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Ghoti

Ghoti papers

Ghoti aims to serve as a forum for stimulating and pertinent ideas. Ghoti publishes

succinct commentary and opinion that addresses important areas in fish and fisheries

science. Ghoti contributions will be innovative and have a perspective that may lead

to fresh and productive insight of concepts, issues and research agendas. All Ghoti

contributions will be selected by the editors and peer reviewed.

Etymology of Ghoti

George Bernard Shaw (1856-1950), polymath, playwright, Nobel prize winner, and

the most prolific letter writer in history, was an advocate of English spelling reform.

He was reportedly fond of pointing out its absurdities by proving that ‘fish’ could be

spelt ‘ghoti’. That is: ‘gh’ as in ‘rough’, ‘o’ as in ‘women’ and ‘ti’ as in palatial.

Abstract

The introduction of non-indigenous plants, animals and pathogens is a pressing

global environmental challenge. Although not all introduced species become

established and the fraction of those that do often have little appreciable effect on

their new ecosystems, many others exert significant ecological, evolutionary and

economic impacts. Stimulating further debate, Gozlan [Fish and Fisheries (2008) Vol.

9, pp. 106–115] argued that the majority of intentional freshwater fish introductions

associated with aquaculture (fish species providing societal benefits) have not been

reported as having an ecological impact. We find little to argue with his suggestion

that low risk of ecological impact coupled with high market value encourages further

introductions. But do we have an adequate understanding of the ecological risks

associated with fish introductions to support such decisions? Indeed, resource

managers and decision makers require some scientific knowledge to support their

management actions; without this information, a precautionary approach is the only

sensible course of action. The precautionary approach implies that the lack of

scientific certainty is reason enough for postponing intentional introduction of non-
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Introduction

The accidental or deliberate introduction of species

outside their native range is considered one of

the leading threats to contemporary biodiversity

(Vitousek et al. 1997; Sala et al. 2000). But should

non-native species introductions always be viewed

as undesirable (a question debated by Brown and

Sax 2004; Cassey et al. 2005; Warren 2007;

Richardson et al. 2008), particularly because not

all introduced species become invasive and success-

ful invaders do not invariably have negative

ecological and/or economic impacts (Williamson

1996; Jeschke and Strayer 2005; Ricciardi and Kipp

2008)? In a recent article aimed at stimulating

further debate, Gozlan (2008) sought to explore the

threats posed by introduced freshwater fishes. Based

on his analysis of datasets from the Food and

Agriculture Organization (FAO) and from FishBase,

he concluded that the majority of intentional

freshwater fish introductions associated with aqua-

culture, and its societal benefits, have not been

reported as having an ecological impact. Conse-

quently, Gozlan (2008) advocated the protection of

introductions that have beneficial outcomes and a

more systematic ban of species or families of fish

presenting a higher historical risk.

There are three major strands to sustainability

issues – ecological, social and economic – and all

three sciences have a vital role in the debate, but the

ecologist’s primary function is to help human

society understand the ecological ramifications of

a particular course of action (Townsend 2008).

Gozlan (2008) reminds us of this political reality

and we find little to argue with his suggestion that

low risk of ecological impact coupled with high

market value lends support to further introduction.

Moreover, we acknowledge that the scientific

community must take a balanced view and avoid

promoting a xenophobic attitude toward non-native

species (Simberloff 2003). The major issue for us is

whether we currently have adequate understanding

of the ecological risks associated with fish introduc-

tions. It is true that science has markedly increased

our knowledge of the patterns and implications of

species invasions in freshwater ecosystems. Recent

decades have seen tremendous progress in invasive

species research, management and policy and much

has been learned (Lodge et al. 2006; Keller et al.

2007; Vander Zanden and Olden 2008). Yet what

remains unknown is formidable and much is left for

future study and analysis. At the same time,

managers and decision makers continue to ask for

more information on the risk of invasion from

human activities (e.g. aquaculture, live food trade,

aquarium trade) for species and places that are

poorly understood. A skeptic could argue that

science may be less effective at reducing uncertainty

than it is capable of making us more aware of what

we still do not know. Against this background of

available information on one hand and knowledge

gaps on the other, decision makers need to know

when they have enough science to support their

management actions and when more information is

warranted.

