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Abstract
Aim: Changing preferences regarding which species humans have transported to 
new regions can have major consequences for the potential distribution of alien taxa, 
but the mechanisms shaping these patterns are poorly understood. We assessed the 
extent to which changes in human preferences for transporting and introducing alien 
freshwater fishes have altered their biogeography.
Location: Australia.
Methods: We compiled an up- to- date database of alien freshwater fishes established 
in drainages in Australia before and after the number of established alien fish species 
doubled (pre- 1970 and post- 1970, respectively). Using metacommunity models, we 
analysed the influence of species traits and drainage features on the distribution of 
alien fishes that established pre-  and post- 1970.
Results: Alien fishes in Australia were introduced via four main transport pathways: 
acclimatization, aquaculture, biocontrol and ornamental trade. The relative impor-
tance of each pathway changed substantially between the two periods, accompanied 











1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

| GARCÍA- DÍAZ ET AL.

|

Modern biogeographical patterns are being increasingly shaped by 

& McKinney, 2001). Introductions of alien species, for example, alter 
biogeographical patterns by overcoming natural dispersal barriers 
and impacting on the composition of the recipient ecological com-
munities, leading to biotic homogenization (Capinha, Essl, Seebens, 

Poff, Douglas, Douglas, & Fausch, 2004), among other impacts. As 
human cultures change, there are often shifts in the pathways in-
volved in the transport of alien species, such that past changes re-
sulting from alien introductions may not predict likely future changes 

Dormontt, Prentis, Lowe, & Richardson, 2009). Acclimatization so-
cieties, for example, were a major driver of alien vertebrate intro-
ductions in the 19th and early 20th centuries (Duncan, Blackburn, 

-
port pathways, such as the pet and ornamental wildlife trade, and 
the unintentional transport of stowaways have become the primary 

which is likely to alter the type of species being introduced and the 
locations in which they establish.

Changes in the importance of different introduction pathways 
over short time periods suggest that biogeographical changes asso-
ciated with alien species introductions are more dynamic than those 

the occurrence, extent and causes of changes to transport pathways 
is thus an essential goal for explaining how human activities shape 
biogeographical dynamics (Gaston & Blackburn, 2008; Lomolino, 
Riddle, Whittaker, & Brown, 2010). Factors influencing the establish-
ment of alien species, which form self- sustaining wild populations 

(Blackburn et al., 2011), can be understood in terms of event- level 
factors (unique to specific introduction events, such as the number 
of individuals released), environmental factors (features of the re-
lease site such as habitat characteristics) and species- specific fac-
tors (features of the alien species such as life history traits) (Duncan, 
Blackburn, & Sol, 2003). Changes in human behaviour can affect 
introduction outcomes by influencing each of these three groups 
of factors, for example, through changes in the taxonomic pool and 
associated life history attributes of the alien species transported to 
a region, the numbers of individuals being transported and the loca-
tions where they are released (Blackburn & Duncan, 2008; García- 

Alien freshwater fishes can have substantial negative impacts 

Cucherousset & Olden, 2011; Howeth et al., 2016) and can dra-
matically alter the composition of native fish communities (Marr 
et al., 2013; Rahel, 2010; Toussaint, Beauchard, Oberdorff, Brosse, 
& Villéger, 2016). This is the case in Australian freshwater systems 
where alien fishes have been linked to declines in native fishes 
through predation, competition and habitat alteration (Crowl, 
Townsend, & McIntosh, 1992; Lintermans, 2004; Olden, Kennard, 
& Pusey, 2008). Forecasting the threat and likely impacts of future 
introductions of alien fishes relies on understanding transport path-
ways and how these change through time.

