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INTRODUCTION

Spread of non-indigenous species is a major cause of global

biodiversity loss in a wide range of habitats including

freshwater ecosystems (Sala et al., 2000). In North America,

freshwater biodiversity is under threat from numerous non-

indigenous species with well-documented ecological and

economic impacts such as the zebra mussel (Ricciardi &
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ABSTRACT

Aim The introduction of non-indigenous species has resulted in wide-ranging

ecological and economic impacts. Predictive modelling of the introduction and

establishment of non-indigenous species is imperative to identify areas at high

risk of invasion to effectively manage non-indigenous species and conserve native

populations. Smallmouth bass (Micropterus dolomieu), a warm water fish species

native to central North America has negatively impacted native fish communities,

including cyprinids and salmonid populations, as a result of intentional

introductions. We predicted the introduction risk; species establishment based

on habitat suitability; identified lakes at high risk of invasion; and finally assessed

the consequential impacts on native salmon, trout and cyprinid populations.

Location Ontario and British Columbia, Canada.

Methods Classification tree and logistic regression models were developed and

validated to predict the introduction and establishment of smallmouth bass for

thousands of lakes.

Results Densely human populated areas and larger lake surface areas successfully

identify lakes associated with the introduction of smallmouth bass (introduction

model) in British Columbia. Climate, lake morphology and water chemistry

variables were the driving environmental parameters to define suitable

smallmouth bass habitat (establishment model). A combination of the

introduction and establishment model identified 138 lakes that are currently at

risk in British Columbia to the introduction and establishment of smallmouth

bass. Of these 138 high-risk lakes, 95% of them contain at least one species of

salmon, trout or cyprinid, thereby increasing the potential impact of an invasion

by smallmouth bass.

Main conclusions Our framework can be applied to other terrestrial and aquatic

species to obtain a better understanding of the potential risk posed by a non-

indigenous species to an ecosystem. Furthermore, our methodology can be used

to focus management efforts on areas at higher risk (e.g. number of potential

releases, more favourable habitats) to control future introductions of non-

indigenous species, thereby conserving native populations.
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MacIsaac, 2000; Pimentel et al., 2005). Because of the range

and severity of environmental and socioeconomic impacts

reported for aquatic invasive species (AIS), the ability to

predict their potential distribution is critical for their control

and management. The distribution of AIS is determined by the

four steps of the invasion process: arrival, survival, establish-

ment and spread. Initial arrival is due to human-mediated

introduction via one or more vectors. Once introduced,

survival and establishment are dependent on the organism’s

ability to adapt, survive and reproduce in this new environ-

ment (Guisan & Thuiller, 2005). If the species becomes

established (e.g. self-sustaining population), secondary spread

can either occur through human-mediated transport or natural

dispersal (Colautti & MacIsaac, 2004). Combining predictions

of introduction and establishment, the potential distribution of

an AIS can be predicted (Herborg et al., 2007a).

Here we develop models for introduction, establishment and

impact using a global freshwater invader with well-

documented habitat preferences and impacts on native fishes,

smallmouth bass (Micropterus dolomieu), as an example.

Smallmouth bass is a warm water fish species native to central

and eastern North America (Scott & Crossman, 1998). Since

the mid-1800s, the range of smallmouth bass has expanded

both across North America and throughout Europe, Russia,

Asia and Africa as a result of intentional introductions to

provide angling opportunities (Scott & Crossman, 1998). In its

invaded range in western North America, smallmouth bass

primarily impact salmon fry and smolts via predation (Harvey

& Kareiva, 2005). Removal of smallmouth bass from a

Columbia River reservoir increased the production of chinook

salmon (Oncorhynchus tshawytscha) and steelhead (Oncorhyn-

chus mykiss) (Harvey & Kareiva, 2005), confirming the negative

impacts of this invader. Furthermore, the presence of small-

mouth bass has been shown to reduce growth, survival and

fecundity of lake trout (Salvelinus namaycush) as smallmouth

bass out-compete this species for forage fish (Vander Zanden

et al., 1999) and can lead to the homogenization of fish fauna

as cyprinid species are lost (MacRae & Jackson, 2001; Jackson,

2002).

