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Abstract

Propagule pressure is frequently cited as an important determinant of invasion success for terrestrial
taxa, but its importance for aquatic species is unclear. Using data on aquarium fishes in stores and his-
torical records of fish introduced and established in Canadian and United States waters, we show clear
relationships exist between frequency of occurrence in shops and likelihood of introduction and of estab-
lishment. Introduced and established taxa are also typically larger than those available from stores, con-
sistent with the propagule pressure hypothesis in that larger fish may be released more frequently due to
outgrowing their aquaria. Attempts to reduce the numbers of introductions may be the most practical
mechanism to reduce the number of new successful invasions.

Introduction

Invasions are sequential, multi-phase processes,
involving transportation, introduction, establish-
ment and spread. Understanding invasions may
best be achieved by examining each component
phase separately, although most literature to date
has focused only on later phases (Carlton 1996;
Kolar and Lodge 2001). The number and/or fre-
quency of propagules released at introduction,
known as propagule pressure, is emerging as an
important determinant of invasion success. Like-
lihood of extinction presumably is greater at
small population sizes due both to demographic
and environmental stochasticity (Sax and Brown
2000; Duncan et al. 2003). Larger and/or more
frequent introductions are thus expected to have
greater probabilities of successful establishment.
This pattern has been observed for a variety of
terrestrial taxa (e.g., Forsyth and Duncan 2001;

Lounibos 2002). Propagule pressure has rarely
been documented for aquatic, and in particular
for freshwater, organisms (e.g., Wonham et al.
2000; MacIsaac et al. 2002). In particular, it has
rarely been examined for fish, despite frequent
invasions of this group worldwide (Fuller et al.
1999; Wonham et al. 2000).

The aquarium trade imports hundreds of fish
species into North America annually (Ramsay
1985; Chapman et al. 1997). A number have sub-
sequently been introduced into freshwater habi-
tats by home aquarists, and many of these have
established persistent, self-reproducing popula-
tions (e.g., Crossman and Cudmore 1999; Fuller
et al. 1999). Aquarium fishes are introduced into
recipient waters as a disposal method apparently
perceived as more humane than various euthana-
sia options (Courtenay and Taylor 1986). The
most commonly cited reasons for release of
healthy fishes are that owners tire of them, or
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that fish become too large or prolific for their
aquaria (e.g., Courtenay 1999; Crossman and
Cudmore 1999).

Using data of fish occurrence in aquarium
stores and from United States and Canadian
waters that presumably originated from private
aquaria, we test the hypothesis that propagule
pressure is a major determinant of introduction
and establishment via the aquarium hobby. In
addition, we assess other introduction character-
istics that may influence establishment success:
taxonomic identity and ability to attain large size
in aquaria. Recognition of such patterns may
improve our ability to predict and reduce the
probability of future invasions (Duncan et al.
2003).

Data collection, analyses and results

Introduction and establishment records of aquar-
ium fish into freshwaters of Canada and the
USA were obtained primarily using Fuller et al.
(1999), Nelson and Paetz (1992) and the United
States Geological Survey (USGS) nonindigenous
aquatic species database (http://nas.er.usgs.gov/).
We considered records only for deliberate releases
from home aquaria. Taxa were considered estab-
lished even if populations were later eradicated.
We found 94 fish species reported as introduced,
including 34 established.

We surveyed freshwater fish occurrence from
20 aquarium and pet stores between October
2002 and July 2003. Stores ranged from small,
privately owned retailers to large, North Ameri-
can chains, located between Toronto, Ontario,
Canada and Macomb County, Michigan, USA.
We recorded 308 fish taxa (see Rixon et al. in
press), including 54 reported as introduced.
Occurrence frequency was calculated for each
taxon as the proportion of stores in which that
taxon was present, and was used as a proxy mea-
sure of propagule pressure. This may provide a
better proxy of ‘frequency’ than of ‘numbers’
released, although fishes introduced more often
have greater chances of occasional release in high
numbers. The area we surveyed was smaller than
for the introduction data, and popularity of some
species may change over time. However, our
most frequently occurring taxa are similar to the

most popular fish listed from importation records
surveyed in 1971 and 1992 from a broad array of
United States ports (Ramsay 1985; Chapman
et al. 1997). We thus have confidence that our
data represent broader scale spatial and temporal
patterns of popularity.