Given that only a fraction of introductions result

in severe ecological impacts (Williamson 1996;

Ricciardi and Kipp 2008), the challenge is to

develop risk assessments that are highly

predictive of extreme, rare events (Franklin et al.

2008). A balanced and objective approach to the

costs and benefits of non-native species introduc-

tions is essential and we strongly encourage the

development of realistic simulation models,

native species to avoid potentially serious or irreversible harm to the environment.

Here, we suggest that we actually know very little about ecological impacts

associated with fish introductions and that it would be therefore wholly inappropriate

to equate a lack of data with a conclusion of ‘no impact’. We discuss four major

challenges for enhancing the assessment of risks posed by non-native freshwater

fishes in the face of scientific uncertainty and highlight research opportunities and

some alternative approaches for confronting these challenges in the future.

Keywords Aquaculture, ecological impacts, invaders, non-native fish, precaution-

ary approach, species introductions
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experiments and well-designed mechanistic and

comparative studies aimed at determining the

magnitude of the impact of potential invaders on

recipient ecosystems. However, from a practical

point of view, we have to grapple with the

uncertainties stemming from incomplete knowledge

of past effects and future risks associated with the

non-native species under consideration.

The relationship between scientific uncertainty

and potential harm from non-native species intro-

duction can be visualized in two dimensional space

(Fig. 1). First, in cases where sufficient scientific

knowledge is already available to be confident of

high environmental harm, the introduction of a

proposed non-native species should be banned (high

risk, low scientific uncertainty). For example, the

New Zealand government decided not to import

channel catfish (Ictalurus punctatus) for aquaculture

based on an assessment of the environmental risks

posed (Townsend and Winterbourn 1992). At the

other extreme, when both perceived risk and

scientific uncertainty are low, species introduction

for aquaculture or conservation purposes can be

more safely considered (lower right quadrant of our

conceptual model). Between these two extremes,

when baseline knowledge about the impacts of a

given non-native species is lacking (high scientific

uncertainty), regardless of the degree of perceived

harm from introduction, we strongly recommend

applying a ‘precautionary’ approach (sensu United

Nations Environmental Programme (UNEP) 1992).

The precautionary approach implies that the lack of

scientific certainty is a reason for postponing

intentional introduction of non-native species to

avoid potentially serious or irreversible harm to the

environment. One of the central tenets of the

precautionary approach is that effective environ-

mental measures need to be based upon actions that

take a long-term approach and that anticipate

impacts on the basis of scientific knowledge (United

Nations Environmental Programme (UNEP) 1992).

Considering a non-native species as a potential

candidate for introduction when there is high

scientific uncertainty is a risky approach, given

that eradication of a species, once established, may

be impossible or likely to be associated with high

collateral damage (Lodge et al. 1998). In addition,

intensive management actions and high economic

costs are often associated with control and preven-

tion measures to limit secondary spread and further

impacts (Vander Zanden and Olden 2008).

There is a pressing need to identify and fill the key

knowledge gaps that currently limit our ability to

make generalizations about the risks posed by non-

native freshwater fish introductions and, conse-

quently, to effectively make decisions regarding the

importation and management of non-native species.

In the following sections, we discuss four major

challenges (i.e. knowledge gaps) for advancing the

assessment of risks posed by non-native freshwater

fishes in the face of scientific uncertainty and

highlight research opportunities and some alter-

native approaches for confronting these challenges.

Scientific research may be limited for invasive

species of concern

The invasion process can be divided into four stages

– introduction, establishment, spread and integra-

tion/impact. Invasion research, whether on plants

or animals, has been unevenly divided between

these stages (Puth and Post 2005). The question of

impact, which is a crucial stage when evaluating

potential harm, has been rarely examined (Parker

et al. 1999; D’Antonio and Kark 2002; Puth and

Post 2005). For instance, using the United Nations

Food and Agriculture Organization’s Database of

Invasive Aquatic Species (DIAS)*, both Garcı́a-

Berthou et al. (2005) and Bartley (2007) high-

lighted that very little documentation exists on the

actual impact of many introductions. Of 3141Figure 1 Conceptual model illustrating the relationship

