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Introduction

The aquatic biota of the world is rapidly being homogenized as a result of the introduction
of species beyond their native range (Rahel, 2000; Ricciardi and Maclsaac, 2000). While
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in the range of 15 to 30 mg L' (Mellina and Rasmussen, 1994; Ramcharan et al., 1992).
For these reasons, Shield lakes are not likely to rival heavily invaded ecosystems such as
the Laurentian Great Lakes, the Chesapeake Bay, and the San Francisco Bay estuary in
terms of sheer numbers of invaders (Ricciardi and Maclsaac, 2000; Cohen and Carlton,
1998; Ruiz et al., 1999).

Yet despite the relatively small number of potential invaders, a developing literature
indicates that Shield lake ecosystems and their biota can be highly sensitive to species
invasions. While quantitative comparisons with other ecosystem types are not possible,
dramatic impacts on native species and ecosystems in Shield lakes are well documented,
perhaps more so than for many other ecosystem types. Because of the underlying ancient
igneous bedrock, thin soils, a relatively recent (10,000 years) origin, and the lack of urban
and agricultural development, Shield lakes are unproductive and support relatively few
fish and invertebrate species. Barriers to fish and invertebrate dispersal during postglacial
times also limited species distribution, further contributing to the low species richness.
Compared to terrestrial and riverine ecosystems, lakes tend to be isolated from each other
and can be considered islands of water in a sea of land (Magnuson, 1976).

The overall result is that Shield lakes have relatively simple, species-poor food webs
that may be more vulnerable to perturbations than more productive, species-rich systems
{McCann et al., 1998). In addition, these lakes are typically home to species such as lake
trout Salvelinus namaycush and brook trout Salvelinus fontinalis, which are highly vulnerable
to exploitation, habitat disturbance, and food web perturbations. So while relatively few
nonnative species are presently invading Shield lakes, growing evidence indicates that
they are having substantial impacts on Shield lake ecosystems (Evans and Loftus, 1987;
Yan and Pawson, 1997; Vander Zanden et al., 1999; Yan et al., 2001).

Species invasions and introductions in Shield lakes must also be considered within
the context of the predicted climate changes due to anthropogenic greenhouse gas emis-
sions. Global circulation models (GCMs) that simulate a doubling of atmospheric CO,
concentrations predict substantially warmer mean air temperatures as well as trends
toward dryer conditions for much of the Canadian Shield (Magnuson et al., 1997). Climate
warming will undoubtedly affect Shield lakes in a multitude of interconnected ways
(reviewed in Magnuson et al., 1997), including a predicted increase in epilimnetic and
hypolimnetic water temperatures (Destasio et al., 1996). Such warming will certainly have
major implications for the thermal habitat of fish in lakes.

In addition, climate warming is predicted to increase the invasion rates of certain
species (Jackson and Mandrak, 2002). The northern limit of smallmouth bass Micropterus
dolomieu is effectively set by the short summer growing season of north-temperate lakes
(Mandrak, 1989; Shuter and Post, 1990). Shuter and Post (1990) reported size-dependent
over-winter starvation for smallmouth bass and yellow perch Perca flavescens. Population
viability is thus contingent on their ability to complete a minimal amount of growth during
their first summer (Shuter et al., 1980, 1989). Summer growth and over-winter survival of
young-of-the-year (YOY) increase with water temperature and decrease as a function of
latitude. Based on the Shuter model, the expected increases in water temperature would
shift the zoogeographic boundaries for these cold-limited fish species (such as bass)
northward by 500 to 600 km (Shuter and Post, 1990; Magnuson et al., 1997), which is likely
to have important food web impacts (Vander Zanden et al. 1999).

The fundamental theme in this chapter is predicting, from easily measurable and
readily available lake characteristics such as those presented in the appendices of this
book, occurrences and impacts of invaders in individual Shield lakes. By focusing on
predicting occurrences and impacts in individual lakes, lakes that are most vulnerable to
invaders can be identified. This should be useful fo lake managers for several reasons.
For example, invader prevention efforts and education campaigns can target those lakes

. : '.;
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Can invader colonists reach the new ecogystem?