The purpose of this study was to predict the introduction,

establishment and implications of smallmouth bass invasions

in British Columbia. We achieved this purpose via four

objectives: (1) prediction of the most likely locations for

introduction of smallmouth bass in British Columbia; (2)

development of species occurrence models to predict

establishment for smallmouth bass using environmental

variables – these models were developed for Ontario lakes

where smallmouth bass have established populations and

validated for a subset of lakes in Ontario and all known

populations in British Columbia; (3) identification of regions

in British Columbia that are at high risk for the introduction

and establishment of smallmouth bass based on the combi-

nation of introduction and establishment models; and (4)

assessment of the prevalence of native salmon, trout and

cyprinid species in British Columbia lakes predicted to be at

high risk of invasion from smallmouth bass.

METHODS

Data acquisition

Species introduction model

We based our introduction model on four variables: lake size

(ha), lake perimeter (m), distance to the nearest road (km) and

the human population in the area. These variables were

selected based on the existing literature predicting the risk of

human-mediated introductions to freshwater lakes (Bossenb-

roek et al., 2001; MacIsaac et al., 2004; Muirhead & MacIsaac,

2005). A digital map of lakes in British Columbia specifying

lake location and shape was obtained from the British

Columbia Ministry of Environment and included 67,463 lakes

in British Columbia. Lake surface area and perimeter were

calculated for each lake using Hawth’s tool (available at

http://www.spatialecology.com) within ArcGIS 9.1. Census

data for 1996 were obtained from Natural Resources Canada

(http://www.geogratis.gc.ca/geogratis/en/collection/search.do)

and overlaid with each lake using the Spatial Analyst extension

within ArcGIS 9.1. The shortest distance from any paved road

or major unpaved road to each lake in British Columbia was

calculated with the same tool.

Presence and absence datasets for smallmouth bass were

constructed by including species occurrence data (64 lakes)

and by generating one-hundred randomly selected lakes as

absence data. Each dataset was randomly divided based on an

80 : 20 ratio to provide training and validation datasets. That

is, 80% of the data were retained to construct the models and

20% of the data were used to evaluate the models indepen-

dently.

Species establishment model

We obtained data for smallmouth bass occurrence from the

Ontario Habitat Inventory Index, which summarizes species

occurrence, geographical location, physical habitat and water

chemistry for Ontario lakes. There were 1485 occurrences and

6082 recorded absences of smallmouth bass in the dataset. The

Ontario dataset was randomly divided into training and

validation datasets with the same large-scale geographical

coverage in both datasets based on an 80 : 20 ratio.

We obtained data for smallmouth bass presence data for

1885 lakes in British Columbia from the British Columbia

Ministry of Environment. Mean monthly air temperature

data were obtained from the WorldClim database (http://

www.worldclim.org) and provided on a 30 arc seconds�1 km

resolution. Nineteen environmental predictor variables were

used for the species establishment model: lake perimeter (m),

lake surface area (ha), maximum depth (m), elevation (m),

surface pH, surface total dissolved solids concentration

(mg L)1), Secchi depth (m) and mean monthly air tempera-

tures (�C). Physical habitat and water chemistry variables were

attained from the Ontario Habitat Inventory Index and British

Columbia Ministry of Environment.
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Model development

We used the statistical approaches in our study that best

reflected the structural properties of the datasets and provided

the highest predictive power when validated on independent

datasets.

Species introduction model

Classification trees predicted species occurrence based on lake

morphology, road distance and human population census data

in British Columbia. Classification trees were run in sas, based

on the chi-squared distance and were significant at a < 0.05.