Here, we assess the influence of recent changes in transport 
pathways in shaping the biogeography of alien freshwater fishes 
in Australia. Previous research revealed a long history of alien fish 
introductions in Australia following European settlement, but since 
1970 the number of established alien fish species has almost dou-
bled (Lintermans, 2004; Whittington & Chong, 2007). We examine 
the patterns and processes underlying this recent increase in alien 
fish establishment and how this has altered the biogeography of 

by changes in the distribution of alien fishes and the variables predicting their distri-
bution. Pre- 1970, most species (64%) were introduced by acclimatization societies for 
purposes such as angling and biocontrol, and these fish have established in inland 
drainages more heavily impacted by human activities. In contrast, most of the post- 
1970 introductions (69%) were ornamental fishes, with most species established in 
small, north- eastern, tropical and subtropical coastal drainages.
Main conclusions: Substantial changes in introduction preferences and transport 
pathways over time have altered both the patterns and underlying processes shaping 
the biogeography of alien fishes in Australia. Our findings highlight the need for cau-
tion when using historical data to infer potential future distributions of alien species. 
The continuing spread of alien species means traditional biogeographical units may 
no longer be identifiable in the foreseeable future.

K E Y W O R D S

acclimatization, Australia, community alteration, human-induced environmental change, 
ornamental trade, species turnover
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alien fishes in Australia. While our research is focused on alien fishes 
in Australia, recent growth in the number of alien species established 
in other regions of the world suggests our findings should have im-

Seebens et al., 2017, 2018).
We compiled a comprehensive database of the alien fresh-

water fish species known to have established in 144 drainages 
in Australia. We used the data to examine the establishment of 
alien fishes in each drainage in two periods (Table 1): pre- 1970, 
where most species were intentionally released for acclimatization 
purposes, and post- 1970, where most species originated through 
the ornamental aquarium trade. We examined how the change in 
transport pathways led to concomitant shifts in the characteristics 
of the alien species and the invaded drainage basins. We did this 
by constructing and comparing models that explained the occur-
rence of alien fishes established pre-  and post- 1970 using location 
and species- specific covariates (Kéry & Royle, 2016; Sol, Vila, & 
Kühn, 2008).

|

|

We defined alien freshwater fish species as those whose na-
tive range does not include any part of continental Australia and 
that have established reproductive, self- sustaining populations 
in at least one Australian drainage (Table 1; Figure 1). We com-
piled a database of established alien fishes and identified when 
(pre-  or post- 1970) each species became established in freshwater 

drainages in Australia, using the 218 drainages delineated in the 
Australian Hydrological Geospatial Fabric, Geofabric (Bureau of 
Meteorology, Australian Government; http://www.bom.gov.au/
water/geofabric/). Data on alien fish establishment were sourced 
from an extensive literature review (available from https://figshare.
com/s/1b14cbcbf7d6b0c3797a), records obtained during recent 
field surveys, and state and territory fish distribution databases. 
The predominant transport pathway for each species during each 
period was obtained from Lintermans (2004) and assigned to one 
of the four categories: acclimatization, ornamental, aquaculture and 

records of 33 alien freshwater fish species established in at least 
one of 144 drainages across Australia (Figure 1). Fourteen alien spe-
cies had established in 121 drainages pre- 1970, whereas 32 spe-
cies established in 82 drainages post- 1970. The presence data and 
the identity of the alien fishes are available from https://figshare.
com/s/1b14cbcbf7d6b0c3797a.

Colonization and propagule pressure, the total number of alien 
species introduced (including those that failed) and the total num-
ber of individuals released at each location are known to be im-
portant predictors of alien species establishment, including fishes 

Viers, 2004). Unfortunately, these data were not available for most 
drainages, and potential proxies such as human population density 
may not necessarily be good indicators of actual propagule pres-
sures. We mitigated the potential impact of these information gaps 
by analysing only the 144 drainages where at least one alien fish 
species had established. These were all drainages subject to some 
degree of activity associated with alien fish introductions.

