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No other freshwater system contains as many non-native species or has been invaded as frequently as the Great
Lakes-St. Lawrence River basin. Over 180non-native species have become established in the basinwithin thepast
two centuries. Collectively, these invasions have altered biodiversity, habitat structure, productivity, water
quality, contaminant cycling and ecosystem services. The composition and rate of discovery of invaders are
correlated with changes in dominant vectors, such as transoceanic shipping. We review the invasion history of
the basin and identify future invasion threats by considering trends and potential scenarios in changing
vectors and pathways. Whereas most non-native species discovered since the opening of the St. Lawrence
Seaway in 1959 were attributable to ballast water discharge from transoceanic vessels, recent regulations have
apparently reduced the threat of this vector. Nevertheless, non-native species may continue to be introduced
through poorly-regulated vectors, particularly those associated with trade in live organisms. The spread and
impact of current and future invaders are expected to be exacerbated by interactions with other anthropogenic
stressors that are increasing in frequency and spatial extent. Most notably, the continued warming of surface
waters of the Great Lakes basin will lift thermal barriers to invasions by warm-water taxa. Contrary to any
perception that the “worst is over” (i.e. most harmful invasions have already occurred), the basin remains
vulnerable to further ecological and economic disruptions from non-native species.

© 2014 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

The Great Lakes-St. Lawrence River basin (hereafter, the Great Lakes
basin) is the world's most invaded freshwater system (Ricciardi, 2006).
Non-native species have been introduced to the basin through
numerous vectors and pathways that operate on multiple spatial
scales and are mediated by environmental and socioeconomic factors
(Mills et al., 1993, 1994; Ricciardi, 2006). The relative influence of a
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given vector or pathway evolves as new regulations are implemented
and the recipient ecosystem is altered by various stressors (Williams
et al., 2013). Therefore, a strategy to address the scope of challenges
presented by invasive species (defined here as those non-native
species that spread aggressively and cause undesirable impacts)
must involve managing vectors, developing risk assessments,
monitoring for new non-native populations, and implementing
appropriate policy — all in the context of shifting patterns of invasion
risk. To this end, resource managers require knowledge of changes in
vector activity, the efficacy of current regulations and control strategies,
and future invasion threats.

Valuable predictive information can be derived from an analysis of
invasion history and vector activity within the Great Lakes basin. Here,
we examine patterns of species introductions in the basin over the
past 50 years (1963–2013), with consideration given to other drivers
including climate change and legislative actions. We then hypothesize
three scenarios for the basin over the next 50 years (2013–2063),
based on 1) the effectiveness of different governance strategies that
have been, or may be, adopted for regulating currently active vectors
.V. All rights reserved.
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and pathways, and 2) projected rates of warming of surface waters.
Under each scenario, we identify probable future invaders entering
the Great Lakes basin using a simple algorithm.

A long history of species invasions in the Great Lakes Basin

Over 180 non-native species have been recorded established in
the Great Lakes basin within the past two centuries (GLANSIS, 2014;
Mills et al., 1993; Ricciardi, 2006). About 40% of these species were
introduced via shipping (i.e., ballast water release, dumping of solid
ballast, and hull fouling). Ship-mediated invasions have grown in fre-
quency over the past 50 years (Fig. 1), concomitantly with increased
visits and greater volumes of ballast water discharged by transoceanic
vessels entering the basin since the opening of the St. Lawrence Seaway
in 1959 (Ricciardi, 2006). In contrast, hull fouling associated with inter-
national shipping has played an unimportant role (likely responsible for
only two species introductions – both involvingmarine algae; Ricciardi,
2006), because of the lack of environmentalmatchbetween transported
species and recipient freshwater habitats (Sylvester and MacIsaac,
2010). Another source of introductions that has grown in recent de-
cades are vectors involving ‘live trade’ – the commercial importation
of live organisms (e.g., ornamental plants, aquarium pets, baitfish, fish
and invertebrates for food markets, organisms for scientific research
and teaching). Most non-native fish present in the Great Lakes basin
were delivered to the region through commercial sale as food, live
bait, or stocking for angling and aquaculture (Mandrak and Cudmore,
2010). Some plant and animal invasions have apparently resulted
from unauthorized aquarium releases (Mills et al., 1993), which are
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Fig. 1. The number of established non-native species in the Great Lakes distinguished
by vector of entry, before and after 1962. ‘Shipping’ constitutes all activities related to
this vector (ballast water, solid ballast, hull fouling), ‘Live Trade’ includes aquarium/
ornamental/pet releases (gray) and bait fish releases (white), whereas ‘Intentional’
refers to stocked fish (gray) and cultivated plants (white), as well as other methods of
intentional release (crosshatched). Data are from Mills et al. (1993), Ricciardi (2006)
and GLANSIS (2014).
frequent and involve a diverse range of taxa (Cohen et al., 2007;
Leach, 2003). By comparisonwith shipping and live trade vectors, canals
have become less influential as a source of primary introductions in the
latter part of the 20th century (Fig. 1), but remain an important vector of
secondary spread for species already established in the basin, and may
also play an important role in facilitating new invasions mediated by
climate change (see Canals and recreational boating).

Nearly half of all non-native species recorded as established in the
Great Lakes basin are Eurasian, and most of these were introduced
either intentionally or through shipping vectors (Fig. 2). In recent
decades, ship-mediated invasions have often involved Ponto-Caspian
species — i.e. those originating from the freshwater and brackish mar-
gins of the Azov, Black, and Caspian Seas (Ricciardi and MacIsaac,
2000). Invasions associated with live trade most often involve Asian
and Eurasian species. Species from a variety of regions have invaded
the Great Lakes basin through canals, but the majority is indigenous to
the Atlantic and Mississippi drainages (Fig. 2).

Since the opening of the Seaway, one new established non-native
species has been discovered every 8 months (82 species since 1960),
or 1.52/year, on average (Ricciardi, 2006; Ricciardi, unpubl. data). This
well exceeds rates recorded for the Rhine River (0.56/yr; Leuven et al.,
2009), the Hudson River (0.66/yr; Mills et al., 1997), Lake Champlain
(0.68/yr; Marsden and Hauser, 2009), the Columbia River (0.84/yr;
Sytsma et al., 2004) and the Thames River (1.04/yr; Jackson and Grey,
2012). The number of new discoveries peaked between 1959 and
1993, which was a period characterized both by high shipping fre-
quency and unregulated ballast water release. Ballast water carried
by ships arriving from foreign ports was regulated for the first time
in 1993 and more comprehensively in 2006 (GC, 2006). Virtually
all ships entering the seaway since 2008 were inspected for compli-
ance (GLSBWWG, 2014). Perhaps as a result, the number of non-
native species discovered in the 2000s is the lowest for any decade
since the Second World War. Indeed, no new invasions attributable
to shipping have been reported since 2006 (Bailey et al., 2011).

Impacts of species invasions in the Great Lakes basin

The impacts of most non-native species in the Great Lakes basin are
poorly known (Mills et al., 1993). Nevertheless, non-native species have
been shown to be a driving force of ecological change within the basin,
causing native biodiversity declines, food web transformations, altered
nutrient and contaminant cycling, and shifts in productivity (Hogan
et al., 2007; Mills et al., 1993; Ricciardi, 2001; Vanderploeg et al.,
2002). A prominent example is the sea lamprey Petromyzon marinus,
which spread quickly throughout the Great Lakes basin and contributed
to the collapse of native lake trout Salvelinus namaycush populations in
the late 1940s and 1950s (Mills et al., 1993). Within two decades, the
annual commercial yield of lake trout was reduced from 15 million
pounds to only 300000 pounds in the upper Great Lakes, whereas in
the lower Great Lakes the lake trout fishery disappeared by 1960
(GLFC, 2010). The loss of this top predator facilitated the expansion of
populations of alewife Alosa pseudoharengus in the 1950s and 1960s
(Ricciardi, 2001), which provoked the declines of native planktivorous
fishes (Mills et al., 1994).

High-impact invaders appear to have become more frequent in
recent decades (Table 1), but it is not clear whether this trend reflects
a reduction in the resilience of ecosystems in the Great Lakes basin or
an artifact of better detection methods and increased scientific atten-
tion to ecological change. Nearly 20% of all invading species discovered
over the past 50 years have had significant impacts on native species
populations (Ricciardi, unpubl. data). For example, the Eurasian ruffe
Gymnocephalus cernuus and the round goby Neogobius melanostomus
have displaced native fishes (Balshine et al., 2005; Lauer et al., 2004),
and predatory waterfleas Bythotrephes longimanus and Cercopagis
pengoi have drastically altered zooplankton communities (Barbiero
and Tuchman, 2004a). A variety of introduced pathogens have caused
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Fig. 2. The number of established, aquatic non-native species in the Great Lakes basin distinguished by vector and location of origin. ‘Shipping’ constitutes all activities related to shipping
(ballastwater, solid ballast, hull fouling), ‘Live Trade’ refers to all activities leading to the unintended release of species through livefish trade, live baitfish release, aquarium release and pet
release. ‘Intentional’ refers to stocked and planted species. Data are from Mills et al. (1993), Ricciardi (2006) and GLANSIS (2014).
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mass die-offs of fishes throughout the Great Lakes basin (Table 1),
and more were discovered from 2000 to 2005 than in all previous
years combined. Myriad, conspicuous, ecosystem-level impacts were
associated with the establishment of dense populations of dreissenid
mussels (including the zebra mussel Dreissena polymorpha, and the
quagga mussel D. rostriformis bugensis), whose filter-feeding activities
have dramatically increased water clarity, reduced phytoplankton
biomass, transformed benthic and pelagic invertebrate communities,
caused diet shifts in native fishes, altered nutrient and contaminant
cycling, and may have also increased the frequency of blue-green
algal blooms and botulism outbreaks in fish and waterfowl (Barbiero
and Tuchman, 2004b; McNickle et al., 2006; Rennie et al., 2009;
Vanderploeg et al., 2002; Yule et al., 2006).

The societal costs of these impacts are difficult to measure, but the
economy of the Great Lakes basin has undoubtedly suffered damage
as a result of ever-accumulating invasions. This damage includes a loss
of revenue in sport and commercial fisheries, recreation and tourism,
costs of disruptions to municipal water supplies, industrial facilities
and power plants, and the chronic costs of control measures (Rosaen
et al., 2012). In a recent study of the impacts of ship-borne invasive spe-
cies in US waters of the Great Lakes basin (Rothlisberger et al., 2012),
median damages aggregated across multiple ecosystem services were
estimated to be at least $138 M per year, and maximum damages as
high as $800M annually for the sportfishing industry alone. Investment
into prevention and early eradication would likely incur a substantively
lower cost than the damage caused by unimpeded invasions (Leung
et al., 2002; Vander Zanden et al., 2010).
Regulations and measures to prevent and control invasions

In response to a burgeoning number of ship-borne invaders discov-
ered in the basin, the Canadian and US governments developed regula-
tions requiring transoceanic ships destined for Great Lakes ports to
exchange the water in their ballast tanks with seawater obtained 200
nautical miles offshore, prior to entering the seaway. It was expected
that freshwater organisms in the ballast tanks would be flushed out or
killed by exposure to the high salinity level (N30‰) of the oceanic
water, whereas marine organisms taken up in the open ocean would
not survive in the Great Lakes basin. This procedure, termed ballast
water exchange (BWE), was implemented as a voluntary measure by
Canada and the US in 1989 and 1990, respectively. In 1993, BWE
became mandatory for all ships that enter the seaway declaring ballast
on board (Locke et al., 1993). Subsequent discoveries of new invaders
suggested that BWE regulations were inadequate (Ricciardi, 2006;
Ricciardi and MacIsaac, 2008; but see Costello et al., 2007). Nearly 90%
of ships that entered in the 1990s declared no ballast on board, and
thus were not subject to mandatory BWE, even though their ballast
tanks contained residual sediments and water (Holeck et al., 2004).
Regulations adopted by Canada in 2006 and the US in 2008 required
ships with residual ballast to flush their tanks with seawater, through
sequential or flow-through exchanges, in order to achieve a minimum
salinity of 30‰ (GC, 2006). Furthermore, as of December 2013, the US
Environmental Protection Agency has issued a new five-year Vessel
General Permit that requires all cargo ships entering US waters of the
Great Lakes and the St Lawrence Seaway to carry equipment designed



Table 1
Non-native aquatic species that have had demonstrable community-level and ecosystem-
level impacts in the Great Lakes basin. Data from Mills et al. (1993), Ricciardi (2006) and
GLANSIS (2014). * = pathogen.