The algorithm that was used minimizes misclassification rates

when dividing the data at each split. We used a cross-validation

approach and calculated the number of leaves required to

minimize the proportion of misclassifications to identify the

maximum depth of the classification trees. Classification trees

are generated by continually dividing the data into two groups

with the division based on the predictor that best divides the

group of observations such that they are as mutually exclusive

and homogenous as possible (De’ath & Fabricius, 2000; Olden

& Jackson, 2002; Sharma & Jackson, 2008). The classification

trees were evaluated on independent, validation datasets to

calculate overall classification rate (correctly predicting species

presence and absence), sensitivity (correctly predicting species

presence) and specificity (correctly predicting species absence).

Following evaluation, the models were extrapolated to British

Columbia to identify regions in which smallmouth bass could

be successfully introduced.

Species establishment model

Multicollinearity between variables was evaluated using bivar-

iate plots and correlation analyses prior to regression analyses

to determine which variables should be retained. In addition,

variables were log transformed as necessary to satisfy assump-

tions of normality. Variables included in the models were

surface area, maximum depth, perimeter, elevation, secchi

depth, pH, total dissolved solids concentration and mean

monthly air temperatures.

Stepwise multiple logistic regression models were con-

structed for Ontario lakes using the training dataset in sas to

evaluate the relationship between smallmouth bass occurrence

and physical habitat, water chemistry and climatic predictor

variables. In a logistic regression, response variables are subject

to a logit transformation, whereas predictor variables are based

on a linear combination using maximum likelihood (Olden &

Jackson, 2002; Sharma & Jackson, 2008). Significance values

were set at a value of a = 0.05 for predictor variables to enter

and remain in the model.

Logistic regression models were tested on the independent

Ontario validation dataset and the British Columbia presence

dataset. Following validation, we applied the logistic regression

models to all lakes in British Columbia to identify the potential

occurrence of smallmouth bass based on habitat suitability.

Instead of designating species presence by the traditional

decision threshold of 0.50, we constructed Receiver Operating

Characteristic (ROC) curves (Fielding & Bell, 1997; Olden &

Jackson, 2002). ROC curves are particularly useful with

datasets that have unequal species presence and absence data

as logistic regression tends to produce scores that are biased

towards the more prevalent group (Fielding & Bell, 1997). The

ROC analyses were used to identify species thresholds, which

would minimize false absences, thereby increasing the measure

of sensitivity as this study is modelling non-native species and

their introduction and establishment (i.e. minimizing Type II

error). Based on the ROC analyses and the optimal decision

threshold, we constructed ‘confusion matrices’ using the

independent, Ontario validation dataset (Fielding & Bell,

1997). The confusion matrix summarizes true absence, true

presence, false absence and false presence, which can then be

used to calculate overall classification rate, sensitivity and

specificity (Fielding & Bell, 1997; Olden & Jackson, 2002).

Introduction and establishment model

We identified British Columbia lakes with a potential for

smallmouth bass introduction and establishment by combin-

ing the species introduction model and establishment model.

We overlaid the geographical layer of lakes with a potential for

species introductions with the geographical layer of lakes with

predicted suitable habitat in ArcGIS 9.1. Subsequently, we

compared the lakes predicted by this combined model with

British Columbia lakes actually invaded by smallmouth bass

for validation.

Impacts on native species

Following identification of lakes at high risk of invasion by

smallmouth bass, we identified the number of salmon popu-

lations: chinook salmon (Oncorhynchus tshawytscha), chum

salmon (Oncorhynchus keta), coho salmon (Oncorhynchus

kisutch), pink salmon (Oncorhynchus gorbuscha) and sockeye

salmon (Oncorhynchus nerka); trout populations: bull trout

(Salvelinus confluentus), cutthroat trout (Oncorhynchus clarki),

dolly varden (Salvelinus malma), lake trout (Salvelinus na-

maycush) and steelhead (O. mykiss); and cyprinid populations:

lake chub (Couesius plumbeus), peamouth chub (Mylocheilus

caurinus) and redside shiner (Richardsonius balteatus). The

quantification of species occurrence that may be negatively

impacted by the introduction of smallmouth bass provides an

estimate of the potential impacts of smallmouth bass invasions

on native fish populations and is useful for increasing the

impact score for more ‘sensitive’ species.