Established alien fishes transported via four pathways, including total number (and proportion), pre-  and post- 1970. In each 
period, we considered species that were established in at least one drainage where they were not found in the other period. Thus, all but 
one of the pre- 1970 species (the crucian carp, Carassius carassius) also occur in the post- 1970 period

Pathway/period Pre- 1970 Post- 1970

Acclimatization Total: 9 (0.64)
Species: Carassius auratus, Carassius carassius, 

Oncorhynchus mykiss, Perca fluviatilis, Rutilus 
rutilus, Salmo salar, Salmo trutta, Salvelinus 
fontinalis and Tinca tinca

Total: 10 (0.31)
Species: Carassius auratus, Oncorhynchus mykiss, Oncorhynchus 

tshawytscha, Perca fluviatilis, Rutilus rutilus, Salmo salar, Salmo 
trutta, Salvelinus fontinalis and Tinca tinca

Aquaculture Total: 1 (0.07)
Species: Cyprinus carpio

Total: 1 (0.03) 
Species: Cyprinus carpio

Biocontrol Total: 1 (0.07) 
Species: Gambusia holbroki

Total: 1 (0.03) 
Species: Gambusia holbroki

Ornamental Total: 3 (0.21) 
Species: Misgurnus anguillicaudatus, Xiphophorus 

helleri and Xiphophorus maculatus

Total: 22 (0.69) 
Species: Aequidens pulcher, Amphilopus citrinellus, Archocentrus 

nigrofasciatus, Astronotus ocellatus, Betta splendens, Cichlasoma 
trimaculatum, Geophagus brasiliensis, Haplochromis burtoni, 
Hemichromis bimaculatus, Labeotropheus/Pseudotropheus sp., 
Maylandia sp., Misgurnus anguillicaudatus, Oreochromis mossam-
bicus, Phallocerus caudimaculatus, Poecilia reticulata, Puntius 
conchonius, Tanichthys albonubes, Tilapia mariae, Trichogaster 
trichopterus, Xiphophorus helleri and Xiphophorus maculatus

Total number of 
established alien fish 
species

14 32
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For the 32 alien fishes and the 144 drainages, we gathered 
information on 12 geographical, environmental and species- 
specific covariates consistently reported in the literature to be 
associated with the establishment of alien fishes (Clavero, 2011; 

Tan, & Yeo, 2016). The covariates are described in Table 2 and 
were collected from publications and online databases (Domisch, 

& Guralnick, 2012; Kriticos et al., 2012; Wildlife Conservation 
Society & Center for International Earth Science Information 

-
lishment of alien fishes; all the data are available from https://

Footprint Index (HFI), which is calculated by normalizing the 
Human Influence Index (HII) by biome and realm, because it has 
previously been used in the other research on the distribution of 
alien species in Australia and worldwide, facilitating comparison 
of our results (Dyer et al., 2017; Tingley, García- Díaz, Arantes, 
& Cassey, 2018; Vall- llosera, Woolnough, Anderson, & Cassey, 
2016). The HFI ranks human activities on the environment in a 
given region to obtain a measure of the human footprint that 
ranges from 0 (no impact) to 100 (high impact) (Sanderson et al., 

Except for the area of the drainage, all drainage- specific covari-
ates were calculated as the median value from all cells (resolution 
c. 1 km2 in all cases) within the drainage.

We obtained data on the thermal tolerances of each species 
from publications, complemented by a search of the grey litera-
ture using Google Scholar and the search term “[species’ scien-
tific name] thermal tolerance” (available from https://figshare.
com/s/1b14cbcbf7d6b0c3797a). When data were unavailable 
through these sources, we used estimates for thermal tolerances 
based on whether the species’ thermal preferences were tem-
perate (thermal tolerances 2 and 26°C), tropical (16 and 34°C) or 
broad (2 and 38°C). We calculated the minimum and maximum 
thermal safety margins (TSM) as indicators of the match between 
a species’ thermal tolerance and the conditions in the recipient 
drainage (Sinclair et al., 2016; Sunday, Bates, & Dulvy, 2012). TSM 
values closer to zero indicate the environment in the receiving re-
gion is closer to the species’ thermal tolerance limits, meaning the 
temperature conditions in the drainage may be less suitable for 
the species.

|

We examined spatial changes in the number of alien fishes estab-
lished between periods by calculating species turnover at the drain-
age level. Turnover was calculated by dividing post- 1970 species 
richness by total species richness (species established pre- 1970+ 
species established post- 1970) in each drainage. This index varies 
between 0 (all species established pre- 1970) and 1 (all species estab-
lished post- 1970).

