBs, and various organochlorine pesticides). 
In terms of gross ecological effects (e.g., egg shell thinning, population declines) most species have recovered. For example, bald eagles continue to recover and occupy additional territories, but evidence of toxics-related developmental deformities persists. Recent measurements in more subtle physiological and genetic endpoints, such as male-biased sex ratio in hatchlings, feminization in males, and suppressed immune system disorders, indicate the need to investigate endocrine disrupting chemical effects in the basin. 

Fisheries Management Programmes

These are best illustrated by the objectives of the Great Lakes Fisheries Commission for one of the Lakes - Lake Huron is used as an example. Similar plans exist for all of the lakes, you can access the original documents via the course website. 
From the management objectives it is easy to appreciate the complexity of what is being attempted.

Objectives for the Management of Lake Huron (as set out in 1995)
The overall objective for Lake Huron is to:

· over the next two decades was to restore an ecologically balanced fish community dominated by top predators and consisting largely of self-sustaining, indigenous, and naturalized species capable of sustaining an annual harvest of 8.9 million kg.

Specific objectives include: 

· Establish a diverse salmonine community that can sustain an annual harvest of 2.4 million kg with the lake trout (Salvelinus namaycush) as the dominant species and anadromous species also having a prominent place.

· Reestablish and/or maintain the walleye (Stizostedion vitreum vitreum) as the dominant cool-water predator in its traditional area with populations capable of sustaining a harvest of 0.7 million kg.

· Maintain the yellow perch (Perca flavescens) as the dominant nearshore omnivore and sustain a harvestable annual surplus of 0.5 million kg.

· Maintain the northern pike (Esox lucius) as a prominent predator throughout its natural range.

· Maintain the muskellunge (Esox masquinongy) in numbers and sizes that will safeguard and enhance the species status and appeal.

· Sustain a harvestable annual surplus of 0.1 million kg of esocids. Maintain the channel catfish (Ictalurus punctatus) as a prominent predator throughout its natural habitat while sustaining a harvestable annual surplus of 0.2 million kg.

· Maintain the present diversity of coregonines. Manage the lake whitefish (Coregonus clupeaformis) and ciscoes (Coregonus spp.) at levels capable of sustaining annual harvests of 3.8 million kg. Restore the lake herring (Coregonus artedi) to a significant level and protect, where possible, rare deepwater ciscoes (Coregonus reighardi).

· Sustain the smallmouth bass (Micropterus dolomieu) and the largemouth bass (M. salmoides) and the remaining assemblage of sunfishes (Centrarchidae) at recreationally attractive levels in their natural range.

· Increase abundance of the lake sturgeon (Acipenser fulvescens) so that the species is removed from its threatened status in United States waters. Maintain or rehabilitate sturgeon populations in Canadian waters. Maintain a diversity of prey species at population levels matched to primary production and predator demands.

· Reduce sea lamprey (Petromyzon marinus) populations to allow achievement of other fish-community objectives.

· Achieve a 75% reduction of the parasitic sea lamprey by the year 2000 and a 90% reduction by the year 2010.

· Recognize and protect the array of other indigenous fish species because they contribute to the richness of the fish community. These fish-cyprinids, rare ciscoes, suckers (Catostomus spp.), burbot (Lota lota), gars (Lepisosteidus spp.) and sculpins (Cottidae)-are important for three reasons. They have ecological significance; intrinsic value; and social, cultural, and economic worth.

· Maintain and promote genetic diversity by conserving locally adapted strains.

· Ensure that strains of fish being stocked are matched to the environments they will inhabit.

· Protect and enhance fish habitat and rehabilitate degraded habitats. Achieve no net loss of the productive capacity of habitat supporting Lake Huron fish communities and restore damaged habitats.

· Support the reduction or elimination of contaminants.
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There is a summary in :

Moss, B. 1988 Ecology of Freshwaters (2nd Edn)

A very readable paper with more detail is:

Rankin D (2002) Freshwater Ecosystems and Human Populations: Great Lakes Case Study Yale F&ES Bulletin 107 61-83 
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References (available through Electronic subscriptions): consult the librarian if you have difficulties:
Cudmore-Vokey, B. a. E. J. C. (2000). "Checklists of the Fish Fauna of the Laurentian Great Lakes and Their Connecting Channels. ." Can. MS Rpt. Fish. Aquat. Sci. 2550:v+39p.

Shear, H. (2006). "The Great Lakes, an Ecosystem Rehabilitated, But Still Under Threat." Environmental Monitoring and Assessment V113(1): 199.



References on Problems with persistent contaminants:

Evans, M.S. (Ed.) 1988 Toxic Contaminants and ecosystem Health: A Great Lakes Focus.  Wiley, New York.

Gilbertson, M. 1988 Epidemics in Great Lakes birds and mammals caused by chemicals. In Evans, M.S. (Ed.), Toxic Contaminants and ecosystem Health: A Great Lakes Focus. Wiley, New York, pp 133-152

Gilbertson, M. & Fox, G.A. 1977 Pollutant associated embryonic mortality of Great Lake Herring gulls. Environ. Pollut. 12: 211-16 

Harris, H.J., Sager, P.E., Regier, H.A. & Francis, G.R. 1990 Ecotoxicology and ecosystem integrity : The Great Lakes examined. Environ. Sci. Technol., 24: (5) 598-603 

Peakall, B.B. & Fox, G.A. 1987 Toxicological investigations of pollutant-related effects in Great Lakes gulls. Environ. Health Perspect., 71: 187-93. 

Summary of The Main Fish Species in the Great Lakes:

Lake trout

Salvelinus namaycush
Walleye

Stizostedion vitreum
Muskellunge

Esox masquinongy 

Northern Pike

Esox lucius
Burbot

Lota lota
Sturgeon

Acipenser fulvescens
Lake Whitefish

Coregonus clupeformis
Ciscos
(Lake Herring)
Coregonus artedii
shallow water

Deepwater Ciscos
(a species ‘flock’)
Coregonus spp

Including
The bloater 
Coregonus hoyi.

The blackfin cisco 
Coregonus nigripinnis


The shortnose cisco 
Coregonus reighardi


The shortjaw cisco 
Coregonus zenthicus

Others are or may be extinct

Slimy sculpin

Cottus cognatus 
deepwater

Mottled sculpin

Cottus bairdii
shallow water
Introduced:
Alewife

Alosa pseudoharengus
Rainbow Smelt

Osmerus mordax

Pink Salmon

Oncorhynchus gorbuscha
Chinook Salmon

Oncorhynchus tshawytscha
Coho Salmon

Oncorhynchus kisutch
Sea Lamprey

Petromyzon marinus
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