between scientific uncertainty and potential harm from

non-native species introduction. *http://www.fao.org/fishery/dias
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introduction records in the DIAS database, whether

the species succeeded in establishing is unknown in

13.9% of cases and whether the species

had ecological effects is unknown in 80% of cases

(Garcı́a-Berthou et al. 2005). Moreover, Garcı́a-

Berthou (2007) questioned whether the DIAS

database is suitable for examining ecological effects,

being based on subjective answers to question-

naires. For instance, DIAS version 1.3 reported 85

established (or probably established) mosquitofish

introductions (including Gambusia affinis and

G. holbrooki) of which only six had adverse ecological

effects, one had ‘positive’ effects, 76 had no data and

two were ‘undecided’. The equivalent results for

brown trout (Salmo trutta, including subspecies)

were 9, 4, 24 and 3 (for a total of 40 established

introductions). We do not believe that these statistics

can reflect the true frequency of impacts of these

two widely introduced species, shown to have

widespread ecological impacts (Townsend and

Simon 2006; Alcaraz et al. 2008) but only in the

few places where they have been intensively studied

(generally in developed countries).

In this context, the results obtained by Gozlan

(2008) should be interpreted with caution. To

identify the ecological impacts associated with a

given introduced species, Gozlan (2008) conducted

a literature survey based on scientific reports and

publications (peer reviewed or not). The assumption

of Gozlan (2008) that over the 54-year period

encompassed by his database, ‘an undisputed

ecological impact following a freshwater fish intro-

duction would have been picked up in scientific

literature’ is patently incorrect. Tellingly, Gozlan

(2008) uses the word ‘quantifiable’ in his definition

of an ecological impact, but the key word should be

‘quantified’. There is no doubt that impacts are

quantifiable; the issue is whether actual effects

have, in fact, commonly been quantified. Indeed,

there are at least two main reasons for our

ignorance of the true ecological consequences of

non-native species. First, the required scope of

research for any given species is large. At one

extreme, for example, understanding of the impacts

of Salmo trutta on certain endemic galaxiid fish in

New Zealand and of the changes to energy and

nutrient flux mediated through a trout-related

trophic cascade (Townsend 2003), has involved

more than 23 researchers, more than 20 peer-

reviewed articles and taken more than 10 years

(with 30+ person years of research) (C.R. Townsend

pers.comm.). Second, the complaint of Coblentz

(1990) still holds, that funds are rarely forthcoming

for the ‘luxury’ of investigations of introduced

species that have no likelihood of removal. For both

these reasons, ecological impacts of non-native

species including freshwater fish remain poorly

investigated (Parker et al. 1999; Simberloff 2006;

Garcı́a-Berthou 2007) and so we cannot properly

judge the general importance of introduced species

in threatening native biodiversity and ecosystem

services.

Although we agree that not all introduced fish

species become invasive and hence cause negative

ecological impacts (Williamson 1996; Jeschke and

Strayer 2005; Ricciardi and Kipp 2008), our clear

conclusion is that we actually know very little about

impacts and it would be dangerous and wholly

inappropriate to equate a lack of data with ‘no

impact’. This problem is further compounded by two

factors. First, past studies of species introductions

have largely emphasized invader impacts of parti-

cular taxa, focusing on conspicuous species or

species that cause dramatic ecological impacts

(Parker et al. 1999). Based on an extensive litera-

ture review, both Gherardi (2007) and Pyšek et al.

(2008) found that our current scientific under-

standing is severely biased toward a very small

number of species with imminent or realized

ecological impacts (i.e. those species for which

funding is more likely to be obtained). As a result,

the literature contains many ‘confirmatory’ papers

(repeats of research conducted in other regions),

which is useful for managing species in a certain

locality, but contributes little to our understanding

of potential impacts of the literally thousands of

other non-native species. Second, impact studies

have rarely been performed in locations where

species introductions are most prevalent (Pyšek

et al. 2008). According to De Silva et al. (2006),

there had not been a single dedicated study on

impacts of any of the introduced fish species in Asia,

while this region is the greatest importer of non-

native fishes, especially for aquaculture purposes

(Bartley et al. 2005; Gozlan 2008). Indeed,

although there have been many comprehensive

scientific surveys on freshwater fish in Asia,

research has mostly focused on the biology and

status of economically important fish (Yan et al.