Invasive Species Year discovered

Sea lamprey (Petromyzon marinus) 1835
Purple loosestrife (Lythrum salicaria) 1869
Alewife (Alosa pseudoharengus) 1873
Chinook salmon (Oncorhynchus tshawytscha) 1873
Rainbow trout (Oncorhynchus mykiss) 1876
Common carp (Cyprinus carpio) 1879
Brown trout (Salmo trutta) 1883
Furunculosis (Aeromonas salmonicida)* 1902
Flowering rush (Butomus umbellatus) 1905
Rainbow smelt (Osmerus mordax) 1912
Coho salmon (Oncorhynchus kisutch) 1933
White perch (Morone americana) 1950
Eurasia milfoil (Myriophyllum spicatum) 1952
Glugea (Glugea hertwigi)* 1960
Whirling disease (Myxobolus cerebralis)* 1968
Bacterial Kidney Disease (Renibacterium salmoninarum)* 1975
Spiny waterflea (Bythotrephes longimanus) 1982
Eurasian ruffe (Gymnocephalus cernuus) 1986
Zebra mussel (Dreissena polymorpha) 1988
Quagga mussel (Dreissena bugensis) 1989
Round goby (Neogobius melanostomus) 1990
Ponto-Caspian amphipod (Echinogammarus ischnus) 1994
Fish-hook waterflea (Cercopagis pengoi) 1998
Microsporidean (Heterosporis sp.)* 2000
Spring Viraemia of Carp (Rhabdovirus carpio)* 2001
Muskie pox (Piscirickettsia cf. salmonis)* 2002
Largemouth Bass Virus (Ranavirus sp.)* 2002
Viral Hemorrhagic Septicemia (Novorhabdovirus sp.)* 2005
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to limit the number of organisms occurring in a cubic meter of ballast
water. All ships are expected to be retrofitted with such equipment by
2018. Vessels in violation can have ballast water discharge permission
revoked under the US Clean Water Act. Similarly, in 2012 the US Coast
Guard mandated the installation of certain technologies (Ballast Water
Management Systems) to satisfy treatment standards for live organisms
in ballast water prior to discharge.

With the exception of BWE, no regulations of aquatic invasive
species exist at the bi-national level, and this gap has likely hindered
effective prevention. The bulk of legislation to prevent new species
introductions currently resides with individual state and provincial
governments (Thomas et al., 2009). The Great Lakes Water Quality
Agreement (GLWQA, 2012; annex 5 & 6) includes consideration of inva-
sive species management, which directs Canada and the US to create
watch lists, identify priority locations, develop monitoring protocols
and management strategies that include the establishment of barriers,
and develop bi-national response mechanisms.

The need for a coordinated bi-national response is particularly
exemplified by live trade, which is expected to become a significant
vector of future invasions (Keller and Lodge, 2007; Rixon et al., 2005).
Table 2
The provincial and state legislation and regulation pertaining to the control of non-native fish in
and the management of escapees is included shown. Adapted from Thomas et al. (2009) and L

Province/State Legislation

Ontario Fishing Licensing Regulations; Fish and Wildlife Conservation Act; Inv
Illinois Fish and Aquatic Life Code
Indiana Indiana Admin. Code; Indiana Statute
Ohio Ohio Admin. Code
Michigan Michigan Aquaculture Development Act; Natural Resources and Envir
Minnesota Minnesota Statute
New York NY Environmental Conservation Law
Pennsylvania Pennsylvania Admin. Code
Wisconsin Wisconsin Admin. Code; Wisconsin Statute
Regulations concerning the commercial importation of living organisms
exist in all states and provinces that border the Great Lakes basin
(Table 2), but vary in their degree of control across borders, generat-
ing a “weakest-link” problem that may result in the spread of non-
native species between contiguous regions that encompass weakly
protected jurisdictions (Peters and Lodge, 2009). Among provincial,
state and federal regulations concerning live trade, aquaculture and
live bait are the most regulated, whereas live fish sales and the pet
trade are the least regulated industries (Thomas et al., 2009). Only
two of the eight states bordering the Great Lakes basin (Illinois and
Minnesota) have included provisions that target escapees from
aquaculture facilities, indicating a clear lack of preparedness for dealing
with potential fish invasions via this vector. The same non-native
species may be distributed by multiple vectors that are subject to
varying levels of control, ranging from no regulation to complete
prohibition (Peters and Lodge, 2009).

In Canada, the federal and provincial governments have long
had few regulations for live trade (Mandrak and Cudmore, 2010;
Vasarhelyi and Thomas, 2003). In the US, the primary legislation
intended to protect non-agricultural systems from animal invasions
is the injurious wildlife provision of the Lacey Act, which gives the
US Fish and Wildlife Service the authority to prohibit importation
and interstate transport of listed animals deemed to be a threat to
wildlife resources. This Act is undermined by a lack of effective risk
assessment protocols that anticipate impending threats prior to
their introduction and establishment (Fowler et al., 2007). In either
the US or Canada, virtually no risk assessment is required for the
importation of aquatic species.

Control programs can be effective if the biology of the target organ-
ism is well known and there is long term commitment to the program
by all stakeholders. The best example of this is the collaborative action
of the governments of Canada and the US that produced a sustained
reduction of sea lamprey populations to 10% of their former levels,
through the use of lampricides, barriers and traps (GLFC, 2010). Though
controversial, the stocking of non-native salmonids has also been used
effectively tomanagenuisance forage fish populations including alewife
(Mills et al., 1994); however, the salmonids themselves have had some
negative ecological impacts (Crawford, 2001). Preventative measures
against species introductions are favored over attempted eradication
and control, which may not always be successful (Vander Zanden
et al., 2010). Removing a widespread and well-established species
from an expansive system is an immense challenge, and thus such
eradications are rarely attempted.

Increased efforts have beenmade to educate and engage the public in
preventing the spread of invasive species across the Great Lakes basin.
Various governmental agencies and non-governmental organizations
run educational programs to inform citizens about various mechanisms
of dispersal including transport via recreational boats, aquarium release,
baitfish release, and illegal transport of live organisms (GLFC, 2010;
Rosaen, 2012). The GLWQA (2012) also calls for implementing public
education programs to prevent new introductions.
the Great Lakes basin. Provisions of the legislation over aquaculture, baitfish, live fish sales
egislative Assembly of Ontario (2014). √ = covered, X = not covered.

Aquaculture Baitfish Fish Sales Escapes

asive Species Act √ √ √ √
√ √ √ √
√ √ √ X
√ √ √ X

onmental Protection Act √ √ X X
√ √ √ √
√ √ √ X
√ √ √ X
√ √ √ X
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Interactions between invasive species and other anthropogenic
drivers

Undoubtedly, invasive species will continue to be one of the
most complex drivers of change in the Great Lakes basin over the next
50 years, particularly because of their capacity to interact with other
anthropogenic drivers. At least three general categories of drivers are
likely to be implicated in these interactions: climate change, biological
and chemical contaminants, and socioeconomic drivers.

Climate change

Despite growing pressure for changes in energy policy, both the US
and Canada continue to increase fossil fuel production and consumption
(Murphy, 2012). Continued CO2 emissions at current levels are expect-
ed to drive a mean global temperature increase of 2.3–4.5 °C by the
end of this century (Rogelj et al., 2012). Such changes should benefit
at least some non-native species in the Great Lakes basin (Bronte
et al., 2003; Magnuson et al., 1997), and be detrimental to others
currently established (e.g., Thorp et al., 1998). A likely prospect is the
removal of thermal barriers to numerous warm-water species that
otherwise could not invade, despite persistent opportunities for their
introduction (see Future scenarios).

Climatic change will affect water levels, through altered spatial and
temporal patterns of precipitation and evaporation. However, there is
considerable uncertainty regarding projected changes to Great Lakes
water levels, which are not expected to be uniform across the basin
(Ehsanzadeh et al., 2013; Lofgren et al., 2011). It is unclear how alter-
ations to seasonal water cycles (e.g. Gronewold and Stow, 2014) will
affect invasion risk. In areas subjected to lower water levels, the con-
sequent increase in exposed shoreline is expected to favor invasive
macrophytes (Tulbure and Johnston, 2010; Tulbure et al., 2007).

Changes in temperature and the addition of non-native organisms to
aquatic food webs can dramatically alter energy flow (Bronte et al.,
2003; Kolar et al., 1997). Native zooplankton are threatened by invasive
crustacean predators, such as the bloody-red mysid shrimp Hemimysis
anomala and the subtropical waterflea Daphnia lumholtzi, which are
expected to benefit from increased temperatures and become more
widely distributed in the Great Lakes basin (Ricciardi et al., 2012;
Tudorancea et al., 2009). Conversely, some current invaders, such as
the spinywaterflea Bythotrephes longimanus, thrive in cooler conditions
(Kerfoot et al., 2011; Kim and Yan, 2011) andmight be negatively affect-
ed by climate change. Among the non-native fishes in the Great Lakes
that may benefit from warmer temperatures are striped bass Morone
saxatilis, rainbow smelt Osmerus mordax, alewife, and sea lamprey
(Bronte et al., 2003; Rixon et al., 2005). A variety of warm-water fishes
that are currently restricted to the lower Great Lakes, or that are exclud-
ed from the basin, are predicted to expand their ranges through
the basin (Mandrak, 1989). Climate change may also exclude native
coldwater fishes from formerly hospitable habitat; for example, the sur-
vival of lake trout fry declines with increasing temperature (Casselman,
2002), and a significant loss in their recruitment will negatively impact
recreational fisheries.

Biological and chemical contaminants

As theGreat Lakes basinwarms, biological contaminants (organisms
or their products that are hazardous to animal health)may also become
increasingly problematic (Schindler, 2001). Warmer temperatures may
allow disease organisms to complete their life cycle more rapidly, and
thus magnify the spread and impact of non-native parasites and patho-
gens (Marcogliese, 2001). More complex host–pathogen interactions
may occur through temperature-driven increases in biological oxygen
demand (BOD) and rates of decomposition. A recurring example in
the Great Lakes basin is the elevated BOD associated with massive
decomposing organic material that produces anoxic conditions
favorable to the bacterium Clostridium botulinum. A link between ale-
wife boom-and-bust die-offs and botulism outbreaks was identified in
the 1960s (Fay, 1966). Another mechanism of such outbreaks has be-
come apparent in recent decades. The filtration activities of
dreissenid mussels increase light transparency and thus promote pro-
lific macrophyte growth whose biomass, when decomposed later in
the summer, can create periodic anoxic conditions (Vanderploeg et al.,
2002). The mussels can also concentrate the cells and toxin of
C. botulinum, such that molluscivores including the round goby
Neogobius melanostomus can accumulate the toxin and transfer it to
higher trophic levels (e.g., piscivorous waterfowl). This is the presumed
cause of annual die-offs of tens of thousands waterfowl in the lower
Great Lakes observed since the late 1990s (Hebert et al., 2014; Yule
et al., 2006). Selective filtration by dreissenid mussels may also pro-
mote cyanobacterial blooms, including that of Microcystis, which
produces a toxin hazardous to humans (Knoll et al., 2008). Mussels
reject Microcystis as a food item, but filter out other phytoplankton
that compete with it, thereby allowing it to flourish in areas with
high mussel densities (Vanderploeg et al., 2002).