Not vnlnerable;
low-priority lake

Vulnerable;
high-priority lake
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identified as Vu]nera‘ble, .aIlowing optimal use of limited management resources. Further-
more, effprts to monitor invader distribution and impacts can target systems identified as
most vulnerable (likely to be invaded).

In our examination of species invasions and impacts in Shield lakes, we deconstruct
_in a.n‘effort for ultimate prediction of the dynamics and impacts of a known invader for
mF11V_1dua1 lakes (Figure 13.1). The three components can be assessed using semiqualitative
criteria (for example, the presence or absence of public road access). Alternatively, quan-
titative techniques such as logistic regression, discriminant function énalysis, or artificial

invasions on the landscape. Still, the value of this approach is that it provides predictions
of tha)e specific location of species invasions before they occur (Vander Zanden et al., in
press). ,

‘ The fivst filter is whether colonists can reach an uninvaded ecosystem (Figure 13.1)
ThIIS' depends on the dispersal mechanisms and potential of the invader as well as int'er;
actions with both human and nonhuman dispersal vectors, Factors such as road access
the presence of boat launches, and urban and residential development méy be importani’%

dete{'mmants, although natural dispersal through interconnected waterways must also be
considered.

Chapter thirteen:  Species introductions and their impacts in North American Shield lakes 243

The second filter is whether the invader is capable of surviving, reproducing, and
establishing a self-sustaining population in the novel ecosystem. In many cases invader
colonists may reach a given ecosystem, but environmental or biotic conditions are not
appropriate and a population cannot establish. It should be noted here that the failure of
an invader to establish a population following introduction does not mean that conditions
are not appropriate for establishment because stochastic factors play an Important role in
determining invader establishment (Pimm, 1991).

The third filter is whether an established invader has adverse impacts on the native
ecosystem or biota. This will depend on the population size or density of the invader, the
strength and nature of biotic interactions (predation and competition) between the invader
and native species, whether the invader occupies an “empty niche,” and whether the
invader has ecosystem-altering potential in its new ecosystem. This third filter will most
likely be the most difficult to address. An invader can only establish if the first two filters
are satisfied (colonists reach the novel system, and the conditions are appropriate for the
invader to establish). An invasion is of particular ecological concern if all three questions
are answered affirmatively (Figure 13.1).

This chapter focuses on several animal invaders that may have already invaded Shield
lakes, are likely to continue to spread, and have the potential for dramatic impacts on
Shield lake ecosystems. For each invader we separately consider the filters of the invasion
process. The invaders examined in this chapter are (1) smallmouth bass and rock bass
Ambloplites rupestris, (2) rainbow smelt Osmerus mordax, (3} the spiny water flea
Bythotrephes, (4) zebra mussel and quagga mussel Dreissena bugensis, (5) rusty crayfish
Orconectes rusticus, and (6) Daphnia lumholtzi. In the final section, we briefly mention other
potential invaders of Shield lakes. Recent efforts have been made to predict the identity
of future invaders (Ricciardi and Rasmussen, 1998; Kolar and Lodge, 2001). It is hoped
that efforts to predict the identity, occurrences, and impacts of future invaders will con-
tribute to the development of management strategies that can limit the further spread of
species with. the greatest potential impacts on Shield lake ecosystems.

Invaders in Shield lakes
Smallmouth bass and rock bass in Ontario

Smallmouth bass and rock bass were historically confined to Mississippi and Great T.akes
drainage systems (Scott and Crossman, 1973; Lee et al., 1980). During the past century,
these and other species of the family Centrachidae have been widely introduced beyond
their native range and now occur in much of western North America, many East Coast
drainage systems, and northward into Shield lakes in regions of Ontario, Quebec, New
Brunswick, Nova Scotia, and western Canada (MacCrimmon and Robbins, 1975; Lee et
al., 1980; McNeill, 1995; Rahel, 2000). The northward range expansion of smallmouth bass
and rock bass (hereafter referred to together as bass) into lakes of the Canadian Shield
presently continues at a rapid pace. While resource management agencies no longer stock
bass into new water bodies, bass continue to expand their range as a result of unauthorized
introduction by anglers, accidental bait bucket transfers, and natural dispersal through
drainage networks. Also, smallmouth bass and largemouth bass Micropterus salmoides have
been introduced into dozens of countries on nearly every continent, although the ecolog-
ical impacts of their introduction outside North America are virtually unknown (McDow-
all, 1968; Robbins and MacCrimmon, 1974; Welcomme, 1988).