2001). In Cambodia, Nuov et al. (2005) acknowl-

edged that no study has documented whether

introduced fish have altered aquatic habitats or

had other impacts on local species and populations.

Overall, very little is known in Asia on the
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ecological impacts of non-native fishes including

species introduced for aquaculture (Yan et al. 2001;

Bartley et al. 2005; De Silva et al. 2006).

More observational and experimental studies on

the potential ecological impacts associated with fish

introductions are therefore urgently needed (Garcı́a-

Berthou 2007), especially in the understudied

regions of the world such as Africa and Asia (Pyšek

et al. 2008). Among the different approaches to

assess the impacts of non-native fish introductions

(i.e. correlative, comparative and experimental), few

impact studies have focused on the link between

the impact mechanism and impact manifestation

(Taylor et al. 1984; Parker et al. 1999; Corfield et al.

2008). In contrast, evidence of impacts is mostly

based on correlative data or perceptions, which may

not provide accurate impact assessments for non-

native species, especially those with limited distribu-

tions (Corfield et al. 2008). Indeed, the major

limitations of the correlative approach are the

absence of requisite controls and the lack of

consideration of other potential sources of perturba-

tion, such as habitat modification and pollution

(Taylor et al. 1984). Recently, Kats et al. (2006)

proposed a study plan for the invasion ecology

of exotic crayfish in California involving a multi-

stage mechanistic approach that combined land-

scape-level and GIS-based distributional analyses,

controlled experiments in mesocosms and field

experiments and surveys. We endorse the design

of such mechanistic approaches that link cause with

effect at different stages of the invasion process.

This would help to reduce the uncertainty sur-

rounding the potential impacts of non-native fishes

significantly.

The research timetable may have been too short to

reveal impacts associated with an invasive species

The phenomenon of lag times (i.e. the time interval

between two stages considered together) has be-

come an increasingly recognized aspect of the

invasion process, from arrival to impact (William-

son 1996; Crooks 2005). According to Richardson

et al. (2008), ‘All introduced species must be

considered potential invaders, as many lie dormant

for years or decades, starting to invade and cause

damage only when certain conditions for reproduc-

tion or spread are realized’ (p. 296). Thus, for

example, the study of 193 boreal lakes in northern

Sweden revealed that the time lag between the first

record of brook trout (Salvelinus fontinalis) and the

subsequent extinction of brown trout (Salmo trutta)

was two decades on average (Spens et al. 2007). It

is also noteworthy that no effects of other drivers of

extinction were detected by Spens et al. (2007). The

converse may also hold: a number of case-studies of

non-native species have shown initial ecological

impacts, but have reported integration into the new

environment without long-term adverse effects

(Arthington and Mitchell 1986; Garton et al.

1993). Such temporal aspects of the impacts of

non-native species have been largely unexplored

and Strayer et al. (2006) reported, on the basis of a

literature survey, that most studies are of short

duration (<1 year) and 40% did not record the time

since invasion. A better understanding of the

phenomenon of lag times, through long-term

studies (McCarthy et al. 2006), is needed if we are

to make accurate assessments of the risks posed by

non-native species.

Research has rarely considered the interactive

effects among invasive species and other drivers

of native species decline

Despite recent efforts to predict successful fresh-

water fish invaders, our ability to forecast the

impact of non-native freshwater fish on recipient

ecosystems is still limited (Garcı́a-Berthou 2007;

Vander Zanden and Olden 2008). Success in

predicting the undesired consequences of non-

native species is complicated by the fact that many

ecosystems increasingly support multiple invasive

species. Complex interactions among this ‘cocktail’

of invaders can lead to a diversity of outcomes for

native species and ecosystems, many of which are

difficult to predict a priori (Byers et al. 2002).