The Great Lakes basin has also been afflicted with a variety of fish
diseases from non-native sources (Table 1). Among these are viral hem-
orrhagic septicemia virus (VHSV), spring viraemia of carp virus (SVCV),
and muskie pox Piscirickettsia cf. salmonis. Originating from cultured
salmonids in Europe, VHSV is a deadly virus that has spread to the
Atlantic coast and, subsequently, throughout the Great Lakes basin
(Bain et al., 2010). It affects nearly 50 species of fish and causes mass
die-offs (Kipp et al., 2013), which prompted the US government to
enact legislation in 2005 that prohibited interstate transport of live
susceptible species from US states and Canadian provinces bordering
the Great Lakes basin (Gustafson, 2007). SVCV, originally from Europe,
has spread into established populations of carp across North America
over the past decade (Dikkeboom et al., 2004; Garver et al., 2007);
it also affects other cyprinid species, northern pike Esox lucius, and
pumpkinseed sunfish Lepomis gibbosus. Muskie pox was detected
initially in 2002 and threatens the muskellunge Esox masquinongy
fishery in Lake St. Clair by causing high rates of fingerling mortality
(Thomas and Faisal, 2009).

Invasive species also generate new pathways for the transfer of
chemical contaminants. Alewife bioaccumulate polychlorinated
biphenyls (PCBs) and the insecticide toxaphene and transfer them
to higher predators (Stapleton et al., 2002). Dreissenid mussels filter
particulate material from water and concentrate pollutants (including
PCBs and heavy metals) that can be passed on to molluscivores, like
the round goby, and ultimately to sportfishes and waterfowl (Hogan
et al., 2007; Kwon et al., 2006).

Socioeconomic drivers

The cost of species invasions to ecosystem services in theGreat Lakes
basin has been estimated to be at least $138 M per year (Rothlisberger
et al., 2012). Through their myriad impacts on ecosystems, ecosystem
services and human health, invasions affect many sectors of the
economy — including a) fisheries, recreation and tourism; b) utilities
and manufacturing; and c) shoreline development. Fisheries employ
over ten thousand people in the Great Lakes basin and provide several
billion dollars annually in revenue (Allan et al., 2013; Rosaen et al.,
2012). Invasive species' impacts on fish diversity and productivity
have ramifications that affect commercial fishermen, recreational
anglers, charter boat captains, and manufacturers of fishing gear and
boats. Tourism is a $30 B per year industry that has likely been negative-
ly affected by beach fouling from die-offs of dreissenid mussels, alewife
and macroalgae, as well as encroachment by invasive plants such as
Eurasian watermilfoil Myriophyllum spicatum (Rosaen et al., 2012).

Invasions have also had significant economic impacts on factories,
power plants, and water treatment facilities that draw water from the
Great Lakes basin. Impacts of invasive fouling organisms on water
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intake facilities exceed $40Mper year (Rosaen et al., 2012). On average,
Ontario power plants that draw cooling water from the Great Lakes
basin spend $1.2M per plant per year tomonitor and control dreissenid
mussels. Without such controls, mussel fouling can force plant
shutdowns (Park and Hushak, 1999). As a probable consequence
of increased water clarity driven by dreissenid filtration activities,
prolific growth of Cladophora in Lake Ontario forced the shutdown
of the James A. Fitzpatrick nuclear power plant in New York on mul-
tiple occasions. Another species, the spiny waterflea Bythotrephes
longimanus, impacts water intake systems indirectly: Bythotrephes
outcompetes native invertebrate planktivores such as Leptodora
(Weisz and Yan, 2011), whose prey – including the cladoceran
Holopedium gibberum – may flourish in the absence of their adapted
predator. Owing to its gelatinous sheath, H. gibberum can clog filters
in water intakes (Thelen, 2012), thereby potentially adding to the
impacts of other fouling organisms.

Riparian ecosystems in the Great Lakes basin are also at risk of alter-
ation. Shoreline development has created a system of dikes to control
natural seasonal flooding of wetland areas along the Great Lakes basin.
Diked wetlands are hotbeds for invasive plants such as the common
reed Phragmites australis, purple loosestrife Lythrum salicaria, and reed
canary grass Phalaris arundinacea (Herrick and Wolf, 2005; Steen
et al., 2006). Such invasive monocultures result in low biodiversity of
birds and fishes that rely on wetlands as nursery habitat (Howe et al.,
2007; Trebitz et al., 2009)

How will vectors and their invasion risks change in the next
50 years?

Shipping

Ballastwater release by transoceanic ships is deemed responsible for
most aquatic invasions in the basin (Mills et al., 1993; Ricciardi, 2006).
We extrapolated from the modern rate of discovery (Ricciardi, 2006;
Ricciardi, unpubl. data) to predict the cumulative number of invaders
in the Great Lakes basin introduced via shipping up to the year
2060 under three possible scenarios: (i) 100% of the 1960–2003
rate (98 total invaders); (ii) 50% of the 1960–2003 rate (71 invaders);
and (iii) no new invaders (asymptote at 44 invaders; Fig. 3). The
inclusion of ships declaring “no ballast on board” in BWE regulations
Fig. 3. Cumulative number of ship-vectored, free-living invaders discovered in the
Great Lakes since 1962. Line fitted by least-squares regression: y = 0.95x − 1857.38,
where x= year since 1960 (r2=0.99). Data for 1962-2006 from Ricciardi (2006; unpubl.
data). Data from 2010-2060 are projected values (denoted by dashed lines) at the current
rate of invasion, at 50% of the current rate of invasion, or with future ship-mediated
invasions halted. Predicted values for cumulative invaders for the year 2060 are: 98 (cur-
rent rate), 71 (50% rate), and 44 (no new introductions).
in 2006 appears to have severely lowered the risk of ship-mediated
invasions (Bailey et al., 2011).

BWE reduces the number of live organisms from ship ballast tanks
through a combination of purging and osmotic stress (Gray et al.,
2007), but fails to remove life stages of all taxa (Briski et al., 2011a; b;
Ricciardi and MacIsaac, 2008). This procedure may achieve only brack-
ish salinities, owing to residual freshwater remaining in tanks (Locke
et al., 1993; Niimi and Reid, 2003), and such conditions are tolerable
to organisms with broad salinity tolerance. Perhaps this explains why
most non-native invertebrates discovered in the basin since 1993 are
euryhaline (Ricciardi, 2006). The new USEPA regulation, if effectively
enforced, could ultimately lower invasion risk by limiting the numbers
of organisms delivered in ballast tanks; but under favorable conditions
for certain taxa even very small numbers of propagules can lead to es-
tablishment (e.g., Gertzen et al., 2011). In particular, parthenogenetic
species, microorganisms and pathogens require only a few introduced
cells or individuals for establishment (Gertzen et al., 2011; Hallegraeff,
1998). Another persistent risk is posed by invertebrate resting eggs,
which can withstand harsh physico-chemical conditions and remain
viable inside ballast tanks for many months to more than a year
(Briski et al., 2011b). BWE and saltwater flushing did not reduce the
abundance or species richness of invertebrate resting eggs in ships
arriving in the Great Lakes basin between May 2007 and August 2009
(Briski et al., 2011a).

Furthermore, current BWE regulations for the Great Lakes basin
target primary introductions associated with transoceanic shipping
activities (Rup et al., 2010). Domestic vessels (i.e., those travelingwithin
the continental region) account for ~90% of commercial shipping oper-
ations in the basin, but are not regulated at the federal level in Canada or
the US. They are perhaps viewed as a low-risk vector for invasion be-
cause they typically operate over relatively short distances. However,
ballast water transport by domestic vessels can increase the distribu-
tional range of invasive species, including pathogens, through sec-
ondary spread (Adebayo et al., 2014; Rup et al., 2010). Moreover,
zooplankton carried by domestic vessels within the Great Lakes
basin are significantly higher in density and species richness compared
with those carried by transoceanic vessels (Briski et al., 2012). Some
domestic vessels have been found to transport several species that are
non-native to large areas of the basin; for example, the fish-hook
waterflea Cercopagis pengoi was discovered in domestic vessels
destined for discharge in Lake Superior, which has not yet been invaded
by this high-impact predator (Briski et al., 2012).

Live trade

The relative importance of live trade will increase over the coming
decades as BWE regulations limit introductions via transoceanic
shipping, and as trade in non-native fish becomes more widespread
within Canada and the US. This risk is recognized in the recently
amended GLWQA (2012), which calls for bi-nationally coordinated
risk assessments on live trade pathways including the aquarium trade,
the sale of live bait for angling, live fish imported for food markets,
and organisms distributed by biological supply houses.

The live bait trade poses invasion risks through distribution and
release of bait and other organisms carried in the holding water by
anglers, as well as unintentional escapes of fishes stocked in baitfish
holding ponds. Surveys in Ontario indicate that over one-third of
anglers release their bait into waters in which they have fished — a
proportion that has not improved over the past two decades, despite
provincial regulations and significant educational efforts (Ward et al.,
2011). This practice also appears to be common in the US (Kilian
et al., 2012).

Within foodmarkets (aquatic organisms transported live within the
Great Lakes basin for distribution and sale for human consumption), the
species considered to pose the greatest known threat to the Great Lakes
basin are Asian carps — especially bighead carp Hypophthalmichthys



Fig. 4. Algorithm for predicting high-risk aquatic invaders (adapted from Ricciardi and
Rasmussen, 1998), based on 1) whether there are areas of the Great Lakes that match
temperature and salinity conditions in the native range of the species, 2) the probability
of introduction through dominant vectors, 3) whether it has an invasion history
elsewhere in the world and, if so, 4) whether it has exerted strong impacts somewhere
in its invaded range.
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nobilis and grass carp Ctenopharyngodon idella. These species have
extensive invasion histories and documented negative ecological im-
pacts (Cudmore et al., 2012; Kolar et al., 2007; Mandrak and Cudmore,
2004; Wittmann et al., 2014). Individual grass carp have been collected
sporadically throughout theGreat Lakes basin formany years, and there
is evidence that they are spawning in Lake Erie (Chapman et al., 2013)
and are abundant in a major tributary of Lake Michigan (Wittmann
et al., 2014). Grass carp is expected to impact water quality and macro-
phyte communities, including associated fish and invertebrates
(Wittmann et al., 2014). Bighead carp have been collected at least
three times in Lake Erie (GLFC, 2012). Unlike bighead carp and grass
carp, both black carp Mylopharyngodon piceus and silver carp
Hypophthalmichthys molitrix are not typically sold through food mar-
kets; however, black carp are occasionally distributed with grass carp,
with which they are easily misidentified, and silver carp could be
mixed accidentally with bighead carp shipments. The combination of
a high concentration of live fish trade markets and high environmental
suitability makes the lower Great Lakes particularly vulnerable to colo-
nization by Asian carps (Cudmore et al., 2012; Herborg et al., 2007).

The importation of species as aquarium pets or for ornamental
ponds contributes to a $25B USD-per-year worldwide industry
(Padilla and Williams, 2004). Many species can be purchased through
mail order and the Internet (Kay and Hoyle, 2001). Most fishes sold in
the aquarium trade are native to tropical regions and cannot tolerate
temperatures below 18 °C (Chapman et al., 1997). Based on tempera-
ture tolerances, only nine of 305 ornamental fish species surveyed by
Rixon et al. (2005) could potentially survive current winter tempera-
tures in the Great Lakes basin, and two species are considered as prob-
able future invaders: the weather loachMisgurnus fossilis and thewhite
cloud mountain minnow Tanichthys albonubes. Another species sold
through the aquarium trade, the Oriental weatherfish Misgurnus
anguillicaudatus, is already established in the basin and has the potential
to spread further (Mills et al., 1993). Tropical species, such as pacu
(Colossoma spp., and Piaractus spp.) and red-bellied piranha Serrasalmus
natterreri, have been captured repeatedly but apparently cannot estab-
lish in the Great Lakes basin, owing to temperature constraints (Leach,
2003). As with other forms of commerce in live organisms, the aquari-
um trade is poorly regulated in Canada and the US. Some of the most
damaging invasive species in the Great Lakes basin are available for
purchase; for example, Eurasian watermilfoil is advertised for sale,
despite being recognized as a costly invader across the US and Canada
(Czarapata, 2005). These shipments are commonly contaminated; in a
recent study of the ornamental plant trade in the Great Lakes basin,
90% of plants purchased were accompanied by non-native organisms
(Keller and Lodge, 2007).