Adult rock bass and smallmouth bass have broad, generalist diets and feed on a mix
of prey fish, crayfish, and other zoobenthos with zooplankton, amphibians, songbirds,
and small mammals in the diet on occasion (Hodgson and Kitchell, 1987; Hodgson et al.,
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Table 13.1 Comparison of Central Ontario Lakes with and without Smallmouth Bass and Rock Basg

Number Prey fish species Minnow Lake trout Lake troyut
Brpe of lakes richness catch rate= frophic position &15C
Bass 5 24 6.6 3.28 =29.20
No bass 5 8.2b 35.8¢ 3.90¢ —27.48

Note:  Values are means across five lakes.

* Grams of fish/trap/ day.

¥ p < .001 between lakes with ang without bass (one-failed ¢ test).
¢ p < .05 between lakes with and without bass (one-tailed ¢ test).
Source: Data from Vander Zanden et al. (1999).

1991; D.E. Schindler et al., 1997; Vander Zanden and Vadeboncoeur, 2002). Bass are efficient
piscivores that can have substantial impacts on littora] prey fish diversity, abundance, ang
community structure in north-temperate lakes (Mittelbach et al., 1995; Chapleay et al.,
1997; Vander Zanden et al., 1999; Whittier and Kincaid, 1999, Findlay et al,, 2000). Con.
sidering the important top-down role of bass in structuring pelagic food webs ang their
range expansion during the last century, it is critical to examine the broader impacts of

Vander Zanden et al., 1999).

Lakes of central and northern Ontario are rapidly being invaded by bass. We previ-
ously examined a series of nine Ontario lakes, five of which had been recently invaded,
along with four uninvaded reference lakes (Vander Zanden et al., 1999). All of these lakes

v

Ontario. Abundance of Cyprinids (expressed as number per square meter) is negatively
correlated with centrarchid abundance (smallmouth bass and rock bass; Figure 13.2):
log(cyprinid abundance) = —0.65*log(centrarchid abundance) + (.70, 12 = 43

To address the broader food web consequences of bass introductions in central Ontario
lakes, carbon and nitrogen stable isotopes were used to quantify differences in food web
structure related to bass invasion (Vander Zanden et al, 1999), Corresponding with
reduced littoral prey fish in invaded lakes, lake trout trophic position (based on §5N
values) was reduced, indicating a diet consisting of invertebrates rather than fish. The
6"°C values indicated that Jake trout relied primarily on littoral prey fish in lakes without
bass and depended on zooplankton where they are Sympatric with bass (Table 13.1
Figure 13.3).

In addition to this Comparative analysis, long-term studies of two recently invaded
lakes, MacDonald Lake and Clean Lake, revealed the food web consequences of bass
impacts. In MacDonald Lake, littoral prey fish populations declined dramatically follow-
ing bass establishment, Stable isotope analysis of freezer-archived muscle tissue samples
collected throughout this period revealed a concurrent decline in lake trout trophic posi-
tion (Figure 13.4). The invasion and establishment of bass into Clean Lake followed that
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Considering the tremendous number of Shield lakes (Olver et al., 1991), designing
and implementing a management plan to minimize the adverse impacts of bass introduc-
tions is a daunting task. Using the framework of Figure 13.1, individual lakes in central
Ontario that are vulnerable to bass invasion have been identified (Vander Zanden et al.,
in press). The analysis was performed using Geographic Information System (GIS) and
included the central Ontario’s more than 700 lakes containing a resident lake trout pop-
ulation. The study addressed the following questions:

1. Which lakes are likely to receive bass colonists?
2. Which lakes are likely to be able to support a bass population?
3. Which lakes are likely to be adversely impacted if bass establish a population?