Invaders can negatively affect the ecological effects

of one another through competition and/or preda-

tion (Ross et al. 2004), have no effect on each other

(Cope and Winterbourn 2004) or exhibit facilitative

interactions increasing their ecological impacts or

promoting establishment and spread (Ricciardi

2003). Because of the potentially complex interac-

tions among co-invaders, experimental studies may

be particularly well suited for identifying how

invaders interact and their joint consequences for

native communities and ecosystems (Johnson et al.

2008). Furthermore, field-based efforts need to be

supplemented with experiments that examine the

individual and combined effects of multiple invaders

at several ecological scales ranging from individual

organisms to whole ecosystems (Ricciardi 2003).
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Another significant limitation is that environ-

mental change (e.g. habitat degradation, land-use

change, climate warming) and species invasion can

have additive, synergistic or antagonistic effects on

native species and ecosystems (Didham et al. 2007;

Brook 2008; Rahel and Olden 2008), but

such interactions have only rarely been explored

(Ruiz et al. 1999; Leprieur et al. 2006). The term

‘synergistic’ describes the simultaneous action of

separate processes that have a greater total effect

than the sum of individual effects alone. This means

that the per capita ecological impact of an invasive

species can increase via an interactive effect with

another factor (see Didham et al. 2007).

Rahel and Olden (2008) discuss how climate

change may affect aquatic invasive species via

modified water temperature, reduced ice cover in

lakes, altered streamflow regimes, increased salinity

and increased water-development activities in the

form of canal and reservoir construction. For

example, global climate change is projected to cause

warmer water temperatures in northern-latitude

lakes of Canada providing more suitable thermal

conditions for non-native warmwater fish species,

such as smallmouth bass (Micropterus dolomieu) to

thrive (Sharma et al. 2007). Such species may prey

on or compete for food resources with native fishes

leading to the decline or loss of native fish

populations (Jackson and Mandrak 2002). In this

case, declines in native species and loss of popula-

tions would be the result of the synergistic effects of

climate warming and species invasion.

Another complex outcome, an antagonistic inter-

action, occurs if adverse impacts of non-native

introductions and another stressor act in opposition

to each other. An example concerns the native fish

Galaxias anomalus in New Zealand (Leprieur et al.

2006). The presence of the introduced brown trout

and reduced stream discharge (because of the

abstraction for irrigation) are both stressors with

negative effects on G. anomalus. However, the native

species actually benefits from discharge reduction,

because it can cope with this adverse factor better

than brown trout. Many other interactive effects of

invasive species with climate change, whether

synergistic or antagonistic, are also to be expected,

but Brook (2008) noted that between 1980 and

2007 only 34 published papers explored the

interaction between biological invasions and cli-

mate change. Our ecological understanding of the

interactions among multiple drivers of global

change is still in its infancy and presents a

fundamental challenge when assessing the real risk

posed by non-native species introductions.

Long-term implications of non-native fish

introductions remain uncertain

Understanding to what extent freshwater fish

introductions have long-term consequences for

biodiversity is crucial to the adoption of sound and

effective conservation strategies. Recently, Sax and

Gaines (2008) explored this question for plants

and vertebrates by analysing patterns of invasion

and extinction on islands over the past few hundreds

years. They examined, in particular, whether a

saturation point (i.e. the number of species a locality

of region can support) was reached by the gradual

addition of non-native plants and discussed their

results in the light of two major community ecology

theories: Island Biogeography Theory (IBT)

(MacArthur and Wilson 1967) and Stochastic Niche

Theory (SNT) (Tilman 2004). IBT suggests that the

number of species on islands (i.e. the saturation

point) represents a dynamic balance between

colonization (plus speciation) and extinction and

predicts increasing species richness with increasing

island size and decreasing species richness with

greater distance from a colonization source (main-

land). According to IBT, once the saturation point is

reached, the addition of new colonizing species

results in the extinction of previously established

species. In contrast, SNT suggests that the number of

species in a given locality (or region) may not be

fixed within strict boundaries. According to SNT,

establishment success of new colonizing species will

become progressively less likely as species richness

increases because of decreasing resource availability

(Stachowicz and Tilman 2004). This implies that

newly colonizing species are not likely to displace

already established species (i.e. low risk of extinc-

tion). As pointed out by Sax and Gaines (2008), IBT

and SNT provide two contrasting views of the long-

term consequences of species introductions, in

relation to the likelihood of future native species

extinctions. Unfortunately, Sax and Gaines (2008)

did not provide support for either theory because

current data are insufficient to distinguish between

these two different views of the long-term conse-

quences of species introductions.