Canals and recreational boating

Historically, canals have proven to be a major vector for the intro-
duction of non-native species to the Great Lakes basin (Mills et al.,
2000), but their influence apparently diminished over the latter half
of the previous century (Fig. 1). Canals are inextricably linked to
both domestic shipping and recreational boating — one of the largest
unregulated vectors of the spread of aquatic non-native species.
Recreational boats can transport non-native species through bilge
water, live wells, and hull fouling (e.g., Johnson et al., 2001; Kelly
et al., 2013). Public awareness programs and voluntary compliance are
the only strategies currently employed by local authorities to address
this vector (CCFAM, 2004).

Among the native assemblages in these connecting watersheds,
most potentially invasive species that are presently able to survive
and establish in the Great Lakes basinmay have already done so. Never-
theless there are current and emerging invasion threats. For example,
Hydrilla verticilla, one of the most invasive aquatic weeds in the south-
ern US, has expanded its range into New York state; it was discovered
in the inlet of Cayuga Lake in 2011 and in the Erie Canal in 2012
(NYSDEC, 2012). Warm-water species that have access to the Great
Lakes basin via canals are expected to colonize as climate change
removes thermal barriers to their establishment (Mandrak, 1989).
Indeed, it is believed that warmer-than-average summer and winter
temperatures during the late 1940s facilitated the invasion of white
perch Morone americana into the Great Lakes basin via canals in
New York State (Johnson and Evans, 1990). Canals form an extensive
network that links the Great Lakes basin to inland waters in Ontario
via the Rideau Canal and the Trent-Severn Waterway, to the Hudson
River and the Atlantic drainage via the Erie-Barge and Hudson-
Mohawk canals, and to the Mississippi River basin via the Chicago
Area Waterway System (CAWS). The CAWS – an artificial hydrological
connection between Lake Michigan and the upper Mississippi drainage
– is of particular concern because Asian carp species have proliferated in
the Mississippi River after having escaped from aquaculture facilities
decades ago. In 2010, a single bighead carp was captured in Lake
Calumet, just 6 miles from Lake Michigan (Jerde et al., 2011). Although
the risk of species transfer through the CAWSwas long believed to have
been reduced by an electric barrier systemmaintained by the US Army
Corps of Engineers (USACE), bighead/silver carpDNA has been detected
above the electric barrier (Jerde et al., 2011) and more recently in Lake
Erie (Jerde et al., 2013).

In January 2014, the USACE released their report from their multi-
year study, the Great Lakes and Mississippi River Interbasin Study
(USACE, 2014), which aimed to evaluate a range of options and
technologies to prevent the spread of non-native species between
the Great Lakes basin and Mississippi. The report contains eight
alternatives, and evaluates their potential to limit the transfer of
non-native species. Most of the alternatives are centered on the
CAWS, ranging from the continuation of current activities to the
complete hydrological separation of the Great Lakes and Mississippi
River basins. In the end, the USACE does not advocate the adoption of
any one strategy, and instead suggests dialogue between federal,
state, and local governments and associated regulatory agencies on
how to manage the reciprocal threat of non-native species in these
two basins (USACE, 2014).

Future scenarios

To identify future invasion threats, we followed the approach of
Ricciardi and Rasmussen (1998) and selected two probable donor
regions (i.e., Eurasia and the southern US) and for a subset of animal
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species in these regions considered 1) whether physicochemical
(temperature, salinity) conditions in the Great Lakes basin match
known tolerances of each species; 2) whether the species is likely to
reach the basin using an existing vector/pathway (e.g. in the case of
Eurasian species, the probability of uptake and survival in a ship ballast
tank); 3) whether the species has a history of invasion elsewhere in the
world; and, if so, 4)whether it is has had significant negative impacts in
its invaded range (Fig. 4).We apply this approach in the context of three
different future management scenarios.

1. Status quo: while current ballast water regulations are effective, live
trade continues to be poorly regulated for most species

In this scenario, current (2014) ballast water regulations remain in
effect without further amendment. Although no new aquatic invaders
have been found in the Great Lakes basin since the implementation of
amended BWE regulations in 2006, the success of BWE is contingent
on compliance. At least 4% of ballast tanks in transoceanic vessels
arriving to the Great Lakes basin in 2007 were non-compliant with
BWE regulations (Bradie et al., 2010). It is not clear what risk is posed
by the propagule pressure associated with this proportion of untreated
ballast tanks, and it is perhaps still too early to assess the overall effec-
tiveness of current BWE procedures and the new USEPA and US Coast
Guard regulations. The Great Lakes basin might remain vulnerable to
the introduction of new non-native species via transoceanic shipping.

However, under current practices, the biggest threat for future
invasions is live trade. If trade continues to be largely unregulated, and
there persists a dearth of bi-national cooperation in addressing current
and future invasion threats to the Great Lakes basin, then potentially
damaging unintentional introductions will continue (Cudmore et al.,
2012). Of immediate concern are bighead carp, silver carp, and northern
snakehead Channa argus (Table 3). Environmental conditions in the
Great Lakes basin are considered to be suitable for establishment of
these fishes (Herborg et al., 2007; but see Cooke and Hill, 2010),
which are expected to have strong impacts in at least parts of the
basin. Bighead and silver carp feed primarily on phytoplankton and
zooplankton, and thus may compete with juveniles of native fishes
for food (Rixon et al., 2005). The possession or sale of Asian carps
(particularly bighead carp) has been prohibited in Ontario since
2005 and, more recently, by all US states bordering the Great Lakes
basin. However, it is doubtful whether current regulations targeting
Asian carps are sufficient to prevent their establishment (Cudmore
et al., 2012). Both bighead and silver carp environmental DNA
(eDNA) have been detected in southern Lake Michigan and Lake
Erie (Jerde et al., 2011, 2013), although whether or not the presence
of eDNA infers the presence of live organisms is debatable.

Among the known invasion threats to the Great Lakes basin from
the aquarium trade is the northern snakehead, which has been re-
leased by pet owners throughout North America (Chen et al., 2006)
and perhaps cultivated in the wild for Asian food markets. One
individual was collected from Lake Michigan near Chicago in 2004
Table 3
Examples of species predicted to invade the Great Lakes basin by 2063 under two different sc
regulations and management efficacy remain unchanged. In Scenario #2, live trade remains u
scenario are added to those predicted to invade under the previous scenario. Note that these e

Scenario Common Name Species Prob

1 Bighead carp Hypophthalmichthys nobilis 100
Silver carp Hypophthalmichthys molitrix Hig
Black carp Mylopharyngodon piceus Hig
Northern snakehead Channa argus 100

2 Killer shrimp Dikerogammarus villosus Hig
Caspian mud amphipod Chelicorophium curvispinum Hig
Baikalian amphipod Gmelinoides fasciatus Hig
Monkey goby Neogobius fluviatilis Hig
Amur sleeper Perccottus glenni Med
(Nico and Fuller, 2014). Snakehead species have extensive invasion
histories and documented impacts on native biodiversity (Courtenay
and Williams, 2004; Saylor et al., 2012). There is a high probability
that the northern snakehead will invade the Great Lakes basin, given
the environmental suitability of the region and the absence of broadly
applied regulation and enforcement.
2. The dystopian future: ballast water regulations prove ineffective, live
trade continues to grow unabated and largely unregulated

In this scenario, concern over invasive species is subordinate to pro-
moting trade through the basin. Increased propagule pressure resulting
from the development of larger and faster ships combined with rapidly
increasing ship traffic and live trade vectors will maximize invasion risk.
Current ballast water exchange regulations – contrary to recent
evidence – prove to be largely ineffective in preventing further
invasions. Moreover, live trade continues to be largely unregulated,
and current restrictions and enforcement prove to be insufficient to
prevent even targeted species from establishing.

Ineffective ballast water management will leave the basin vulnera-
ble to a host of new invaders, in addition to those that may invade the
Great Lakes basin described under Scenario #1. Assuming that recent
spatial patterns of shipping traffic persist (Ricciardi, 2006), most
new invaders will arrive from Europe and will include at least five
high-impact species: the killer shrimp Dikerogammarus villosus,
Caspian mud shrimp Chelicorophium curvispinum, Baikalian amphipod
Gmelinoides fasciatus, monkey goby Neogobius fluviatilis, and Amur
sleeper Perccottus glenii (Table 3).

Dikerogammarus villosus is a Ponto-Caspian amphipod crustacean
currently spreading through Europe and is considered a probable future
invader of the Great Lakes basin (Ricciardi and Rasmussen, 1998). Field
surveys and laboratory experiments link the predatory activities of
D. villosus to rapid local declines in macroinvertebrate populations
(Dick et al., 2002; van der Velde et al., 2000). The invasion of
C. curvispinum in the Lower Rhine River during the 1980s is hypothe-
sized to have caused enormous declines in populations of the zebra
mussel and a hydropsychid caddisfly, through competition for hard
substrata (van der Velde et al., 1994). Gmelinoides fasciatus has invaded
the Baltic Sea basin, where it is presumed to have caused declines in a
native amphipod (Kangur et al., 2010). The monkey goby has recently
invaded several European inland waterbodies (Copp et al., 2005;
Grabowska et al., 2009) and is a benthic generalist similar to the
round goby. Its invasion of the Great Lakes would likely have significant
impacts on fish and macroinvertebrate communities, but perhaps not
qualitatively different from those currently produced by its congener.
The Amur sleeper is one of the most invasive fishes in Europe in recent
decades (Copp et al., 2005), and can reduce macroinvertebrate and
amphibian species diversity (Reshetnikov, 2010). The establishment
of any of these aforementioned species could have important ecological
consequences for the Great Lakes basin.
enarios using a simple algorithm (Fig. 4). Scenario #1 represents the status quo: current
nregulated and ballast water regulations prove to be ineffective; species listed under this
xamples are considered a small subset of potential invaders.

ability of Introduction Probability of Establishment Projected Impact

% High High
h High High
h Medium ?
% High ?
h High High
h High High
h High High
h High ?
ium High High
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3. The utopian future: effective, proactive bi-national governance minimizes
invasion risk

In this final scenario, Canada and the US collaborate to enforce
harmonized policies that minimize the risk of invasion. Adopted direc-
tives of the amended GLWQA (2012) lead to effective bi-nationally
coordinated risk assessments on various pathways of introduction
(including live trade, recreational boats, and connecting waterways)
and coordinated timely response actions to prevent establishment of
new species introductions. New technologies in ballast treatment are
adopted. Current alternatives to mid-ocean ballast exchange include
onboard ballast water treatment such as filtration, UV radiation,
ozone, and biocides; but these systems cannot be applied universally,
owing to limitations of space on board, feasibility of retrofitting, and
steep installation costs (Pereira and Brinati, 2012).

Bi-national regulations are formed and effectively enforced to elim-
inate the live trade of any potentially invasive non-native species in the
basin. Given that Asian carps can still enter the Great Lakes basin via the
CAWS, additional barriers (electric and CO2) are installed to reduce the
spread of these and other species between the two basins. Alternatively,
a bolder initiative that is considered is the hydrologic separation of the
Great Lakes basin and Mississippi River basin (Rasmussen et al., 2011).