Each of these three filters was modeled separately, and the subset of lakes classified
as positive for all three criteria is considered vulnerable. These individual lakes should
be the focus of management efforts aimed at slowing or halting further bass impacts.

Which lakes are accessible to bass colonists? To be accessible, a lake either must have
road access or must occur in a drainage system already invaded by bass. This is a reason-
able set of assumptions because bass are rapidly expanding their range due to unautho-
rized introduction by anglers, accidental bait bucket transfers, and natural dispersal
through drainage networks (M.]. Vander Zanden, perscnal observation). Because the vast
majority of lakes in central Ontario have public road access, only a relatively small number
of lakes located in provincial parks {notably Algonquin Provincial Park) are protected
from bass colonists due to thejr remote location and roadless status.

Which lakes are capable of supporting bass populations? Models that predict bass
presence or absence in Ontario lakes based on glacial history, local and regional environ-

mental variables, and biotic variables have been developed (Vander Zanden et al., in press).

Using ANN models, lakes were classified according to bass presence or absence with 77
to 90% accuracy. When the predictions of the neural network model were examined for
the 771 central Ontario lakes containing lake trout, bass were predicted but not cbserved
(Le., false presence) in 59 of these lakes. Thus while bass do not presently occur in these
59 lakes, the model indicates that these lakes have the appropriate conditions for support-
ing self-sustaining bass populations. These lakes are likely to be capable of supporting
bass populations (note that this observation is independent of whether colonists are able
or likely to colonize these lakes).

In which lakes will bass have adverse impacts on the native biota? Food web studies
using diet data and stable isotopes indicated that lake trout are linked to the pelagic food
web in lakes containing pelagic prey fish such as rainbow smelt, lake herring Coregonus
artedi, and lake whitefish Coregonus clupeaformis (Vander Zanden and Rasmussen, 1996;
Vander Zanden and Rasmussen, 2002; Vander Zanden et al., in press). In lakes lacking
pelagic prey fish, lake trout tend to be linked to the littoral food web through consumption
of littoral prey fish (Vander Zanden and Rasmussen, 1996; Vander Zanden et al., 1999).
Because the availability of littoral prey fish is a function of bass presence, competitive
bass-trout interactions are predicted to occur only in lakes lacking pelagic forage fish. Thus,
the presence of pelagic prey fish mediates the strength of bass-lake trout interactions. If
pelagic prey fish are present, lake trout are buffered from impacts of bass on littoral prey
fish populations (Figure 13.5) (Vander Zanden and Rasmussen, 2002; Vander Zanden et
al,, in press). With bass-lake trout interactions predictable from species composition, we
can identify lake trout populations likely to be impacted by bass introductions. Of the 59
lake trout lakes classified as capable of supporting bass (Filter 2), 38 did not contain pelagic
prey fish and are thus vulnerable to bass impacts based on food web considerations.
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reduced. Yet to date, there are few examples of successful eradication of aquatic invaders:
The extirpation of nutria from England during the 1980s and trout from small Sierra
Nevada (California) lakes are among the few success stories. The limited potential for
eradication of invaders underscores the central role of prevention as the most effective
strategy for minimizing invader impacts.

Rainbow smelt

Rainbow smelt are an anadromous species native to coastal waters of Canada and the
United States; they have a historical range that extends from coastal Labrador to New
Jersey. In addition, there are a number of native landlocked. freshwater populations of
rainbow smelt along the Atlantic coast. Smelt were originally introduced into the Great
Lakes drainage in 1912 into Crystal Lake, Michigan. Smelt spread to nearby Lake Michigan
by 1923 and subsequently spread to the rest of the Great Lakes during the following decade
(Dymond, 1944; Christie, 1974; Bergstedt, 1983).