RESULTS

Species introduction model

Human population size and lake surface area were the most

important predictors of smallmouth bass occurrence in British

Predicting the invasion of smallmouth bass
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Columbia based on the classification tree analysis (Fig. 1).

Evaluation of the independent validation dataset showed that

overall classification success was 93.5%, with 83.1% sensitivity

and 100% specificity. Extrapolation of the classification tree

model for British Columbia identified 727 lakes, concentrated

on Vancouver Island, the lower Fraser, and the Thompson and

Columbia watersheds that were at high risk of smallmouth bass

introduction (Fig. 2).

Species establishment model

Climatic, physical habitat and water chemistry variables were

important predictors of smallmouth bass occurrence based on

stepwise multiple logistic regression analyses (see Appendix S1

in Supporting Information). Overall classification success as

evaluated on the independent, validation dataset was c. 84.5 %,

with 90.2% sensitivity and 61.3% specificity for smallmouth

bass. Applying the predictive models to the independent

British Columbia species occurrence dataset, 75.7% (28 of 37)

of species presence was correctly predicted. Extrapolation of

the models to lakes in British Columbia revealed suitable

habitat for the occurrence of smallmouth bass in 1052 lakes in

most central and southern watersheds in British Columbia and

unsuitable habitat for the occurrence of smallmouth bass in

northern British Columbia watersheds (Fig. 3).

Introduction and establishment model

We identified 138 lakes that are currently suitable for the

introduction and establishment of smallmouth bass (Fig. 4,

Appendix S2) in British Columbia. The combined introduc-

tion and establishment model correctly predicted smallmouth

bass occurrence in 26 of 37 (70.3%) British Columbia lakes

suggesting these lakes are at high risk of invasion. Furthermore,

there are a high number of vulnerable lakes on Vancouver

Island, with another cluster in the lower Fraser River drainage,

and some lakes in the upper Fraser, the Thompson and

Columbia River drainages.

Impacts on native fishes

There are 138 lakes that are currently suitable for the

introduction and establishment of smallmouth bass in British

Columbia. Twenty of the 138 high risk lakes (14.1%) contain at

least one salmon species, while 122 of the 138 lakes (88.4%)

contain at least one species of trout and 29 lakes (21.0%)

contain at least one cyprinid species (Table 1, Appendix S2).

Figure 1 Summary of classification tree analysis predicting

smallmouth bass occurrence in British Columbia based on lake

morphology, distance to road and human population census data.

Figure 2 Predicted introduction of

smallmouth bass in British Columbia

based on the species introduction model.

Watersheds are highlighted for the Fraser,

the Thompson and the Columbia.
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DISCUSSION

There is a growing demand for tools that can support,

defensible, knowledge-based decision making for those man-

aging invasive species (Lodge & Shrader-Frechette, 2003;

Simberloff et al., 2005). For example, tools that allow one to

predict the potential distribution for a non-native species,

including its likelihood of arrival and establishment, inform

risk assessments and help decision makers prioritize limited

resources for control and management. A wide variety of

predictive models have been applied to non-native species but

most have focused on only single steps in the invasion cycle.

For example, some studies focused on a particular introduc-

tion pathway such as ballast water (Wonham et al., 2005;

Figure 3 Predicted habitat suitability of

smallmouth bass in British Columbia

based on the species establishment model.

Watersheds are highlighted for the Fraser,

the Thompson and the Columbia.