Number of alien fish species established in 144 drainages in Australia, pre- 1970 (top left) and post- 1970 (top right), and 
turnover in alien fish communities in those same 144 drainages (bottom). Pre- 1970: total of 14 alien fish species established; post- 1970: 
32 alien fish species. Drainages where no alien fish occurred (unshaded) were not included in the analyses (see Material and Methods for 
further details)
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To identify how changes in transport pathways may have al-
tered the characteristics of introduced species and locations 
where they occur, we modelled the probability of establishment 
of alien fishes in each of the 144 drainages during each period as 
a function of the 12 covariates. The models were only for species 
established in each period, so the model post- 1970 did not include 
species established in the same drainage pre- 1970. This is because 
we wanted to examine the patterns of establishment in each pe-
riod independently. The response variable was the establishment 
of species i in drainage j, Oi,j, coded as 0 (absent) or 1 (present), 
and was analysed using a Bayesian Markov chain Monte Carlo reg-
ularized metacommunity model. We modelled the probability of 
establishment, po i,j, as a function of the 12 covariates along with 

drainage and species- specific intercepts to account for the poten-
tial autocorrelation between drainages and between species. Pre- 
1970, our data comprised 14 alien fishes in 144 drainages (2,016 
observations) and post- 1970, 32 species in 144 drainages (4,608 
observations). The model structure was the same for both time 
periods:

(1)

(2)

Summary of the 12 covariates used for modelling the establishment of alien fishes in 139 drainages in Australia. Summary 
statistics are of the covariate values before they were standardized for analysis. Note that the 144 drainages were the same for both 
pre- 1970 and post- 1970 periods, whereas the pool of alien fish species changed. We provide summary statistics for both pre- 1970 and 
post- 1970 for all the species- specific and species by drainage covariates

Covariate Type of covariate Definition
Mean ± standard deviation 
(minimum–maximum)

Area Geographical: drainage- specific Area of the drainage, km2 28,460.30 ± 77,970.61 

Human Footprint 
Index (HFI)

Environmental: drainage- specific Median Human Footprint Index across 
the drainage

Flow length Geographical: drainage- specific Median number of upstream drainage 
1- km2 cells across the drainage

Flow accumulation Geographical: drainage- specific Median total number of upstream 
drainage 1- km2 cells across the 
drainage

Upstream slope Geographical: drainage- specific Median average slope across the 
drainage

Upstream elevation Geographical: drainage- specific Median average elevation across the 
drainage

Minimum thermal 
safety margin

Physiological niche: species by 
drainage

Difference between the minimum 
temperature tolerated by the fish 
species and the median minimum 
temperature in July across the 
drainage

Maximum thermal 
safety margin

Physiological niche: species by 
drainage

Difference between the maximum 
temperature tolerated by the fish 
species and the median maximum 
temperature in January across the 
drainage

Body length Fish characteristic: species- specific Body length of the fish species, cm

Trophic level Life history trait: species- specific Trophic level of the fish species: the 
position of the fish species in the food 
chain (full definition and details: 
http://www.fishbase.org/glossary/
Glossary.php?q=trophic+level)

Resilience Life history trait: species- specific Average population doubling time

Fecundity Life history trait: species- specific Maximum total number of eggs 
spawned per female per brood (90.00–2,000,000.00) 

Post- 1970: 112,109.38 ± 378,824.96 
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where sp(i) and catch( j) are the species and drainage- specific in-
tercepts, z are the slopes of the covariates and Xi,j,z, z = 1, … 12, 

constructed Bayesian regularized models by including all covari-
ates and specifying a normal prior for each slope, ~ Normal(0, 

),  = 3, where we chose the fixed standard deviation value to 
maximize the cross- validated area under the ROC curve (AUC) 
for both pre-  and post- 1970 models (see below). Our procedure 
shrinks slope estimates towards zero when the association be-
tween establishment and the covariate is weak. Covariates were 
standardized by subtracting the mean and dividing by the stan-
dard deviation.