To determine if introduction and establishment
is related to propagule supply from private aqua-
ria, we compared occurrences of fishes in Cana-
dian and USA waters with their occurrence
frequency in stores. Fishes were grouped into cat-
egories of 50 based on store occurrence frequency
(i.e., the 50 most frequently occurring, 51–100th
most frequently occurring, etc). Because occur-
rence frequencies overlapped categories (e.g.,
fishes in 5% of stores could be assigned to the
201–250th or 251–300th most frequently occur-
ring category), species order was randomized
within occurrence frequencies; fishes were then
assigned to each category based on order listed.
Relationships were examined using linear
regression (Systat 7.0), with dependent variables
log10 transformed for analyses. A strong negative
relationship was observed between store
frequency and both recorded introduction
(R2 ¼ 0.936, P < 0.01) and establishment
(R2 ¼ 0.674, P < 0.05) into freshwater habitats
(Figure 1).

To examine whether different taxonomic
groups are under or over-represented at each
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invasion phase, we determined: (1) if composition
of fish families recorded as introduced corre-
spond to those in stores; and (2) if established
taxa are similar in composition to those intro-
duced. These were tested using v2 goodness of fit
tests, using the restrictions outlined by Zar
(1996). In the introduction phase, for example,
the numbers of species introduced for each fam-
ily were the observed variables, whereas expected
frequencies were calculated based on occurrence
frequencies in the stores. Where analyses detected
differences between frequencies, the family with
the greatest contribution to the v2 value was
removed, and the remaining families reanalysed
to see if these conformed (Zar 1996). Six families
had relatively high numbers of introductions (>5
species) and were used in analyses (Figure 2).
Differences were found between frequencies of
families in stores and introduced (v2 ¼ 37.67,
df ¼ 5, P < 0.001), and between introduction
and establishment (v2 ¼ 9.27, df ¼ 3, P < 0.05).
Poeciliidae, the second most commonly intro-
duced taxon, was relatively unimportant in store
surveys and contributed most to the v2 value
(36.68); frequencies of other taxa conformed after
its removal. Between introduction and establish-
ment phases, poeciliids also contributed most to
the v2 value (8.44); other taxa conformed after its
removal. Belodontiidae and Loricariidae were
not used in this analysis as they did not meet the
requirements for v2 (expected frequencies <2).

Characidiae were highly speciose in stores, and
the third most introduced, but had no established
species.

To test if introduction and establishment is
related to taxa outgrowing tanks, we compared
maximum obtainable fish lengths between each
invasion phase. Maximum lengths for introduced
and 287 store fish taxa were obtained from the
Fishbase database (Froese and Pauly 2002); oth-
ers were identifiable only to genera, were hybrids,
or are apparently undescribed species. Species
were divided into five length classes, each typi-
cally twice the length of the previous class, pro-
viding similar numbers of introductions in each.
Analyses were performed as for taxonomic
groupings. An additional comparison was made
between length ranges of all store species and the
most common 94 species (equal to the number
reported as introduced) to determine if length
differences exist based on popularity. Most fishes
in stores are small, and become less common
with increasing length (Figure 3). Comparing all
species from stores to the top 94, higher propor-
tions of more common fishes are smaller in
length, and less frequent taxa tend to be larger.
Chi-square analysis indicated differences between
fishes in stores (all 287) and introduced
(v2 ¼ 35.62, df ¼ 4, P<0.001). Differences were
greatest at the extremes, with the > 80 cm length
range contributing most to the v2 value
(v2 ¼ 16.57; higher frequency of fishes introduced
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in this length range) followed by < 10 cm
(v2 ¼ 9.74; lower frequencies introduced). Length
distributions between introduced and established
fishes differed (v2 ¼ 10.45, df ¼ 4, P < 0.05)
without removal of the 10–20 cm length class
(v2 ¼ 8.44). Overall, maximum fish lengths were
greater for those introduced (median
length ¼ 24.2 cm) or established (15.5 cm) than
for those most common (top 94 species; 8.9 cm)
or present (all species; 12 cm) in stores.

Discussion

Our study shows clear relationships between
occurrence frequency of fish in aquarium stores
and their introduction and establishment in
freshwater habitats. This suggests that species
more readily available to hobbyists are intro-
duced more frequently and in greater numbers
than rare species. ‘Popularity’ therefore appears
to be an important determinant of invasions
from aquarium release. Introduction effort
through high propagule release sizes and/or fre-
quencies, known collectively as propagule pres-
sure, is increasingly recognised as one of the
best correlates of establishment success (e.g.,
Forsyth and Duncan 2001; Lounibos 2002). Our
results are among the first to document similar
trends for freshwater organisms. However, we
acknowledge our measure of propagule supply,
popularity in stores, is removed from actual
introduction efforts. From stores, a subset will
first be kept in home aquaria, and only a pro-
portion of these will be released. Nevertheless,
our results indicate that attempts to reduce the
numbers of aquarium fish released may well be
the most practical method for reducing the inva-
sion rate by this vector. It also strengthens the
importance of using a measure of propagule sup-
ply in predictive models of aquarium fish inva-
sion threats (e.g., Rixon et al. in press). With
human population growth, and associated
growth of the aquarium hobby, inoculation fre-
quency and subsequent establishment by this
vector is likely to increase with time.