Smelt have since dispersed beyond the Great Lakes into inland lake and river systems.
Smelt were stocked into Lake Sakakawea, North Dakota, a reservoir on the Missouri River
in 1971, and subsequently spread through much of the Missouri and Mississippi drainage
systems (Mayden et al., 1987). Smelt have been stocked into other reservoirs of the western
United States and have similarly expanded their range (Jones et al., 1994; Johnson and
Goettl, 1999). This species now occurs in the Hudson Bay drainage waters of northwestern
Ontario, Manitoba, and Minnesota (Franzin et al., 1994) and has recently reached Hudson
Bay via the Nelson River (Remmnant et al., 1997). Smelt continue to colonize Shield and
non-Shield lakes within the Great Lakes drainage basin (Evans and Loftus, 1987; Hrabik
and Magnuson, 1999). In the most comprehensive synthesis of smelt biology in inland
lakes, Evans and Loftus (1987) reported the presence of smelt in 194 inland Ontario lakes,
of which only 4 are thought to be native, relict populations. There are undoubtedly many
more introduced smelt populations in lakes of the Canadian Shield, although little effort
has been made to document their ever-expanding distribution.

In this section we examine the three filters of the invasion process (Figure 13.1) for
rainbow smelt. Efforts to identify lakes that are likely to receive smelt colonists require
an understanding of the mechanisms of smelt dispersal. Smelt can spread rapidly across
the landscape once they have been introduced, as evidenced by their rapid downstream
colonization of the Missouri/Mississippi and Hudson Bay drainages (Franzin et al., 1994;
Remnant et al., 1997). Yet anthropogenic introductions, either intentional or accidental,
are thought to be the primary vector of smelt introduction into new lakes.

This conclusion has been reached by numerous authors based on the close association
of smelt with urban and cottage development and lake appearances that cannot be
explained by dispersal from nearby lakes (Evans and Loftus, 1987; Hrabik and Magnuson,
1999). In northern Wisconsin, smelt have been deliberately introduced into lakes by anglers
with the intention of increasing opportunities for netting smelt during their spring spawn-
ing runs (called smelting; T. Hrabik, July, 2002, personal communication). Another likely
vector is the unintentional introduction of fertilized eggs into lakes while cleaning and
processing smelf collected from other lakes. While pethaps discouraging, this also suggests
that the spread of smelt is partially preventable and that educational efforts could reduce
their spread into new waters. The available evidence indicates that lakes occurring in the
same drainage as other smelt lakes as well as lakes with road access and cottage devel-
opment should be considered open to rainbow smelt colonists. In addition, lakes with a
large number of nearby smelt populations are far more likely to receive smelt colonists
than Jakes in regions lacking smelt populations.




' 250 '
| | Boreal Shield Watersheds: Lake Trout Ecosystems in a Changing Environp
ent
Table 13.2 Characteristics of Ontario Lakes Containing Rainbow Smelt
| Mean Minimum i
Lake area (km?) 523 0.1 e
| Meap depth (mn) 1.6 2.0 B
] Maximum depth () 35.7 4.0 oy
‘ TDS (mg/1) 49.5 5'5 s
| Surface water pH 7.2 - “ea
! Secchi depth (m) 49 05 o
| Fish species richness 11.3 g-S o
| 63
Source: Data from Evans and Loftus (1987),
| 400
} | Rainbow smeft
o Threshold for smelt n=1474 lakes
" 300 - survival
I
| &
| 2
'I %) 200 A ’—-r’—
W o
‘:! =C1_J (2?1 lakes) L’ {1253 lakes)
. -
i 100 -
I '
Il‘
i
| " '
y 4 5 8 7 8 9 10

To identify lakes capable of sup

occur in lakes that span a

=)
1]
—
G
iy
>
@
n
(=
=
T
o
Z
o
@
=
£
”~
~

decreased SO, emissions (Stoddard et al,, 19
of further smelt invasion might weake

. porting rainb i
u;mnanzed the morphometric an, dglirrmolzw smelt populations Evans and Loftus

S
ined smelt as of 1987 (reproduced in Tabl

‘ 1
that are relatlvely deep, low in productivity :nc?

wide range of conditi
" . . o
hectares in size and as shallow as 4 m maxi

gical parameters for Ontario lakes that
.2): W1.1i1e smelt typically inhabit lakes
w1t!1 Intermediate transparency, they
s, ncluding lakes as small as a few
mum depth (Evans and Loftus, 1987). One
7) was that smelt do not oceur in lakes with

PH value that may limit smelt occurrences. A

99). This result suggests that pH restriction

n as lakes recover from acidification.