We used a multivariate normal prior for the species- specific in-
tercepts, ~ MVN(0, sp), where sp is the species- specific variance–
covariance matrix. We used a Wishart prior for sp with variance 

2 = 100 and with covariances set to zero (meaning no correlation 
between species). The degrees of freedom of the Wishart distribu-
tion were configured to be the total number of alien fish plus one 

multivariate normal prior for species- specific intercepts allowed us 
to account jointly for species’ co- occurrence patterns not captured 
by the 12 covariates and the potential nonindependence of species 
(e.g., due to their similarity in some traits because of a shared evo-
lutionary history or shared introduction pathways) (Sol et al., 2008). 
We used the same procedure for defining the multivariate normal 
prior for the drainage- specific intercepts, ~ MVN(0, catch).

We validated our models using a fivefold cross- validation, 
whereby we apportioned 80% and 20% of the observations to a 
within- sample dataset (fitting the model) and an out- of- sample data-
set (validating the model) in each fold. In each fold, and for each alien 
fish species, we used a stratified random sampling approach to se-
lect 29 drainages that were allocated to the out- of- sample dataset 
for validation purposes. In our approach, the data were stratified 
by fish species. Therefore, in each of the five folds, for each alien 

sample dataset and 29 for the out- of- sample dataset. In each cross- 
validation fold, this procedure produced 1,610 and 406 observations 
(i.e., species by drainage data) in the within- sample and the out- of- 
sample datasets for pre- 1970, respectively, and 3,680 and 928 ob-
servations in the within- sample and the out- of- sample datasets for 
post- 1970, respectively.

We fitted the Bayesian regularized logistic models using NIMBLE 
(de Valpine et al., 2017) as interfaced to the R statistical environment 

available from https://figshare.com/s/1b14cbcbf7d6b0c3797a. We 
fitted the models using one chain with 60,000 iterations each and no 

iterations of each cross- validated chain as burn- in after visually 
checking for their adequate mixing and convergence. This procedure 

each coefficient in the models. We evaluated the performance and 
validated the models by calculating the area under the ROC curve 

(AUC) for the within- sample and the out- of- sample data of each of 
the five cross- validation folds.

We were interested in whether there had been a change in how 
the 12 covariates were associated with alien fish establishment 
pre-  and post- 1970. We assessed the magnitude of change in the 
covariates between periods by subtracting the pre- 1970 posterior 
values of the z coefficients from the post- 1970 z coefficient values 
and then calculating the proportion of these differences that were 
greater and less than zero. Situations where the difference between 
pre-  and post- 1970 was greater or less than zero indicate changes 
in a coefficient estimate, implying that its association with alien fish 
establishment had changed over time.

|

|

Pre- 1970, the south- eastern region of Australia generally had the 
highest number of alien fishes established, with the Murray- Darling 
Basin, southern Victoria, south- west Western Australia and Tasmania 
being major hotspots for the establishment of alien fishes (Figure 1). 
Turnover of alien fishes post- 1970 was highly variable across the 144 
drainages, with areas of high turnover mainly in tropical and subtrop-
ical drainages of the north, eastern and western coasts (Figure 1). 
There was also high turnover in a few drainages of the northern and 
western coasts of Tasmania. The large inland drainages had lower 
turnover, all less than 0.2 (Figure 1). Across all drainages, the mean 
turnover was 0.34 ± 0.39 (mean ± standard error), with over half of 

-
ages having high turnover >0.8 (19% of 144). All the drainages with 
a high turnover were also characterized by a higher number of alien 
fishes established compared to other drainages post- 1970 (Figure 1).