Occurrence frequency in stores explained much
of the variation in the introduction and establish-
ment data. However, 40 introduced species were
not found in our stores. Firstly, our aim was not

to visit stores until all introduced fish species
were found, but rather it was to assess the rela-
tive popularities of the common species. Sec-
ondly, in compiling our dataset of introductions
we employed a liberal approach, including
species listed as released by aquarists even if
alternative vectors were listed; this was the case
for most of those fishes not found (e.g., Fuller
et al. 1999). Others may not be present in the
aquarium trade or are rare taxa. Thousands of
fishes are estimated to be part of this industry,
with most being uncommon (Ramsay 1985).
Based on importation records, Chapman et al.
(1997) recorded 730 aquarium fish species enter-
ing the USA in October 1992; thus, if we
obtained a more elaborate dataset, potentially
recording more introduced species, the relation-
ship would likely not remain linear, but instead
form a strong exponential decay curve. Not hav-
ing recorded some introduced species in stores
therefore does not undermine the patterns we
observed.

The importance of store occurrence frequency
to species’ introductions was reflected in the fam-
ily data at each invasion phase. However, an
over-representation of poeciliid introductions was
found relative to that in stores. This may reflect
the high number established relative to intro-
duced, as species will more likely be recorded if
their populations persist. Some poeciliids are
among the most popular aquarium fishes, largely
as they are hardy and easy to breed (Axelrod
et al. 1995). Such characteristics may be advanta-
geous for establishment. Our occurrence fre-
quency from stores may also underestimate
poeciliid importance, as common species are sold
in many varieties (e.g., mollies, guppies, sword-
tails and platies). Some species were perhaps not
recognised due to taxonomic difficulties, e.g., the
introduced Poecilia mexicana and P. peterensis
are members of the P. sphenops and P. latipinna
species complexes, respectively. These may thus
have been present but were not distinguished
from their congeners. Characidae were common
in stores and introduced, although none have
established. A likely reason is small release sizes,
as many introductions are reported as single indi-
viduals, e.g., black pacu, red piranha. This may
reflect their keeping in small numbers due to
large size and aggressive nature.
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Introduced and established taxa typically had
larger maximum lengths than those from stores,
consistent with the hypothesis that larger fish are
released more frequently. However, alternative
reasons confounding this are that larger fish,
although perhaps less commonly introduced due
to lower store occurrences, survive longer and
are caught more easily than smaller fish, e.g.,
common fishing methods capture larger fish more
efficiently (e.g., Vaux et al. 1995). That greater
proportions of smaller fish were found estab-
lished than introduced provides evidence that
smaller fish may be introduced more frequently
than is observed, with smaller, short lived, spe-
cies that do not establish less likely to be found.

Most aquarium fishes recorded as introduced
have not established populations. Besides propa-
gule supply, environmental factors relating to
growth and reproductive success are critical. For
releases into temperate regions, climatic mis-
match is undoubtedly important as most aquar-
ium species are native to the tropics (Chapman
2000). More tropical latitudes (e.g., Florida) and
geothermal areas thus have disproportionately
high numbers both introduced and established.
Because of such large-scale variability in habitat,
and of regional importation regulations, factors
responsible for invasion success beyond propa-
gule supply require regional assessment. How-
ever, any observed trends should be considered
secondary determinants of the invasion process.

In conclusion, popularity is apparently an
important factor associated with invasion success
of fishes from private aquaria. Courtenay and
Stauffer (1990) stated any aquarium fish has the
potential to be released at some time. Indeed, we
believe that most popular species have already
been released into Canadian or USA waters.
Many likely go unrecorded, failing to establish
populations due to inadequate propagule sizes or
subsequent factors affecting survival and repro-
duction. The relationships between popularity
and introduction or establishment likely apply to
other taxa in the aquarium trade (e.g., molluscs,
plants), and also to other vectors where organ-
isms are commercially purchased (e.g., live fish
from food markets, bait fish). In order to prevent
future invasions by such industries, strategies to
reduce propagule supplies such as education of
possible ecological and legal consequences of

release, or an ability to return unwanted organ-
isms to stores, must be utilized (e.g., Courtenay
and Taylor 1986).