Figure 4 Predicted introduction and

establishment of smallmouth bass in

British Columbia. Watersheds are

highlighted for the Fraser, the Thompson

and the Columbia.
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Drake & Lodge, 2007) or trailering boats between freshwater

lakes (Johnson et al., 2001). Others have attempted to predict

the likelihood of establishment for a particular species. For

example, in freshwater systems, environmental niche model-

ling has been used to successfully identify suitable areas for

establishment at larger spatial scales (Drake & Bossenbroek,

2004; Herborg et al., 2007b) but lack individual lake predic-

tions. Vander Zanden et al. (2004) developed a more com-

prehensive approach for Ontario lakes by developing

environmental suitability models for smallmouth bass using

artificial neural networks and identified a number of vulner-

able lake trout populations using stable isotope analyses. The

specificity of this approach requires intensive data not often

available for new introductions. Our study is one of the first to

fill this void. Although complimentary as we also developed

environmental suitability models with high predictive power

for smallmouth bass, our approach allowed the prediction of

suitable habitat for smallmouth bass in British Columbia using

a less data-intense approach and relatively few occurrences of

smallmouth bass in British Columbia compared with Ontario.

In addition, we developed a species introduction model

identifying the vectors of smallmouth bass invasion and

compared the potential bass distribution with current occur-

rences of salmon, trout and cyprinid populations to charac-

terize the potential impacts of smallmouth bass introductions

in British Columbia. Furthermore, we present a comprehensive

case study to decrease the likelihood of smallmouth bass

invasions in British Columbia as suggested by the framework

proposed by Vander Zanden & Olden (2008).

Species introduction model

As the most likely pathway for the introduction of smallmouth

bass into previously uninvaded watersheds in British Columbia

is through intentional illegal introductions by anglers to

establish a recreational fishery, the prediction of future

invasions is particularly difficult. These intentional introduc-

tions represent rare, non-random events, unlike other case

studies of freshwater introductions where unintentional intro-

ductions were modelled. A widely used approach for predicting

accidental introductions of non-native freshwater species like

zebra mussels and spiny water flea are gravity models (Leung

et al., 2006; Muirhead et al., 2006). While this method has very

successfully modelled invasion progress, it is very data intense

and based on the assumption that lake attractiveness (often

related to lake size) and distance to infested lakes determine the

likelihood of becoming invaded, which may or may not be true

for intentional introductions. In addition, there are no

province-wide creel surveys or more detailed angler informa-

tion available to permit such an analysis for British Columbia.

Our predictions determined that the primary factors associated

with potential introductions into lakes are human population

size in the district the lake is located in and surface area of the

lake. This agrees with findings by Reed-Andersen et al. (2000),

who found a strong correlation between the area of lakes in

Wisconsin and the number of recreational boats using them.

Similarly, the introduction risk of zebra mussels into inland

lakes through human-mediated transport has been reported to

increase with lake size (Kraft & Johnson, 2000). The classifi-

cation tree models were successful at predicting lakes with

introduced smallmouth bass, and future surveys of angler

behaviour and movements could provide data for more

advanced predictions. Future introduction hotspots are high-

lighted in our predictions. These areas should be the focus of

future management and public awareness efforts to minimize

the probability of future introductions. Predictions generated

by the species introduction model may be impacted by

changing human population size and this may influence our

understanding of biological invasions. Smallmouth bass may

be introduced in locations with relatively low human densities

by fishing interests in an effort to increase income at relatively

remote locations or by anglers who would rather not drive long

distances to catch smallmouth bass. As anthropogenic

interference increases, species introduction models may be

improved by acknowledging and accounting for the possibility

that parameters accounting for the ‘reach of human influence’

may be more appropriate than traditional human census data.

Species establishment model

Climatic, physical habitat and water chemistry information

were important predictors of smallmouth bass occurrence. We

developed models for Ontario, a province where smallmouth

bass are well established, to predict establishment in British

Columbia. We found that 38.6% of lakes currently contain

suitable environmental conditions for smallmouth bass to

establish. Smallmouth bass occurrence was related to fall air

temperatures, lake surface area and maximum depth.

Table 1 Lakes identified at risk to the

introduction and establishment of small-

mouth bass in British Columbia. The

number and percentage of lakes predicted

at risk are summarized by the number of

salmon, trout species and cyprinids found

in each lake. For a complete listing of all

lakes, see Appendix S1.