Acclimatization and ornamental introductions were the two 
major transport pathways for alien fish establishment in Australia, 
but their relative importance changed over time (Table 1). Pre- 1970, 
most established alien fishes were transported by acclimatization so-
cieties (64%; nine of 14 species established in this period), whereas 
post- 1970, most arrived as ornamental fishes (69% of the 32 species 
established). Meanwhile, introductions for aquaculture and biocon-
trol made up a much smaller proportion of established alien fishes, 
and the importance of both has declined over time (Table 1).

|

Our Bayesian regularized metacommunity models adequately fitted 
the cross- validated within- sample and predicted the out- of- sample 
data for both pre- 1970 (AUC within- sample, mean ± standard error: 

Our models revealed that alien fish establishment pre- 1970 
was positively associated with the Human Footprint Index (HFI 
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slope, mean ± SE -
ing fishes were more likely to have established in drainages more 
heavily impacted by human activity. In contrast, establishment 
post- 1970 was negatively associated with drainage area (area slope: 

more likely to have established in smaller- than- average drainages 
across Australia (Figure 2). None of the other covariates had clear 

CIs overlapped zero (Figure 2). Differences between coefficient es-
timates pre- 1970 and post- 1970 revealed a shift over time towards 
alien fishes occurring in less modified drainages and at marginally 
lower elevations (negative change in the upstream elevation and HFI 
coefficients; Figure 3).

Species- specific intercepts highlighted variability among alien 
fishes in their prevalence during both periods, which was not ex-
plained by any covariate (Figure 4). One species, the eastern gam-
busia (Gambusia holbrooki), had a large positive species- specific 
estimate pre- 1970, indicating relatively higher prevalence than other 
species, while another six species had large negative estimates im-
plying lower prevalence. Post- 1970, new establishments of any fish 
species appeared relatively localized in Australia, as indicated by 
their negative species- specific estimates (Figure 4). Remarkably, the 
intercept of the eastern gambusia changed signs from positive pre- 
1970 to negative post- 1970, indicating that relative to other species, 

mosquitofish had spread to become more widespread pre- 1970 
but spread less post- 1970. Posterior estimates of the parameters in 
the pre-  and post- 1970 models are available from https://figshare.
com/s/1b14cbcbf7d6b0c3797a.

|

Changing transport pathways have substantially altered the bioge-
ography of alien freshwater fishes in Australia. The shift from fish 
introduced primarily for acclimatization purposes pre- 1970 to orna-
mental introductions post- 1970 was associated with a substantial 
shift in the distribution of drainages where alien species have es-
tablished and with changes in the covariates associated with estab-
lishment. Overall, the biogeography of alien fishes in Australia has 
been altered by a temporal switch from the organized and purpose-
ful release of angling and biocontrol species pre- 1970, to the more 
haphazard introduction of ornamental aquarium fish post- 1970.

Alien fish establishment pre- 1970 reflected the intentional re-
lease of alien fishes for acclimatization and biocontrol purposes, 
mainly in south- eastern drainages heavily impacted by human activ-
ities (higher standardized HFI). This mirrors the pattern of European 
settlement and agricultural development in Australia during this 
period (Clarke, 2002; Jupp, 2002) and was in part a consequence 

Posterior estimates (mean 

of the 12 covariates used for modelling 
the probability of establishment of alien 
fish pre-  and post- 1970. All the covariates 
were standardized for the analyses. HFI, 
Human Footprint Index; TSM, thermal 
safety margin. Refer to Table 2 for a 
description of all of the covariates

and post- 1970. Values on the left indicate the proportion of posterior iterations where the estimate of post- 1970 was higher (smaller) than 
the estimate of pre- 1970. All the covariates were standardised for the analyses. HFI, Human Footprint Index; TSM, thermal safety margin. 
Refer to Table 2 for a description of all of the covariates
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of local and international societies purposefully introducing new an-
gling species and fish to control mosquito- borne diseases in south- 
eastern Australia (Lever, 1992; Pyke, 2008; Van Den Hurk, Craig, 
Tulsiani, & Jansen, 2013). Such intentional releases are reflected 
in the positive species- specific intercept of the eastern gambusia, 
a species intentionally released for mosquito biocontrol pre- 1970.