Chapter thirteen: Species introductions and their impacts in North American Shield lakes 251

Aside from effects of pH, rainbow smelt distribution does not appear to be severely
limited by morphometric and limnological parameters, and rainbow smelt persist in a
variety of lakes, reservoirs, and flowage ecosystems if minimal habitat and environmental
conditions are met. Development of more sophisticated quantitative models that identify
specific lakes likely to support rainbow smelt (Ramcharan et al., 1992; Maclsaac et al,,
2000) will be a critical step toward characterizing lake vulnerability.

There has been little progress in understanding why smelt sometimes (but not always)
have adverse impacts on native biota. A review of 35 individual cases of rainbow smelt
introduction in inland lakes provided substantial evidence for adverse impacts of smelt
on native biota, with the most frequent impact declines in lake whitefish and lake herring
populations (Evans and Waring, 1987). Adverse impacts on lake trout, walleye Stizostedion
vitreum, and burbot Lofa lofa populations were also noted. Lake whitefish recruitment
failure in Twelve Mile Lake, ON, was attributed fo intense rainbow smelt predation on
YOY (Loftus and Hulsman, 1986). In Lake Simcoe, ON, declines in lake whitefish were
also attributed to smelt introduction, although a positive correlation between yellow perch
and smelt abundance was observed (Evans and Waring, 1987). Hrabik et al. (1998) reported
different impacts of smelt introduction.in two northern Wisconsin lakes. Smelt were a
strong competitor of yellow perch in Crystal Lake, WI, but were a major predator of lake
herring {cisco) in nearby Sparkling Lake, ultimately causing the extirpation of the lake
herring population (Hrabik et al., 1998).

Explicitly viewing smelt from a predator—prey perspective serves as a basis for under-
standing their impacts as a predator and competitor of the native biota (Hrabik et al.,
1998). The available case studies indicate that smelt are often a major player in aquatic
food webs, acting as an important prey, predator, and competitor. Smelt often become the
dominant fish species in the pelagic zone of invaded lakes. In addition, smelt are highly
efficient predators and consume large prey items relative to other fish of similar body size.
Consequently, smelt can dramatically reduce or even eliminate preferred prey. Smelt also
have a broader diet than other forage fish, which commonly includes copepods, cladocer-
ans, Mysis, zoobenthos, YOY smelt and other YOY fish (Vander Zanden and Rasmussen,
1996). This broad, generalist diet allows smelt to consume resources opportunistically as
they become abundant and to switch to alternative prey when the abundance of preferred
prey is reduced. Their generalist and omnivorous feeding behavior allows smelt to avoid
food limitation, maintain a large population, and sustain strong predatory impacts on
preferred prey (Courchamp et al., 2000).

Which factors might determine smelt impacts on native forage fish? One possibility
is that in lakes with a greater diversity of alternative prey, smelt can become more abundant
and have greater predatory impacts on preferred prey (i.e., YOY native fish). This suggests
that smelt should have greater impacts on native fish in larger lakes in which there are
more prey options to exploit. An alternative hypothesis is that the degree of spatial overlap
between adult smelt and the vulnerable (YOY) life stage of native fish determines smelt
impacts. One might predict that the biota in small, shallow lakes would be more vulnerable
to smelt impacts because there is greater potential for spatial overlap between life stages
of smelt and native fish. While the link between smelt introductions and declines of native
pelagic fish is strong, smelt do not universally have adverse impacts, and the mechanism
and magnitude of smelt impact vary widely from system to system. Predicting smelt
impacts on native biota is an important area of future research.

A final impact to consider is the poténtial effect of smelt introduction on concentrations
of contaminants in top predators. Smelt are a common prey item of game fish such as lake
trout, walleye, and Atlantic salmon (Vander Zanden and Rasmussen, 1996; Vander Zanden
et al., 1997). Of concern is the observation that smelt introduction corresponds with
increased concentration of mercury and. polychlorinated biphenyls (PCBs) in game fish
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Figure 13.7 Lake area and Secchi depth as factors potentially limiting the distribution of Bythotrephes
in North American Shield lakes (data from Appendix 2). The diagonal line indicates the predicted
cutoff for Bythotrephes presence or absence based on the two most important predictor variables
from Maclsaac et al. (2000). Lakes to the left of the diagonal line are predicted not to support
Bythotrephes; lakes to the right are predicted potentially to support this invader.