The influence of climate change

Although increased regulations of ballast water and live trade, and
the (virtual or real) hydrological separation of the Mississippi River
and Great Lakes basins can lead to the minimization of new invaders
entering the Great Lakes basin, the influence of climate change will be
superimposed on each of the above scenarios. Trends of increasing
water temperatures have been detected in all five of the Great Lakes
(e.g., Austin and Colman, 2007; McCormick and Fahnenstiel, 1999).
Some non-native species that are already established may become
more abundant and have greater impacts, whereas others may dimin-
ish, under warmer conditions. Those that currently reside in the lower
Great Lakes andmay spread to northern areas of the basin with shifting
isotherms include the red swamp crayfish Procambarus clarkii and the
Asian clam Corbicula fluminea, both of which are considered subtropical
species. The red swamp crayfish is an opportunistic omnivore whose
feeding activities can alter food webs (Gherardi and Acquistapace,
2007). It might withstand cold winter temperatures by burrowing in
sediments (Gherardi et al., 2002). Consequently, even now it may be
able to spread beyond the lower Great Lakes (Table 4). The Asian clam
is one of the world's most invasive aquatic animals; its natural distribu-
tion includes Asia, Africa and Australia, but it has spread globally (Sousa
et al., 2008) and invaded Lake Erie and southern Lake Michigan in the
late 1970s and early 1980s (Mills et al., 1993). Its incursion into north-
ern latitudes is apparently impeded by its intolerance of long-term ex-
posure to water temperatures below 2 °C (Sousa et al., 2008) and,
Table 4
Species predicted to expand their ranges in the Great Lakes basin under climate change. Fish s
spread northward by Mandrak (1989). Probability of establishment derived from the match b
peratures. Risk of establishment is considered to be high if the average of the maximum tem
2070 is equal to or greater than the baseline surface temperature of the lake(s) in which the in

Common name Species name Present range

Grass pickerel Esox americanus vermiculatus Erie (N), Ontario (N), M
Chain pickerel Esox niger Erie (I), Ontario (N)
Spotted gar Lepisosteus oculatus Erie (N), Michigan (N)
River redhorse Moxostoma carinatum Erie (N), Michigan (N)
Tongue-tied minnow Exoglossum laurae Ontario (N)
River shiner Notropis blennius Michigan (N)
Blue spotted sunfish Enneacanthus gloriosus Ontario (N)
Red swamp crayfish Procambarus clarkii Erie (I), Michigan (I)
Asian clam Corbicula fluminea Erie (I)
consequently, it has largely been confined to artificially heated waters
downstream of power plants in the Great Lakes basin. However, in-
creasingly moderate winters are expected to promote its northern
spread (Weitere et al., 2009). Several fish species that previously invad-
ed the lower Great Lakes may spread to the upper Great Lakes as ther-
mal barriers are lifted (Mandrak, 1989). We used projected surface
water temperatures for the year 2070 (Trumpickas et al., 2009) to pre-
dict the range expansion of these invertebrates and fishes throughout
the Great Lakes basin (Table 4).

Finally, in addition to climate-driven range expansions of species
already established within the Great Lakes basin, several non-native
species might invade the basin as isotherms shift in the next few
decades. These include two subtropical plants with extensive invasion
histories and that are sold through the ornamental garden and
aquarium trade in the Great Lakes region water hyacinth Eichhornia
crassipes and water lettuce Pistia stratiotes, which have been found
in multiple locations in Lake St. Clair and the Detroit River
(Aldebayo et al., 2011). To date, there is no evidence that these spe-
cies can overwinter in the Great Lakes basin, but the risk of their es-
tablishment will increase with a warming climate. In response to
anticipated changes to surface water temperatures, Mandrak
(1989) identified 19 fish species from the Mississippi and Atlantic
Coastal basins as potential invaders of the lower Great Lakes. Most
of these fish species lack invasion histories, and so it is difficult to
predict their ecological impacts.

Conclusions and recommendations

The Great Lakes basin's invasion history spans two centuries and is
characterized by distinct periods that reflect temporal changes in
major vectors (Mills et al., 1993; Ricciardi, 2006). Shipping has been
the dominant vector, accounting for 60% of invasions since the opening
of the Seaway in 1959, and deliveringmanyof the species that have pro-
foundly transformed the basin. Recent ballast water regulations have
likely reduced, but not eliminated, the risk of future ship-mediated inva-
sions (Bailey et al., 2011). At the same time, the basin remains at risk of
invasion by species associated with live trade and by southern species
whose spread is promoted by climate change. The examples of probable
future invaders identified in the aforementioned scenarios highlight a
continuing vulnerability of the Great Lakes basin to further disruption.
If the observed proportion of high-impact invaders remains relatively
constant (c. 18%; Ricciardi and Kipp, 2008; Ricciardi, unpubl. data) and
even if the current rate of invasionwere to be reduced by half, then sev-
eral new highly disruptive invaders will arrive in the coming decades.

Owing to myriad unforeseen opportunities for species introduction,
it is virtually impossible to completely insulate the Great Lakes basin
from further invasion. Nevertheless, there are theoretical and pragmatic
reasons to invest resources toward substantively reducing the invasion
rate. Firstly, efforts to prevent invasions are more cost-effective
pecies listed are those currently established in the lower Great Lakes and are expected to
etween surface temperatures across the species present range and projected surface tem-
peratures predicted by Trumpickas et al. (2009) under different warming scenarios for
vader is currently present. N = native; I = invaded range.

Probability of establishment elsewhere in the basin:

Erie Ontario Huron Superior

ichigan (N), Huron (N) – – – Medium
– – High Low
– High High Medium
– High High Medium
High – High Low
High High High Medium
High – High Low
– High High Low
– High High Low
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(Leung et al., 2002). Reactive management of species that are already
well established rarely leads to successful eradication, and usually can
aim only to mitigate damage caused by these organisms. In general,
the control of species that have established large populations is either
impossible or requires massive amounts of money and labor to do so
effectively. Secondly, an increasing accumulation of non-native species
is predicted to cause a greater frequency of unpredictable and unman-
ageable impacts resulting from synergistic interactions among invaders
(Ricciardi, 2001; Yule et al., 2006) and between invaders and other
stressors (Allan et al., 2013; Mandrak and Cudmore, 2010). Therefore,
major benefits might be gained from even a modest reduction in the
invasion rate.

There are two urgent needs. The first is a harmonized policy
framework for both Canada and the US that facilitates early detection
and rapid response. Indeed, recent studies demonstrate that existing
laws must be amended to allow for coordinated rapid response
(e.g., Lodge et al., 2006; Thomas et al., 2009). The second need is
harmonized legislation with respect to live trade, based on the
assumption that protection against the establishment of species in
trade is maximized by prohibiting live transfer through at-risk
areas (Herborg et al., 2007). The complexity of these issues can be
addressed only through cooperative action by multiple stakeholders.
Coordinated efforts by legislators, educators, and scientists on a
variety of fronts are necessary to manage invasion threats in the
context of multiple drivers of change in the Great Lakes basin.

Acknowledgements

This paper was encouraged and supported by the Great Lakes
Futures Project,whichwas fundedby the Transborder ResearchUniversity
Network, Environment Canada, Michigan Sea Grant, New York Sea Grant,
and supporting universities. Additional funding was provided by the
Canadian Aquatic Invasive Species Network and an NSERC Discovery
grant to A.R. We thank I. Creed, K. Friedman, G. Krantzberg and
K. Laurent for reviewing the manuscript.

References

Adebayo, A.A., Briski, E., Kalaci, O., Hernandez, M., Ghabooli, S.A., Beric, B., Chan, F.T., Zhan,
A., Fifield, E., Leadley, T., MacIsaac, H.J., 2011. Water hyacinth (Eichhornia crassipes)
and water lettuce (Pistia stratiotes) in the Great Lakes: playing with fire? Aquat.
Invasions 6, 91–96.

Aldebayo, A.A., Zhan, A., Bailey, S.A., MacIsaac, H.J., 2014. Domestic ships as a potential
pathway of nonindigenous species from the Saint Lawrence River to the Great
Lakes. Biol. Invasions 16, 793–801.

Allan, J.D., McIntyre, P.B., Smith, S.D.P., Halpern, B.S., Boyer, G.L., Buchsbau, A., Burton Jr.,
G.A., Campbell, L.M., Chadderton, W.L., Ciborowski, J.J.H., Doran, P.J., Eder, T., Infante,
D.M., Johnson, L.B., Joseph, C.A., Marino, A.L., Prusevich, A., Read, J.G., Rose, J.B.,
Rutherford, E.S., Sowa, S.P., Steinman, A.D., 2013. Joint analysis of stressors and
ecosystem services to enhance restoration effectiveness. Proc. Natl. Acad. Sci.
U.S.A. 110, 372–377.

Austin, J.A., Colman, S.M., 2007. Lake Superior summer water temperatures are increasing
more rapidly than regional air temperatures: a positive ice-albedo feedback.
Geophys. Res. Lett. 34, 1–5.

Bailey, S.A., Deneau, M.G., Jean, L., Wiley, C.J., Leung, B., MacIsaac, H.J., 2011. Evaluating
efficacy of an environmental policy to prevent biological invasions. Environ. Sci.
Technol. 45, 2554–2561.

Bain, M.B., Cornwell, E.R., Hope, K.M., Eckerlin, G.E., Casey, R.N., Groocock, G.H., Getchell,
R.G., Bowser, P.R.,Winton, J.R., Batts,W.N., Cangelosi, A., Casey, J.W., 2010. Distribution
of an invasive aquatic pathogen (Viral Hemorrhagic Septicemia Virus) in the Great
Lakes and its relationship to shipping. PLoS One 5, e10156.

Balshine, S., Verma, A., Chant, V., Theysmeyer, T., 2005. Competitive interactions between
round gobies and logperch. J. Great Lakes Res. 31, 68–77.

Barbiero, R.P., Tuchman, M.L., 2004a. Changes in the crustacean communities of Lakes
Michigan, Huron and Erie following the invasion of the predatory cladoceran
Bythotrepes longimanus. Can. J. Fish. Aquat. Sci. 61, 2111–2125.

Barbiero, R.P., Tuchman, M.L., 2004b. Long-term dreissenid impacts on water clarity in
Lake Erie. J. Great Lakes Res. 30, 557–565.

Bradie, J.N., Bailey, S.A., van der Velde, G., MacIsaac, H.J., 2010. Brine-induced mortal-
ity of non-native invertebrates in residual ballast water. Mar. Environ. Res. 70,
395–401.

Briski, E., Bailey, S.A., MacIsaac, H.J., 2011a. Invertebrates and their dormant eggs
transported in ballast sediments of ships arriving to the Canadian coasts and the
Laurentian Great Lakes. Limnol. Oceonogr. 56, 1929–1939.
Briski, E., Ghabooli, S., Bailey, S.A., MacIsaac, H.J., 2011b. Assessing invasion risk across
taxa and habitats: life stage as a determinant of invasion success. Divers. Distrib.
17, 593–602.

Briski, E., Wiley, C.J., Bailey, S.A., 2012. Role of domestic shipping in the introduction
or secondary spread of nonindigenous species: biological invasions within the
Laurentian Great Lakes. J. Appl. Ecol. 49, 1124–1130.

Bronte, C.R., Ebener, M.P., Schreiner, D.R., DeVault, D.S., Petzold, M.M., Jensen, D.A.,
Richards, C., Lozano, S.J., 2003. Fish community change in Lake Superior, 1970–2000.
Can. J. Fish. Aquat. Sci. 60, 1552–1574.

Canadian Council of Fisheries and Aquaculture Ministers (CCFAM), 2004. A Canadian
Action Plan to Address the Threat of Aquatic Invasive Species. Accessed online
10-08-2014 at: www.dfo-mpo.gc.ca/science/enviro/ais-eae/plan/plan-eng.pdf.

Casselman, J.M., 2002. Effects of temperature, global extremes, and climate change on
year-class production of warmwater, coolwater, and coldwater fishes in the Great
Lakes basin. Am. Fish. Soc. Symp. 32, 39–60.