In contrast, post- 1970 establishment patterns were dominated 
by a shift to ornamental alien fishes mainly establishing in trop-
ical and subtropical drainages in the north, eastern and western 
coasts of Australia. The presence of a high number of alien fishes 
in north- eastern Australia was previously reported by Olden et al. 
(2008). Several of the drainages with high turnover include major 
human population hubs such as Darwin (Finniss River drainage, 
Northern Territory), Adelaide (Torrens River, South Australia), 
Brisbane (Brisbane River, Queensland) and Townsville (Ross River, 
Queensland). This points to the potential role of human popula-
tions in increasing the likelihood of establishment of ornamental 
fishes due to higher numbers of releases resulting in greater colo-

et al., 2004) and perhaps facilitating their establishment by disturb-
ing waterway environments, which may make them more suitable 

et al., 2008). Our metacommunity model for this period indicated 
that alien fish establishment was more likely in smaller drainages 
(negative effect of the drainage area), but there was no clear effect 
of the human footprint in this model. This result likely reflects the 

fact that many drainages located in coastal regions, which also tend 
to harbour major population centres, are relatively small compared 
with other drainages in Australia.

We identified two further regions of high alien fish turnover that 
do not appear to be associated with the presence of ornamental 
species. The group of high- turnover drainages on the south- west 
coast was likely due to the establishment of the eastern mosquito-
fish, whereas the establishment of three salmonids (rainbow trout, 
Oncorhynchus mykiss, brown trout, Salmo trutta, and brook trout, 
Salvelinus fontinalis) for angling and aquaculture was responsible for 
the high turnover in western Tasmania (Jackson, Raadik, Lintermans, 
& Hammer, 2004; Lintermans, 2004). The dominance of alien orna-
mental fishes post- 1970 is consistent with the growth in the aquar-

c. 12 million individuals one decade 
later (Lintermans, 2004; Whittington & Chong, 2007). This growth 
in the aquarium industry occurred worldwide, with further steady 
increases over the last three decades (Bradie, Chivers, & Leung, 
2013; Gozlan, Britton, Cowx, & Copp, 2010). Thus, shifts in the es-
tablishment of alien fishes similar to those shown here for Australia 
can be expected in other countries where there is a substantial mar-
ket for alien ornamental fishes (Howeth et al., 2016; Maceda- Veiga, 
Escribano- Alacid, de Sostoa, & García- Berthou, 2013; Mancera- 
Rodríguez & Álvarez- Leon, 2008).

Our findings indicate that changes in societal uses for fishes 
triggered shifts in the type of species being introduced and the 

alien fishes pre- 1970 and post- 1970. Species are arranged in descending order of estimated values post- 1970 to facilitate comparisons 
between periods. Posterior estimates are of 14 species in pre- 1970 and 32 species post- 1970. Note that the posterior coefficient estimates 
(x
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locations where they established in Australia, altering the bioge-
ography of alien fishes across the continent. A key outcome of our 
metacommunity models was that the covariates explaining alien 
fish establishment changed over time, implying that historical es-
tablishment models should be used with caution when attempting 
to forecast future distribution patterns. Currently, the drainages 
with the highest numbers of alien ornamental fishes are in regions 
of eastern Queensland associated with towns and cities. However, 
it is likely that there are a large number of drainage basins in other 
tropical and subtropical regions potentially suitable for alien or-
namental fishes. The low population density through much of this 
region may reduce the likelihood of establishment due to low col-
onization and propagule pressure from aquarium releases or es-
capes, but our results nevertheless highlight where the substantial 
future risks lie.

Our conclusions are likely to extend to other groups of alien 
species, including aquatic species, for which similar temporal 
shifts in the importance of transport pathways have been re-

diversification in technology and uses of animals by humans will 
likely create a new assortment of transport pathways and expand 

can happen at a much faster pace than the natural processes of 
colonization, speciation and extinction that normally shape natu-
ral biogeographical patterns (Gaston & Blackburn, 2008; Lomolino 
et al., 2010; Pimm et al., 2014). The result may be that traditional 
biogeographical regions may no longer be recognizable based on 

Holt et al., 2013).
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