In the case of freshwater fishes, we also lack data

on long-term trends in non-native fish introduc-

tions and fish extinctions in freshwater ecosystems

that would allow the predictions of IBT and SNT to
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be tested. However, several expectations can be

proposed on the basis of previous studies of large-

scale patterns and processes relating to freshwater

fish diversity. For strictly freshwater fishes, river

basins (flowing into the ocean) can be considered as

biogeographical islands with specific species pools

(Oberdorff et al. 1997) because dispersion between

river basins is limited over large temporal scales

because of the impassable barriers (ocean or land).

A consequence of these barriers to dispersion is that

river basins can be considered as non-equilibrated

islands in which species extinctions (related to

historical events) are not fully balanced by coloni-

zation from neighbouring river basins (Oberdorff

et al. 1997; Reyjol et al. 2007; Tedesco et al. 2005).

The implication is that river basins are very likely to

be unsaturated with species and thus more

susceptible to the establishment of non-native

species because ecological space should be less

densely packed and interspecific competition should

be less intense (Hutchinson 1959). From the few

studies of riverine fish communities at the local

(reach or site) scale (i.e. local-regional species

richness relationships, see Cornell and Lawton

1992), the emerging pattern is that few of these

communities are truly saturated (Hugueny and

Paugy 1995; Angermeier and Winston 1998;

Oberdorff et al. 1998). Furthermore, two analyses

of human-induced colonization patterns in river

basins (Gido and Brown 1999; Smith et al. 2004),

showed that the riverine fish communities were not

saturated at this larger scale either, and are capable

of achieving higher species richness if the pool of

potential colonisers is artificially increased by the

direct introduction or colonization of other species.

An implication of these studies is that species

introductions might have impacts on fish commu-

nities that are smaller than would be expected if the

saturation point had already been reached. How-

ever, we should keep in mind that human-mediated

species introduction and extinction processes act at

different time scales (Sax et al. 2002). Indeed,

species extinctions might take many decades to

come to completion and such time-lags could create

a large extinction-debt that will be paid in future

(Sax and Gaines 2008).

Consequently, two major research gaps must be

filled to improve our understanding of the long-term

consequences of non-native fish introductions. First,

time-lags for species extinction (Brooks et al. 1999),

which have rarely been examined for freshwater

fishes (but see Morita and Yamamoto 2002), need

to be better understood. Second, although species-

level extinctions following fish introductions have

rarely been reported at the regional scale, popula-

tion-level extinctions can occur at smaller spatial

scales particularly when exotic species reduce native

species to a few population fragments in small

refuges (Chapman et al. 1996; Labbe and Fausch

2000; Leprieur et al. 2006; Pyke 2008). Thus,

future research should concentrate on how non-

native species change both the abundance and

distribution of native species because the magnitude

of ongoing declines will help predict likely future

extinctions.

Conclusion

Recent decades have witnessed tremendous pro-

gress in the science and management of invasive

fish species, yet many challenges remain. What is

the likelihood that an introduced species will

establish a non-native population? Which species

are likely to cause ecological and/or economic

damage if provided with the opportunity? We

continue to learn more about these issues, but clear

and complete answers remain elusive because of the

complexity of the scientific questions and manage-

ment options. Clearly, new strategies are needed

that account for the scientific uncertainty in the

invasion process. Our objective was to add clarity to

the issues of scientific uncertainty and the risks

associated with non-native fish introductions. We

have stressed, in particular, that the results

obtained by Gozlan (2008) should be interpreted

with caution because our clear conclusion is that

we actually know very little about ecological

impacts associated with fish introductions and that

it would be therefore dangerous and wholly

inappropriate to equate a lack of data with ‘no

impact’. Based on our assessment, we suggest that

uncertainties that result from a lack of knowledge

can be partially overcome through targeted

research. We have discussed what we view as

fruitful areas of research to reduce uncertainty

when assessing the risks posed by non-native

freshwater fishes.
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