No. species

present

Salmon species Trout species Cyprinids

No.

lakes

Percentage

of lakes

No.

lakes

Percentage

of lakes

No.

lakes

Percentage

of lakes

0 118 85.5 16 11.6 109 79.0

1 12 8.7 75 54.3 20 14.5

2 3 2.2 31 22.5 8 5.8

3 2 1.4 15 10.9 1 0.7

4 – – 1 0.7 – –

5 3 2.2 – – – –
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Smallmouth bass tend to be found in larger and deeper lakes

and rivers (Scott & Crossman, 1998). The positive relationship

between lake size and smallmouth bass occurrence may be

partially explained by the tendency to sample larger and more

accessible lakes (Minns, 1986). Air temperature has been found

to be a strong predictor of smallmouth bass distribution

(Shuter et al., 1980; Dunlop & Shuter, 2006) as smallmouth

bass growth (Shuter et al., 1980; Casselman et al., 2002; Shuter

& Ridgway, 2002) and year-class strength (Casselman et al.,

2002) have been related to summer air temperatures. The

establishment of a successful smallmouth bass population is

dependent partly on the ability of young-of-the-year small-

mouth bass to survive the winter as larger young are able to

survive starvation and winter conditions better than smaller

fish (Shuter et al., 1980; Wismer et al., 1985). In years with

increased fall temperatures, growth of young smallmouth bass

may be enhanced, thereby increasing overwintering survival of

young-of-the-year fish.

Introduction and establishment model

The combination of the introduction and establishment

model allows the prediction of the two initial steps of the

invasion cycle: introduction and establishment. While the

number of invaded lakes for validation is limited by data

availability, most lakes with smallmouth bass were correctly

predicted in the combined model. Lakes with species absence

in British Columbia were not included in the model

validation, as those lakes may or may not become invaded

in the future. There are very few studies that have attempted

to include both steps of the invasion process into predictions

of overall risk. The occurrence of invasive plants has been

predicted on the combination of classification tree based

environmental models and measures of propagule pressure

(Rouget & Richardson, 2003). Contrary to our study, this

approach included natural dispersal as a measure of propa-

gule pressure, rather than human-mediated transport. Leung

& Mandrak (2007) combined a neural network-based envi-

ronmental model with a gravity model predicting angler

movements to identify lakes at threat from zebra mussel

invasions. Their predictions were based on a well-studied

invader with high data resolution for vector traffic, allowing

them to include time-dependent introduction risk. Vander

Zanden et al. (2004) used road access data in artificial neural

networks to predict smallmouth bass occurrence and food

web interactions to predict their impact on lake trout

populations in Ontario lakes. The combined introduction

and establishment model presented in our study predicted

several watersheds that are at greater risk from future

invasions of smallmouth bass. One potential hotspot is a

cluster of lakes on central Vancouver Island. Two other

clusters predicted for smallmouth bass introductions are

in the upper Fraser River and in the Thompson River

(a tributary to the Fraser River). In addition, in the Columbia

basin, a number of lakes are predicted to be at risk from

introductions. The Fraser River and its tributaries, as well as

watersheds in Central Vancouver Island, support numerous

salmon stocks, which could be at further peril if smallmouth

bass become established in these lakes.

Implications

The widespread introduction and potential spread of top

predators, including smallmouth bass, are likely to have

negative implications for native fish populations in British

Columbia watersheds. For example, smallmouth bass could

have a serious impact on the productivity and viability of

salmon populations, especially because a significant number of

lakes (14.1%) at risk of potential invasion by our introduction

and establishment model also support salmon. Smallmouth

bass are known to predate upon salmon fry and smolts (Fritts

& Pearsons, 2004, 2006; Harvey & Kareiva, 2005). Migrating

salmon species are particularly vulnerable to predation by

smallmouth bass if habitat is shared during salmon runs. Tabor

& Wurtsbaugh (1991) showed that predation on chinook

salmon is high during the spring and early summer when the

habitat of abundant fry and sub-yearling chinook salmon

overlaps with smallmouth bass. Bennett et al. (1991) found

that migrating juvenile salmon were the dominant forage fish

species for smallmouth bass in the Columbia River in the

spring.