Bythotrephes are large relative to other zooplankton species and are a preferred prey
of zooplanktivorous fish (Mills et al., 1992; Coulas et al., 1998). This suggests that
Bythotrephes abundances in inland lakes might be controlled by fish predation (Coulas
etal, 1998; Yan and Pawson, 1998). While Bythotrephes are an important prey of adult
planktivores, their large size and long spine likely inhibit consumption by YOY and
juvenile fish. The replacement of edible zooplankters by inedible Bythotrephes may have
negative impacts on growth rates of YOY fish and recruitment (Hoffman et al., 2001),
although this question requires further examination in inland lakes.

A similar zooplankter, the fishhook water flea Cercopagis pengoi, native to the Ponto-
Caspian region, was discovered in Lake Ontario in the summer of 1998 (Maclsaac et al.,
1999). Cercopagis has since spread to Lake Michigan and the Finger Lakes in New York
{Charlebois et al., 2001). This species probably has dispersal capabilities similar to that of
Bythotrephes and is likely to spread to more inland lakes with recreational watercraft.
Cercopagis have invaded aquatic ecosystems well beyond its native range in Europe
(Maclsaac et al., 1999) and can thrive across a broad range of environmental conditions,
indicating that this species may thrive in North American lakes (Ricciardi and Rasmussen,

1998). Projected impacts are similar to that for Bythotrephes.

Dreissenid mussels

Dreissenid mussel invaders to North America include zebra mussels and quagga mussels.
Dreissenid mussels established in the Great Lakes in the 1980s and have since colonized
large pertions of North America. Much has been written about zebra mussels in North
America, and a number of excellent reviews are available (Neary and Leach, 1992;
Maclsaac, 1996; Strayer et al., 1999). Despite the rapid spread and widespread distribution
of dreissenids in North America, most Shield lakes are not expected to support thriving
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Figure 13.9 Thresholds potentially limiting the distribution of rusty crayfish Orconectes rusticus in
North American lake trout lakes (data from Appendix 2). The vertical line is the pH threshold of
5.5, below which rusty crayfish tend not to occur in lakes (Berrill et al., 1985). The horizontal line’
indicates the Ca* threshold of 2.5 mg/1 (Capelli and Magnuson, 1983), below which rusty crayfish

are not observed.

crayfish O. virilis and O. propinguus, the distribution of rusty crayfish among suitable lakes
was positively correlated with human activity and proximity to major roads. Once in a
drainage system, rusty crayfish use natural waterways to spread along rivers and from
lake to lake. However, natural dispersal is slow relative to other aquatic invaders because
rusty crayfish do not have a pelagic larval stage. Colonization around the littoral zone of
a single lake can take many years (Wilson, 2002; Wilson and Magnuson, in review).

Rusty crayfish distribution is likely limited by physiochemical factors, particularly

dissolved calcium and pH. Berrill et al. (1985) rarely found rusty crayfish in lakes with a
pH less than 5.5. In laboratory experiments, rusty crayfish stage IIi juveniles do not survive
at pH 5.0 or lower, while adults do not survive at pH 4.7 or lower. Dissolved calcium is
another limiting factor; lakes with dissolved Ca? concentrations less than 2.5 mg/1do not
support rusty crayfish populations (Capelli and Magnuson, 1983). Based on these thresh-
old values for pH and calcium, over 70% of Shield lakes are considered suitable for rusty
crayfish colonization (Figure 13.9).