Chapman, F.A., Fitz-Coy, S.A., Thunberg, E.M., Adams, C.M., 1997. United States of America
trade in ornamental fish. J. World Aquacult. Soc. 28, 1–10.

Chapman, D.C., Davis, J.J., Jenkins, J.A., Kocovsky, P.M., Miner, J.G., Farver, J., Jackson, P.R.,
2013. First evidence of grass carp recruitment in the Great Lakes Basin. J. Great
Lakes Res. 39, 547–554.

Chen, P., Wiley, E.O., McNyset, K.M., 2006. Ecological niche modeling as a predictive tool:
silver and bighead carps in North America. Biol. Invasions 9, 43–51.

Cohen, J., Mirotchnick, N., Leung, B., 2007. Thousands introduced annually: the aquarium
pathway for non-native plants to the St Lawrence Seaway. Front. Ecol. Environ. 5,
528–532.

Cooke, S.L., Hill, W.R., 2010. Can filter-feeding Asian carp invade the Laurentian Great
Lakes? A bioenergetic modelling exercise. Freshw. Biol. 55, 2138–2152.

Copp, B.G.H., Bianco, P.G., Bogutskaya, N.G., Erős, T., Falka, I., Ferreira, M.T., Fox, M.G.,
Freyhof, T., Gozlan, R.E., Grabowska, J., Kováč, V., Moreno-Amich, R., Naseka, A.M.,
Peňáz, M., Povž, M., Przybylski, M., Robillard, M., Russell, I.C., Stakėnas, S., Šumer, S.,
Vila-Gispert, A., Wiesner, C., 2005. To be, or not to be, a non-native freshwater fish?
J. Appl. Ichthyol. 21, 242–262.

Costello, C., Drake, J., Lodge, D., 2007. Evaluating an invasive species policy: ballast water
exchange in the Great Lakes. Ecol. Appl. 17, 655–662.

Courtenay Jr., W.R., Williams, J.D., 2004. Snakeheads (Pisces, Channidae) — a biological
synopsis and risk assessment. US Geol. Surv. Circ. 1251.

Crawford, S.S., 2001. Salmonine introductions to the Laurentian Great Lakes: an historical
review and evaluation of ecological effects. Can. Spec. Publ. Fish. Aquat. Sci. 132,
1–205.

Cudmore, B., Mandrak, N.E., Dettmers, J., Chapman, D.C., Kolar, C.S., 2012. Binational
ecological risk assessment of bigheaded carps (Hypophthalmichthys spp.) for the
Great Lakes basin. DFO Can. Sci. Advis. Sec. Res. Doc. 2011/114.

Czarapata, E.J., 2005. Invasive plants of the Upper Midwest: An Illustrated Guide to their
Identification and Control. University of Wisconsin Press, Madison, WI.

Dick, J.T.A., Platvoet, D., Kelly, D.W., 2002. Predatory impact of the freshwater invader
Dikerogammarus villosus (Crustacea: Amphipoda). Can. J. Fish. Aquat. Sci. 59, 1078–1084.

Dikkeboom, A.L., Radi, C., Toohey-Kurth, K., Marcquenski, S., Engel, M., Goodwin, A.E.,
Way, K., Stone, D.M., Longshaw, C., 2004. First report of spring viremia of carp virus
(SVCV) in wild common carp in North America. J. Aquat. Anim. Health 16, 169–178.

Ehsanzadeh, E., Saley, H.M., Ouarda, T.B.M.J., Burn, D.H., Pietroniro, A., Seidou, O., Charron,
C., Lee, D., 2013. Analysis of changes in the Great Lakes hydro-climatic variables. J.
Great Lakes Res. 39, 383–394.

Fay, L.D., 1966. Type E botulism in Great Lakes water birds. Trans. N. Am. Wildl. Nat.
Resour. Conf. 31, 139–149.

Fowler, A.J., Lodge, D.M., Hsia, J.F., 2007. Failure of the Lacey Act to protect US ecosystems
against animal invasions. Front. Ecol. Environ. 5, 353–359.

Garver, K.A., Dwilow, A.G., Richard, J., Booth, T.F., Beniac, D.R., Souter, B.W., 2007. Fish
detection and confirmation of spring viraemia of carp virus in common carp, Cyprinus
carpio L., from Hamilton Harbour, Lake Ontario, Canada. J. Fish Dis. 30, 665–671.

Gertzen, E.L., Leung, B., Yan, N.D., 2011. Propagule pressure, Allee effects and the
probability of establishment of an invasive species (Bythotrephes longimanus).
Ecosphere 2 (3) (art30).

Gherardi, F., Acquistapace, P., 2007. Invasive crayfish in Europe: the impact of
Procambarus clarkii on the littoral community of a Mediterranean lake. Freshw.
Biol. 52, 1249–1259.

Gherardi, F., Tricarico, E., Ilhéu, M., 2002. Movement patterns of an invasive crayfish,
Procambarus clarkii, in a temporary stream of southern Portugal. Ethol. Ecol. Evol.
14, 183–197.

Government of Canada (GC), 2006. Ballast water control and management regulations.
Can. Gaz. 140 (l3).

Grabowska, J., Grabowski, M., Kostecka, A., 2009. Diet and feeding habits of monkey goby
(Neogobius fluviatilis) in a newly invaded area. Biol. Invasions 11, 2161–2170.

Gray, D.K., Johengen, T.H., Reid, D.F., MacIsaac, H.J., 2007. Efficacy of open-ocean ballast
water exchange as a means of preventing invertebrate invasions between freshwater
ports. Limnol. Oceanogr. 52, 2386–2397.

Great Lakes Aquatic Nonindigenous Species Information System (GLANSIS), 2014.
NOAA Great Lakes Aquatic Nonindigenous Species Information SystemAccessed
online 02-27-2014 at http://www.glerl.noaa.gov/res/Programs/glansis/glansis.html.

Great Lakes Fishery Commission (GLFC), 2010. Status of Sea LampreyAccessed online
01–27–2014 at: http://www.glfc.org/sealamp/status.php.

Great Lakes Fishery Commission (GLFC), 2012. Bighead and Silver Carp in the Lake
Erie Ecosystem: 2011–2012 Update. Great Lakes Fishery Commission. Lake Erie
Committee.

Great Lakes Seaway Ballast Water Working Group (GLSBWWG), 2014. 2013 Summary
Report. Accessed online 01–27–2014 at www.greatlakes-seaway.com/en/pdf/2013_
BW_Rpt_EN.pdf.

http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0005
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0005
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0005
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0010
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0010
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0010
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0015
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0015
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0015
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0020
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0020
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0020
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0025
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0025
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0025
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0030
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0030
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0030
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0035
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0035
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0040
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0040
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0040
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0045
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0045
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0050
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0050
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0050
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0055
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0055
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0055
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0060
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0060
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0060
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0065
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0065
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0065
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0070
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0070
http://www.dfo-mpo.gc.ca/science/enviro/ais-eae/plan/plan-eng.pdf
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0080
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0080
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0080
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0090
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0090
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0085
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0085
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0095
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0095
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0100
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0100
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0100
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0105
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0105
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0110
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0110
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0115
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0115
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0665
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0665
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0120
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0120
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0120
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0670
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0670
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0670
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0125
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0125
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0130
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0130
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0135
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0135
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0140
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0140
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0145
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0145
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0150
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0150
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0155
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0155
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0155
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0675
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0675
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0675
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0165
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0165
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0165
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0160
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0160
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0160
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0680
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0680
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0175
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0175
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0180
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0180
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0180
http://www.glerl.noaa.gov/res/Programs/glansis/glansis.html
http://www.glfc.org/sealamp/status.php
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0695
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0695
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0695
http://www.greatlakes-seaway.com/en/pdf/2013_BW_Rpt_EN.pdf
http://www.greatlakes-seaway.com/en/pdf/2013_BW_Rpt_EN.pdf


106 K.S. Pagnucco et al. / Journal of Great Lakes Research 41 Supplement 1 (2015) 96–107
Great Lakes Water Quality Agreement (GLWQA), 2012. http://www.ec.gc.ca/grandslacs-
greatlakes/default.asp?lang=En&n=A1C62826-1 (Accessed online 02-27-2014).

Gronewold, A.D., Stow, C.A., 2014. Unprecedented seasonal water level dynamics on one
of the Earth's largest lakes. Bull. Am. Meteorol. Soc. 95, 15–17.

Gustafson, L., 2007. VHS Surveillance Planning Underway. NAHSS Quarter One Outlook.
US Department of Agriculture.

Hallegraeff, G.M., 1998. Transport of toxic dinoflagellates via ships' ballast water:
bioeconomic risk assessment and efficacy of possible ballast water management
strategies. Mar. Ecol. Prog. Ser. 168, 297–309.

Hebert, C.E., Chao, J., Crump, D., Johsnon, T.B., Rudy, M.D., Sverko, E., Williams, K.,
Zaruk, D., Arts, M.T., 2014. Ecological tracers track changes in bird diets and pos-
sible routes of exposure to Type E Botulism. J. Great Lakes Res. 40, 64–70.

Herborg, L.M., Mandrak, N.E., Cudmore, B.C., MacIsaac, H.J., 2007. Comparative distribu-
tion and invasion risk of snakehead (Channidae) and Asian carp (Cyprinidae) species
in North America. Can. J. Fish. Aquat. Sci. 64, 1723–1735.

Herrick, B.M., Wolf, A.T., 2005. Invasive plant species in diked vs. undiked Great Lakes
wetlands. J. Great Lakes Res. 31, 277–287.

Hogan, L.A.S., Marschall, E., Folt, C., Stein, R.A., 2007. How non-native species in Lake Erie
influence trophic transfer of mercury and lead to top predators. J. Great Lakes Res. 33,
46–61.

Holeck, K.T., Mills, E.L., Isaac, H.J., Dochoda, M.R., Colautti, R.I., Ricciardi, A., 2004. Bridging
troubled waters: biological invasions, transoceanic shipping, and the Laurentian
Great Lakes. Bioscience 54, 919–929.

Howe, R.W., Regal, R.R., Hanowski, J.A., Niemi, G.J., Danz, N.P., Smith, C.R., 2007. An index
of ecological condition based on bird assemblages in Great Lakes coastal wetlands. J.
Great Lakes Res. 33, 93–105.

Jackson, M.C., Grey, J., 2012. Accelerating rates of freshwater invasions in the catchment of
the River Thames. Biol. Invasions 15, 945–951.

Jerde, C.L., Mahon, A.R., Chadderton, W.L., Lodge, D.M., 2011. “Sight-unseen” detection of
rare aquatic species using environmental DNA. Conserv. Lett. 4, 150–157.

Jerde, C.L., Chadderton, W.L., Mahon, A.R., Renshaw, M.A., Corush, J., Budny, M.L.,
Mysorekar, S., Lodge, D.M., 2013. Detection of Asian carp DNA as part of a Great
Lakes basin-wide surveillance program. Can. J. Fish. Aquat. Sci. 70, 522–526.

Johnson, T.B., Evans, D.O., 1990. Size-dependent winter mortality of young-of-the-year
white perch: climate warming and invasion of the Laurentian Great Lakes. Trans.
Am. Fish. Soc. 119, 301–313.

Johnson, L.E., Ricciardi, A., Carlton, J.T., 2001. Overland dispersal of aquatic invasive
species: a risk assessment of transient recreational boating. Ecol. Appl. 11, 1789–1799.

Kangur, K., Kumari, M., Haldna, M., 2010. Consequences of introducing the invasive
amphipod Gmelinoides fasciatus into large shallow Lake Peipsi: present distribution
and possible effects on fish food. J. Appl. Ichthyol. 26 (S2), 81–88.

Kay, S.H., Hoyle, S.T., 2001. Mail order, the internet, and invasive aquatic weeds. J. Aquat.
Plant Manag. 39, 88–91.