The introduction of littoral predators, such as smallmouth

bass, may have negative implications for trout populations. In

our analyses, 88.4% of lakes predicted to be at risk for

introduction and establishment of smallmouth bass contained

native trout species. The introduction of smallmouth bass may

decrease the growth, survival and fecundity of native top

predators such as lake trout populations via shared food

resources in the absence of pelagic forage fish species (Vander

Zanden et al., 1999, 2004). Sharma et al. (in press) estimated

that c. 20,000 Canadian lake trout populations could be

threatened because of the northward range expansion of

smallmouth bass and climate change. In addition, the intro-

duction of smallmouth bass to lakes with brook trout has

resulted in decreased abundance of brook trout, which has

been attributed to out-competition by smallmouth bass for

shared forage species and predation by smallmouth bass on

young-of-the-year brook trout in spring (Olver et al., 1991).

Many studies have reported that the presence of littoral

predators has been associated with the absence of cyprinids

(e.g. Harvey, 1981; Tonn & Magnuson, 1982; Findlay et al.,

2000; MacRae & Jackson, 2001; Vander Zanden et al., 2004).

Cyprinids were present in 21% of the lakes predicted to be at

risk by our introduction and establishment model. Introduc-

tion of littoral predators like smallmouth bass into an aquatic

system may result in the loss of entire assemblages leading to

homogenization of fish fauna (Rahel, 2000, 2007; Jackson,

2002). Jackson & Mandrak (2002) estimated that more than

25,000 local populations of four cyprinid species, specifically

northern redbelly dace (Phoxinus eos), finescale dace (Phoxinus

neogaeus), fathead minnow (Pimephales promelas) and pearl

dace (Margariscus margarita), may disappear within Ontario

Predicting the invasion of smallmouth bass

Diversity and Distributions, 15, 831–840, ª 2009 Blackwell Publishing Ltd 837



alone as smallmouth bass expand their invaded range as a

result of climate change.

Our combined model predicted 138 lakes within British

Columbia to be at high risk of smallmouth bass introduction,

raising the question how widespread this invader might become

in a province containing over 67,000 lakes. Once smallmouth

bass has been introduced into a lake, there is a clear risk of further

spread through natural dispersal within the watershed, illus-

trated by the high ratio of lakes predicted as environmentally

suitable (38.6%) in British Columbia. Hence, smallmouth bass

has the potential to become a widespread invader across British

Columbia, with potential negative impacts on a whole range of

native freshwater species and communities.

We acknowledge that we only provide a basic estimate of the

potential impact of smallmouth bass invasion on native

species. Our estimates would improve with detailed informa-

tion on the interactions between smallmouth bass and each of

the native fish species in British Columbia lakes. Despite the

uncertainty, the quantification of smallmouth bass impacts on

native species is useful for highlighting the potential severity of

smallmouth bass invasion on native ecosystems.

CONCLUSIONS

Our study incorporated effective predictive models essential to

further understanding potential for introduction, establish-

ment and impacts of non-indigenous species, essential to the

effective management of non-indigenous species (Vander

Zanden & Olden, 2008). Only through informed decision-

making processes can prevention and control measures be

effective. While currently the distribution of smallmouth bass

is limited in British Columbia, increased rates of introduction

and global climate change can dramatically increase the spread

of this species throughout British Columbia and North

America (Sharma et al., 2007; Sharma & Jackson, 2008).

Currently, the range expansion of bass in North America has

been facilitated by stocking by governmental agencies, unau-

thorized and accidental introduction by anglers, and natural

dispersal through drainage networks (Jackson, 2002; Vander

Zanden et al., 2004). Our study highlights the possibility of

identifying lakes at high risk of future introduction, thereby

allowing focused research and management efforts in these

systems. The spread of smallmouth bass is largely a result of

anthropogenic activities, therefore intensifying public educa-

tion and regulations will help limit the potential consequences

of non-indigenous species on native aquatic communities.
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