Acknowledgements

We thank N. Bergeron, R. Colautti, S. Bailey,
K. Nandakumar, V. Rixon and D. Gray for
assistance and discussion. We acknowledge finan-
cial support from NSERC and the (Canada)
DFO Aquatic Invasive Species research chair to
HJM. ICD was supported, in part, by funds from
the USA. National Sea grant program. Two
anonymous referees and Dr R. Thresher provided
comments that improved our manuscript.

References

Axelrod HR, Burgess WE, Emmens CW, Pronek N, Walls JG

and Honziker R (1995) Dr Axelrod’s mini-atlas of freshwa-

ter aquarium fishes. T.F.H. Publications Ltd., New Jersey

Carlton JT (1996) Pattern, process, and prediction in marine

invasion ecology. Biological Conservation 78: 97–106

Chapman FA (2000) Ornamental fish culture, freshwater. In:

Stickney RR (ed) Encyclopedia of Aquaculture, pp

602–610. John Wiley and Sons, New York

Chapman FA, Fitz-Coy SA, Thunberg EM and Adams CM

(1997) United States of America trade in ornamental fish.

Journal of the World Aquaculture Society 28: 1–10

Courtenay Jr WR (1999) Aquariums and water gardens as

vectors of introduction. In: Claudi R and Leach JH (eds)

Nonindigenous Freshwater Organisms: Vectors, Biology,

and impacts, pp 127–128. Lewis Publishers, Boca Raton

Courtenay Jr WR and Stauffer Jr JR (1990) The introduced

fish problem and the aquarium fish industry. Journal of

the World Aquaculture Society 21: 145–159

Courtenay Jr WR and Taylor JN (1986) Strategies for reduc-

ing risks from introductions of aquatic organisms: a philo-

sophical perspective. Fisheries 11: 30–33

Crossman EJ and Cudmore BC (1999) Summary of North

American fish introductions through the aquarium/horti-

culture trade. In: Claudi R and Leach JH (eds) Nonindige-

nous Freshwater Organisms: Vectors, Biology, and

Impacts, pp 129–134. Lewis Publishers, Boca Raton

Duncan RP, Blackburn TM and Sol D (2003) The ecology of

bird introductions. Annual Review of Ecology, Evolution,

and Systematics 34: 71–98

Forsyth DM and Duncan RP (2001) Propagule size and the

relative success of exotic ungulate and bird introductions

to New Zealand. The American Naturalist 157: 583–595

Froese R and Pauly D (eds) (2002) FishBase. www.

fishbase.org

Fuller PL, Nico LG and Williams JD (1999) Non-indigenous

fishes introduced into inland waters of the United States.

381



American Fisheries Society, Special Publication 27, Beth-

esda, Maryland

Kolar CS and Lodge DM (2001) Progress in Invasion Biol-

ogy: Predicting Invaders. Trends in Ecology and Evolution

16: 199–204

Lounibos LP (2002) Invasions by insect vectors of human dis-

ease. Annual Review of Entomology 47: 233–266

MacIsaac HJ, Robbins TC and Lewis MA (2002) Modelling ships’

ballast water as invasion threats to the Great Lakes. Canadian

Journal of Fisheries and Aquatic Sciences 59: 1245–1256

Nelson JS and Paetz MJ (1992) The fishes of Alberta. Univer-

sity of Alberta Press, Edmonton

Ramsay JS (1985) Sampling of aquarium fishes imported by

the United States. Journal of the Alabama Academy of

Science 56: 220–244

Rixon CAM, Duggan IC, Bergeron NMN, Ricciardi A and

MacIsaac HJ (in press) Invasion risks posed by the aqua-

rium trade and live fish markets on the Laurentian Great

Lakes. Biodiversity and Conservation

Sax DF and Brown JH (2000) The paradox of invasion. Glo-

bal Ecology and Biogeography 9: 363–371

Vaux PD, Bachmann RW, Jones JR, Peters RH and Soballe

DM (1995) Characterizing lake fish assemblage structure:

how much sampling effort is sufficient? Lake and Reservoir

Management 11: 199

Wonham MJ, Carlton JT, Ruiz GM, Smith LD (2000) Fish

and ships: Relating Dispersal Frequency to Success in

Biological Invasions. Marine Biology 136: 1111–1121

Zar JH (1996) Biostatistical Analysis, third edition. Prentice-

Hall Inc., New Jersey

382



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