The availability of suitable habitat and the presence of predators, particularly fish,
may also influence the establishment and abundance of rusty crayfish in lakes. Rusty
crayfish prefer firm substrates (cobble or sand) over mucky substrates (Kershner and
Lodge, 1995), and shelter in the form of logs or cobble is required for egg or young-carrying
females and molting individuals. Rusty crayfish are consumed by several fish species, but
quickly reach a size refuge from all but the largest predators (Stein and Magnuson, 1976).
This species is also highly omnivorous, foraging opportunistically on aquatic plants,
benthic invertebrates, fish eggs, detritus, and small fish (Momot, 1995), indicating a limited
potential for resource limitation.

Once established in lakes and rivers, rusty crayfish tend to displace native crayfish
(primarily O. propinguus and O. virilis) (e.g., Berrill, 1978; Capelli, 1982), sometimes
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Conclusions

Perhaps with the exception of D. lumholtzi, the invasive species highlighted in this chapter
all have potential for dramatic impacts on Shield lake ecosystems. The first three invaders
(bass, rainbow smelt, and Bythotrephes) are already a problem and are almost certain to
continue to colonize new systems in the future, particularly in light of predicted global
climate change scenarios. In addition to the handful of invaders considered here, there
will undoubtedly be new waves of invaders that will establish in the future, and prediction
of their identity is an important goal (Ricciardi and Rasmussen, 1998; Kolar and Lodge,
2001). For the exotic species it is critical to recognize that colonization of the Laurentian
Great Lakes serves as a stepping stone for the eventual colonization of inland lakes. The
Great Lakes can thus be viewed as source populations from which the species disperse
outward to the smaller inland lakes. If the past is any predictor of the future, subsequent
invaders of Shield lakes will continue to be a subset of the Great Lakes invader pool.

At timescales of decades to centuries, the identity and rates of nonnative invasions in
Shield lakes will depend on a number of factors: the establishment of invaders in the Great
Lakes, the trajectory of climate change, patterns of residential development and recre-
ational boating (Padilla et al., 1996), educational and outreach efforts, and the development
of legislation restricting the transport and introduction of nonnative species. In this chapter
we have emphasized the importance of developing models to predict the occurrences and
impacts of specific invaders in individual lakes. These predictions will ultimately derive
from an understanding of the biology and physiological tolerances of the invader,
attributes of the receiving community and ecosystem, and the often-subtle interactions
between them. This approach can yield models to predict the location and impacts of
invaders (Ramcharan et al., 1992; Koutnik and Padilla, 1994; Buchan and Padilla, 2000:
Maclsaac et al., 2000; Vander Zanden et al., in press). By identifying vulnerable lakes and
regions, management efforts aimed at preventing future invasions can be most efficiently
focused. Indeed, prevention of nonnative introductions remains the most effective invasive
management strategy because once an aquatic invader becomes established elimination
of the invader is difficult, and further colonization of surrounding systems commonly
follows (Hrabik and Magnuson, 1999). While prevention is imperative to stem the tide of
invasions, we also note that serious research effort has not yet been invested into methods

for controlling or eliminating aquatic invaders.

Shield lakes and their watersheds are subject to a diverse range of anthropogenic
impacts, many of which are documented elsewhere in this volume. Introductions of
nonnative species are clearly ameng the leading threats fo lake ecosystems and in fact
were recently noted as the leading threat to biodiversity in lakes {Sala et al., 2000). The
diversity of threats and their potential interactions pose difficult management challenges
that require adaptation to our increasing understanding and the ever-changing nature of
the threats.

Anunderstanding of some of the interactions between these diverse impacts is starting
to emerge. Climate warming is predicted to promote further bass introductions, with
potentially massive impacts on minnow diversity in Shield lakes (e.g., Jackson and Man-
drak, 2002). Climate change, increased uliraviolet radiation, and acid deposition have
cumulative and perhaps synergistic effects on boreal landscapes (D.W. Schindler, 1998).
While a single species introduction may or may not be sufficient to cause an observable
adverse impact on a Shield lake ecosystem, addition of multiple invaders, along with a
variety of other simultaneous stressors, expands the scope for impacts dramatically. It
becomes rapidly apparent that the greatest gap in our understanding is that of cumulative
impacts and the potential interactions among multiple stressors. Addressing this issue is

the greatest challenge for the future management of Shield lake ecosystems.
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