Keller, R.P., Lodge, D.M., 2007. Species invasions from commerce in live aquatic organisms:
problems and possible solutions. Bioscience 57, 428–436.

Kelly, N.E., Wantola, K., Weisz, E., Yan, N.D., 2013. Recreational boaters as a vector of
secondary spread for aquatic invasive species and native crustacean zooplankton.
Biol. Invasions 15, 509–519.

Kerfoot, W.C., Yousef, F., Hobmeier, M.M., Maki, R.P., Jarnagin, S.T., Churchill, J.H., 2011.
Temperature, recreational fishing and diapausing egg connections: dispersal of
spiny water fleas (Bythotrephes longimanus). Biol. Invasions 13, 2513–2531.

Kilian, J.V., Klauda, R.J., Widman, S., Kashiwagi, M., Bourquin, R., Weglein, S., Schuster, J.,
2012. An assessment of a bait industry and angler behavior as a vector of invasive
species. Biol. Invasions 14, 1469–1481.

Kim, N., Yan, N.D., 2011. Methods of rearing the invasive zooplankter Bythotrephes in the
laboratory. Limnol. Oceanogr. Methods 8, 552–561.

Kipp, R.M., Ricciardi, A., Bogdanoff, A.K., Fusaro, A., 2013. Novirhabdovirus sp. genotype IV
sublineage b. USGS Nonindigenous Aquatic Species Database. Gainesville, FL, and
NOAA Great Lakes Aquatic Nonindigenous Species Information System, Ann Arbor,
MI (Accessed online 10-08-2014 at: http://nas.er.usgs.gov/queries/greatlakes/
FactSheet.aspx?SpeciesID = 2656&Potential = N&Type = 0).

Knoll, L.B., Sarnelle, O., Hamilton, S.K., Kissman, C.E.H.,Wilson, A.E., Rose, J.B.,Morgan,M.R.,
2008. Invasive zebra mussels (Dreissena polymorpha) increase cyanobacterial toxin
concentrations in low-nutrient lakes. Can. J. Fish. Aquat. Sci. 65, 448–455.

Kolar, C.S., Boase, J.C., Clapp, D.F., Wahl, D.H., 1997. Potential effect of invasion by an exotic
zooplankter, Daphnia lumholtzi. J. Freshw. Ecol. 12, 521–530.

Kolar, C.S., Chapman, D.C., Courtenay Jr., W.R., Housel, C.M., Williams, J.D., Jennings, D.P.,
2007. Bigheaded carps: a biological synopsis and environmental risk assessment.
Am. Fish. Soc. Spec. Publ. 33 Bethesda, MD.

Kwon, T.-D., Fisher, S.W., Kim, G.W., Hwang, H., Kim, J.-E., 2006. Trophic transfer and
biotransformation of polychlorinated biphenyls in zebra mussel, round goby, and
smallmouth bass in Lake Erie, USA. Environ. Toxicol. Chem. 25, 1068–1078.

Lauer, T.E., Allen, P.J., McComish, T.S., 2004. Changes in mottled sculpin and Johnny darter
trawl catches after the appearance of round gobies in the Indiana waters of Lake
Michigan. Trans. Am. Fish. Soc. 133, 185–189.

Leach, J.H., 2003. Unusual invaders of Lake Erie. Point Pelee Natural History News. 3,
pp. 1–5.

Legislative Assembly of Ontario, 2014. Bill 167, Invasive Species Act. Accessed online 03-
01- 2012 at: http://www.ontla.on.ca/web/bills/bills_detail.do?locale=en&Intranet=
&BillID=2946.

Leung, B., Lodge, D.M., Finnoff, D., Shogren, J.F., Lewis, M.A., Lamberti, G., 2002. An ounce
of prevention or a pound of cure: bioeconomic risk analysis of invasive species. Proc.
Biol. Sci. 269, 2407–2413.

Leuven, R.S.E.W., van der Velde,, G., Baijens, I., Snijders, J., van der Zwart, C., Lenders, H.J.R.,
bij de Vaate,, A., 2009. The river Rhine: a global highway for dispersal of aquatic
invasive species. Biol. Invasions 11, 1989–2008.
Locke, A., Reid, D.M., Van Leeuwen, H.C., Sprules, W.G., Carlton, J.T., 1993. Ballast water
exchange as a means of controlling dispersal of freshwater organisms by ships. Can.
J. Fish. Aquat. Sci. 50, 2086–2093.

Lodge, D.M., Williams, S., MacIsaac, H.J., Hayes, K.R., Leung, B., Reichard, S., Mack, R.N.,
Moyle, P.B., Smith, M., Andow, D.A., 2006. Biological invasions: recommendations
for US Policy and Management. Ecol. Appl. 16, 2035–2054.

Lofgren, B.M., Hunter, T.S., Wilbarger, J., 2011. Effects of using air temperature as a proxy
for potential evapotranspiration in climate change scenarios of Great Lakes basin
hydrology. J. Great Lakes Res. 37, 744–752.

Magnuson, J.J., Webster, K.E., Assel, R.A., Bowser, C.J., Dillon, P.J., Eaton, J.G., Evans, H.E.,
Fee, E.J., Hall, R.I., Mortsch, L.R., 1997. Potential effects of climate changes on aquatic
systems: Laurentian Great Lakes and Precambrian Shield Region. Hydrol. Proc. 11,
825–871.

Mandrak, N.E., 1989. Potential invasion of the Great Lakes by fish species associated with
climatic warming. J. Great Lakes Res. 15, 306–316.

Mandrak, N.E., Cudmore, B.C., 2004. Risk assessment for Asian carps in Canada. Canadian
Science Advisory Secretariat. Fisheries and Oceans Canada, Burlington, ON. Res. Doc.
2004/103.

Mandrak, N.E., Cudmore, B., 2010. The fall of native fishes and the rise of non-native fishes
in the Great Lakes basin. Aquat. Ecosyst. Health Manag. 13, 255–268.

Marcogliese, D.J., 2001. Implications of climate change for parasitism of animals in the
aquatic environment. Can. J. Zool. 79, 1331–1352.

Marsden, J.E., Hauser, M., 2009. Exotic species in Lake Champlain. J. Great Lakes Res. 35,
250–265.

McCormick, M.J., Fahnenstiel, G.L., 1999. Recent climatic trends in nearshore water
temperatures in the St Lawrence Great Lakes. Limnol. Oceanogr. 44, 530–540.

McNickle, G.G., Rennie, M.D., Sprules, W.G., 2006. Changes in benthic invertebrate
communities of South Bay, Lake Huron following invasion by zebra mussels
(Dreissena polymorpha), and potential effects on lake whitefish (Coregonus
clupeaformis) diet and growth. J. Great Lakes Res. 32, 180–193.

Mills, E.L., Leach, J.H., Carlton, J.T., Secor, C.L., 1993. Exotic species in the Great Lakes:
a history of biotic crises and anthropogenic introductions. J. Great Lakes Res. 19, 1–54.

Mills, E.L., Leach, J.H., Carlton, J.T., Secor, C.L., 1994. Exotic species and the integrity of the
Great Lakes. Bioscience 44, 666–676.

Mills, E.L., Scheuerell, M.D., Carlton, J.T., Strayer, D.L., 1997. Biological invasions in the
Hudson River basin: an inventory and historical analysis. N. Y. State Mus. Circ.
57, 1–51.

Mills, E.L., Chrisman, J.R., Holeck, K.T., 2000. The roles of canals in the spread of nonindigenous
species in North America. In: Claudi, R., Leach, J.H. (Eds.), Nonindigenous Freshwater
Organisms: Vectors, Biology, and Impacts. CRC Press, Boca Raton, FL, pp. 347–379.

Murphy, D.J., 2012. Fossil fuels: peak oil is affecting the economy already. Nature 541.
New York State Department of Environmental Conservation (NYSDEC), 2012. Hydrilla

Discovered in Erie Canal in North Tonawanda. Accessed online 02–27–2014 http://
www.dec.ny.gov/press/85078.html.

Nico, L., Fuller, P., 2014. Hypophthalmichthys nobilis. USGS Nonindigenous Aquatic Species
Database, Gainesville, FL. http://nas.er.usgs.gov/queries/FactSheet.aspx?SpeciesID=
55 (Accessed online 02-27-2014 at).

Niimi, A.J., Reid, D.M., 2003. Low salinity residual ballast discharge and exotic species
introductions to the North American Great Lakes. Mar. Pollut. Bull. 46, 1334–1340.

Padilla, D.K., Williams, S.L., 2004. Beyond ballast water: aquarium and ornamental trades
as sources of invasive species in aquatic ecosystems. Front. Ecol. Environ. 2, 131–138.

Park, J., Hushak, L.J., 1999. Zebra mussel control costs in surface water using facilities.
Technical Summary Series OSHU-TS-028. Ohio Sea Grant Collection Program,
Columbus, OH.

Pereira, N.N., Brinati, H.L., 2012. Onshore ballast water treatment: a viable option for
major ports. Mar. Pollut. Bull. 64, 2296–2304.

Peters, J.A., Lodge, D.M., 2009. Invasive species policy at the regional level: a multiple
weak links problem. Fisheries 34, 373–381.

Rasmussen, J.L., Regier, H.A., Sparks, R.E., Taylor,W.W., 2011. Dividing thewaters: the case
for hydrologic separation of the North American Great Lakes and Mississippi River
Basins. J. Great Lakes Res. 37, 558–592.

Rennie, M.D., Sprules, W.G., Johnson, T.B., 2009. Resource switching in fish following a
major food web disruption. Oecologia 159, 789–802.

Reshetnikov, A.N., 2010. The current range of Amur sleeper Perccottus glenii Dybowski,
1877 (Odontobutidae, Pisces) in Eurasia. Russ. J. Biol. Invasions 1, 119–126.

Ricciardi, A., 2001. Facilitative interactions among aquatic invaders: is an “invasional
meltdown” occurring in the Great Lakes? Can. J. Fish. Aquat. Sci. 58, 2513–2525.

Ricciardi, A., 2006. Patterns of invasion in the Laurentian Great Lakes in relation to chang-
es in vector activity. Divers. Distrib. 12, 425–433.

Ricciardi, A., Kipp, R., 2008. Predicting the number of ecologically harmful exotic species
in an aquatic system. Divers. Distrib. 14, 374–380.

Ricciardi, A., MacIsaac, H.J., 2000. Recent mass invasion of the North American Great Lakes
by Ponto-Caspian species. Trends Ecol. Evol. 15, 62–65.

Ricciardi, A., MacIsaac, H.J., 2008. Evaluating the effectiveness of ballast water exchange
policy in the Great Lakes. Ecol. Appl. 18, 1321–1323.

Ricciardi, A., Rasmussen, J.B., 1998. Predicting the identity and impact of future biological
invaders: a priority for aquatic resource management. Can. J. Fish. Aquat. Sci. 55,
1759–1765.

Ricciardi, A., Avlijas, S., Marty, J., 2012. Forecasting the ecological impacts of theHemimysis
anomala invasion in North America: lessons from other freshwater mysid
introductions. J. Great Lakes Res. 38, 7–13.

Rixon, C.A.M., Duggan, I.C., Bergeron, N.M.N., Ricciardi, A., MacIsaac, H.J., 2005. Invasion
risks posed by the aquarium trade and live fish markets on the Laurentian Great
Lakes. Biodivers. Conserv. 14, 1365–1381.

Rogelj, J., Meinshausen, M., Knutti, R., 2012. Global warming under old and new scenarios
using IPCC climate sensitivity range estimates. Nat. Clim. Chang. 2, 248–253.

http://www.ec.gc.ca/grandslacs-greatlakes/default.asp?lang=En&n=A1C62826-1
http://www.ec.gc.ca/grandslacs-greatlakes/default.asp?lang=En&n=A1C62826-1
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0190
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0190
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0710
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0710
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0200
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0200
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0200
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0205
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0205
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0210
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0210
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0210
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0215
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0215
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0220
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0220
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0220
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0225
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0225
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0225
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0230
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0230
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0230
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0235
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0235
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0240
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0240
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0245
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0245
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0255
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0255
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0255
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0250
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0250
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0260
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0260
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0260
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0265
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0265
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0270
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0270
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0275
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0275
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0275
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0280
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0280
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0285
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0285
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0290
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0290
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0715
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0715
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0715
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0715
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0715
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0295
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0295
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0300
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0300
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0720
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0720
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0310
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0310
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0310
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0315
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0315
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0315
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0725
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0725
http://www.ontla.on.ca/web/bills/bills_detail.do?locale=en&Intranet=&BillID=2946
http://www.ontla.on.ca/web/bills/bills_detail.do?locale=en&Intranet=&BillID=2946
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0335
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0335
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0335
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0735
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0735
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0345
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0345
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0345
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0350
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0350
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0355
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0355
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0355
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0360
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0360
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0360
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0365
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0365
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0740
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0740
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0740
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0375
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0375
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0380
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0380
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0385
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0385
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0390
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0390
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0395
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0395
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0395
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0395
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0400
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0400
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0405
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0405
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0745
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0745
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0745
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0415
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0415
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0415
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0420
http://www.dec.ny.gov/press/85078.html
http://www.dec.ny.gov/press/85078.html
http://nas.er.usgs.gov/queries/FactSheet.aspx?SpeciesID=55
http://nas.er.usgs.gov/queries/FactSheet.aspx?SpeciesID=55
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0425
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0425
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0430
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0430
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0760
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0760
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0760
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0440
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0440
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0445
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0445
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0455
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0455
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0455
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0460
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0460
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0465
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0465
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0480
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0480
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0485
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0485
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0490
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0490
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0475
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0475
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0495
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0495
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0470
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0470
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0470
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0500
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0500
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0500
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0505
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0505
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0505
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0510
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0510


107K.S. Pagnucco et al. / Journal of Great Lakes Research 41 Supplement 1 (2015) 96–107
Rosaen, A.L., Grover, E.A., Spencer, C.W., 2012. The Costs of Aquatic Invasive Species to
Great Lakes States. Anderson Economical Group, East Lansing, MI.

Rothlisberger, J.D., Finnoff, D.C., Cooke, R.M., Lodge, D.M., 2012. Ship-borne nonindigenous
species diminish Great Lakes ecosystem services. Ecosystems 15, 462–476.

Rup, M.P., Bailey, S.A., Wiley, C.J., Minton, M.S., Miller, A.W., Ruiz, G.M., MacIsaac, H.J.,
2010. Domestic ballast operations on the Great Lakes: potential importance of lakers
as a vector for introduction and spread of nonindigenous species. Can. J. Fish. Aquat.
Sci. 67, 256–268.

Saylor, R.K., Lapointe, N.W.R., Angermeier, P.L., 2012. Diet of non-native northern
snakehead (Channa argus) compared to three co-occurring predators in the lower
Potomac River, USA. Ecol. Freshw. Fish 21, 443–452.

Schindler, D.W., 2001. The cumulative effects of climatewarming and other human stresses
on Canadian freshwaters in the new millennium. Can. J. Fish. Aquat. Sci. 58, 18–29.

Sousa, R., Antunes, C., Guilhermino, L., 2008. Ecology of the invasive Asian clam Corbicula
fluminea (Muller, 1774) in aquatic ecosystems: an overview. Int. J. Limnol. 44, 85–94.

Stapleton, H.M., Skubinna, J., Baker, J.E., 2002. Seasonal dynamics of PCB and toxaphene
bioaccumulation within a Lake Michigan food web. J. Great Lakes Res. 28, 52–64.

Steen, D.A., Gibbs, J.P., Timmermans, S.T.A., 2006. Assessing the sensitivity of wetland bird
communities to hydrologic change in the eastern Great Lakes basin. Wetlands 26,
605–611.

Sylvester, F., MacIsaac, H.J., 2010. Is vessel hull fouling an invasion threat to the Great
Lakes? Divers. Distrib. 16, 132–143.

Sytsma, M.D., Cordell, J.R., Chapman, J.W., Draheim, R.C., 2004. Lower Columbia River
aquatic nonindigenous survey 2001–2004. Final technical report prepared for the
US Coast Guard and the US Fish and Wildlife Service, p. 78.

Thelen, A.C., 2012. Population dynamics of Holopedium gibberum in a Pacific Northwest
drinking water reservoir: effects of temperature, food, and competition(MSc thesis)
University of Washington, Seattle, WA.

Thomas, M.V., Faisal, M., 2009. Piscirickettsia infection in the Muskellunge population of
Lake St. Clair. Michigan Department of Natural Resources, Fisheries Division Research
Report, p. 2092.

Thomas, V.G., Vásárhelyi, C., Niimi, A.J., 2009. Legislation and the capacity for rapid-
response management of nonindigenous species of fish in contiguous waters of
Canada and the USA. Aquat. Conserv. 19, 354–364.

Thorp, J.H., Alexander Jr., J.E., Bukaveckas, B.L., Cobbs, G.A., Bresko, K.L., 1998. Responses
of Ohio River and Lake Erie dreissenid molluscs to changes in temperature and
turbidity. Can. J. Fish. Aquat. Sci. 55, 220–229.

Trebitz, A.S., Brazner, J.C., Danz, N.P., Pearson, M.S., Peterson, G.S., Tanner, D.K., Taylor, D.L.,
West, C.W., Hollenhorst, T.P., 2009. Geographic, anthropogenic, and habitat influences
on Great Lakes coastal wetland fish assemblages. Can. J. Fish. Aquat. Sci. 66,
1328–1342.

Trumpickas, J., Shuter, B.J., Minns, C.K., 2009. Forecasting impacts of climate change on
Great Lakes surface water temperatures. J. Great Lakes Res. 35, 454–463.

Tudorancea, C., Bowen, K., Gerlofsma, J., 2009. Daphnia lumholtzi Sars a new alien species
in Lake St Clair. J. Great Lakes Res. 35, 313–316.
Tulbure, M.G., Johnston, C.A., 2010. Environmental conditions promoting non-native
Phragmites australis expansion in Great Lakes Coastal Wetlands. Wetlands 30,
577–587.

Tulbure, M.G., Johnston, C.A., Auger, D.L., 2007. Rapid invasion of a Great Lakes coastal
wetland by non-native Phragmites australis and Typha. J. Great Lakes Res. 33,
269–279.

United States Army Corps of Engineers (USACE), 2014. The Great Lakes and Mississippi
River Interbasin Study (GLMRIS) Report. Accessed online 05-06-2014 at http://
glmris.anl.gov/documents/docs/glmrisreport/GLMRIS_Report.pdf.

Van der Velde, G., Paffen, B.G.P., Van den Brink, F.W.B., Bij de Vaate, A., Jenner, H.A., 1994.
Decline of zebra mussel populations in the Rhine. Competition between two mass
invaders (Dreissena polymorpha and Corophium curvispinum). Naturwissenschaften
81, 32–34.

Van der Velde, G., Rajagopal, S., Kelleher, B., Musko, I.B., De Vaate, A.B., 2000. Ecological
impact of crustacean invaders: general considerations and examples from the Rhine
River. Crustac. Iss. 12, 3–33.

Vander Zanden, M.J., Hansen, G.J.A., Higgins, S.N., Kornis, M.S., 2010. A pound of
prevention, plus a pound of cure: early detection and eradication of invasive
species in the Laurentian Great Lakes. J. Great Lakes Res. 36, 199–205.

Vanderploeg, H.A., Nalepa, T.F., Jude, D.J., Mills, E.L., Holeck, K., Liebig, J.R., Grigorovich, L.A.,
Ojaveer, H., 2002. Dispersal and emerging ecological impacts of Ponto-Caspian
species in the Laurentian Great Lakes. Can. J. Fish. Aquat. Sci. 59, 1209–1228.

Vasarhelyi, C., Thomas, V.C., 2003. Analysis of Canadian and American legislation for
controlling exotic species in the Great Lakes. Aquat. Conserv. 13, 417–427.

Ward, J.M., Cudmore, B., Drake, D.A.R., Mandrak, N.E., 2011. Summary of a survey of
baitfish users in Canada. Can. Manuscr. Rep. Fish. Aquat. Sci. 2972, 28.

Weisz, E., Yan, N.D., 2011. Shifting invertebrate zooplanktivores: watershed-level replace-
ment of the native Leptodora by the non-indigenous Bythotrephes in Canadian Shield
Lakes. Biol. Invasions 13, 115–123.

Weitere, M., Vohmann, A., Schulz, N., Linn, C., Dietrich, D., Arndt, H., 2009. Linking
environmental warming to the fitness of the invasive clam Corbicula fluminea. Global
Change Biol. 15, 2838–2851.

Williams, S.L., Davidson, I.C., Pasari, J.R., Ashton, G.V., Carlton, J.T., Crafton, R.E., Fontana,
R.E., Grosholz, E.D., Miller, A.W., Ruiz, G.M., Zabin, C.J., 2013. Managing multiple
vectors for marine invasions in an increasingly connected world. Bioscience 63,
952–966.

Wittmann, M.E., Jerde, C.L., Howeth, J.G., Maher, S.P., Deines, A.M., Jenkins, J.A., Whitledge,
G.W., Burbank, S.R., Chadderton, W.L., Mahon, A.R., Tyson, J.T., Gantz, C.A., Keller, R.P.,
Drake, J.M., Lodge, D.M., 2014. Grass carp in the Great Lakes region: establishment
potential, expert perceptions and re-evaluation of experimental evidence of
ecological impact. Can. J. Fish. Aquat. Sci. 71, 992–999.

Yule, A.M., Barker, I.K., Austin, J.W., Moccia, R.D., 2006. Toxicity of Clostridium botulinum
type E neurotoxin to Great Lakes fish: implications for avian botulism. J. Wildl. Dis.
42, 479–493.

http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0515
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0515
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0520
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0520
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0525
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0525
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0525
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0530
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0530
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0530
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0535
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0535
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0540
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0540
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0545
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0545
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0550
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0550
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0550
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0555
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0555
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0765
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0765
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0765
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0770
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0770
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0770
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0775
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0775
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0775
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0575
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0575
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0575
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0580
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0580
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0580
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0585
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0585
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0585
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0590
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0590
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0595
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0595
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0605
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0605
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0605
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0600
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0600
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0600
http://glmris.anl.gov/documents/docs/glmrisreport/GLMRIS_Report.pdf
http://glmris.anl.gov/documents/docs/glmrisreport/GLMRIS_Report.pdf
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0615
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0615
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0615
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0620
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0620
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0620
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0625
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0625
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0625
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0610
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0610
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0630
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0630
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0635
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0635
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0640
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0640
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0640
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0645
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0645
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0645
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0650
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0650
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0650
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0655
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0655
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0655
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0660
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0660
http://refhub.elsevier.com/S0380-1330(14)00215-9/rf0660

	The future of species invasions in the Great Lakes-�St. Lawrence River basin
	Introduction
	A long history of species invasions in the Great Lakes Basin
	Impacts of species invasions in the Great Lakes basin
	Regulations and measures to prevent and control invasions

	Interactions between invasive species and other anthropogenic drivers
	Climate change
	Biological and chemical contaminants
	Socioeconomic drivers

	How will vectors and their invasion risks change in the next 50 years?
	Shipping
	Live trade
	Canals and recreational boating

	Future scenarios
	1. Status quo: while current ballast water regulations are effective, live trade continues to be poorly regulated for most species
	2. The dystopian future: ballast water regulations prove ineffective, live trade continues to grow unabated and largely unr...
	3. The utopian future: effective, proactive bi-national governance minimizes invasion risk
	The influence of climate change

	Conclusions and recommendations
	Acknowledgements
	References


