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ABSTRACT
Aim To build and assess pathway-level non-indigenous species (NIS) establish-

ment curves generated using a propagule pressure (PP) proxy and historical
establishment data.
Location North America
Methods Our analysis examines the utility and behaviour of pathway-level NIS

establishment curves that relate species-level PP to establishment probability.
Using theoretical and empirical methods, we examine the behaviour of pathway-level establishment models when species are heterogeneous in their ability
to establish. Next, we examine the implications of using PP proxy and historical establishment data to parameterize these models. Finally, we test the model
by building an establishment curve for aquarium fish establishments in the
United States using import data as a proxy for PP.
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Results First, we show theoretically how species’ heterogeneity and the use of a

proxy metric for PP affect model parameterization and the interpretation of
the establishment curve. Second, we demonstrate that import data are relatively
consistent across space and time for aquarium fish species. Finally, we demonstrate how basic import-level data can improve our ability to predict which
species are at risk of establishment using aquarium fish introductions to the
United States as a case study.
Main conclusions Pathway-level analyses generated using species-level PP
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information can provide a snapshot of establishment probability for use in risk
analyses without in-depth knowledge of species’ abiotic and biotic interactions.
Proxy data for PP can be a good metric for such analyses, and valid predictions
can be expected when the PP data are relatively consistent across the time
period for which establishments are recorded.
Keywords
Aquarium fish, biological invasions, establishment probability, non-indigenous
species, pathway-level analysis, propagule pressure, risk assessment.

Non-indigenous species (NIS) are the second leading cause
of species endangerment globally (Clavero & Garcıa-Berthou,
2005) and have associated costs of $150–170 billion year1
in North America (NA) alone (Pimentel et al., 2000; Colautti
et al., 2006). Much effort has focused on predicting and
preventing future establishments (Padilla & Williams, 2004;
Reaser et al., 2008). Successful establishment requires that a
species is introduced to a new location and survives the

environment to which it is exposed (Kolar & Lodge, 2001).
Information on propagule pressure (PP), a quantitative measure of the number of individuals introduced to a location,
and species’ physiological constraints can thus be used to
predict which species are likely to establish.
Attempts to relate establishment to PP have shown promising results (Kolar & Lodge, 2001; Lockwood et al., 2005),
but the focus remains on habitat suitability and trait-based
approaches (Simberloff, 2009). Further attention should be
paid to PP in risk analyses, considering that PP is potentially
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the most important factor for establishment (see Simberloff,
2009) and that reducing PP is the simplest way to prevent
establishment (Drake & Lodge, 2006; Bacon et al., 2012).
Indeed, the benefit gained by including PP in risk analyses
may surpass the use of biotic and abiotic indicators.
It is widely accepted that there is a positive relationship
between PP and probability of establishment (PE), although
relatively few studies have rigorously quantified this relationship (Williamson & Fitter, 1996; Kolar & Lodge, 2001; Lockwood et al., 2005; Drake & Lodge, 2006; Lockwood et al.,
2009). Most commonly, single-species analyses are conducted
that relate PP to PE using multiple records of PP and establishment outcome for a given species (96% of studies reviewed
in Leung et al., 2012); these studies have achieved some success (e.g. Memmott et al., 2005; Gertzen et al., 2011). More
rarely, pathway-level analyses are conducted that focus on PE
for species in a given introduction pathway or taxon group.
These pathway-level analyses can relate overall PP for the
pathway to the number of species expected to establish (i.e.
overall establishment curve) or relate PP for each species
transported in a pathway to its PE [i.e. pathway-level individual species establishment (PLISE) curve]. The benefit of creating PLISE curves is the ability to determine PE for individual
species, quantify risk reduction if PP is reduced and identify
species for management or further analysis. To date, pathwaylevel analyses have produced overall establishment curves
(Levine & D’Antonio, 2003; Ricciardi, 2006; Bertolino, 2009),
but none to our knowledge have produced an establishment
curve using PP for each species entering a given pathway (i.e.
PLISE curve). Herein, we explore the use of PLISE curves to
increase our ability to predict NIS establishments.
Pathway-level individual species establishment curves
could be produced similarly to single-species analyses, but
where a single-species analysis uses multiple records of PP
and establishment from an individual species, its pathwaylevel counterpart could use a single record detailing PP and
establishment status for each species in the pathway. The
PLISE curve produced would indicate the mean PE for a
given level of PP associated with any species transported in
the pathway. These analyses would need to be parameterized
using proxy measures of PP and historical establishment data
(Simberloff, 2009), as complete introduction and establishment data are usually unavailable (but see Cassey et al.,
2004). If PLISE curves are to be used for risk analysis, we
must assess their behaviour to understand how (1) moving
from single-species analysis to multiple-species analysis and
(2) the data used for parameterization will affect the
outcome and interpretation of the model.
The main concern with incorporating multiple species into
the analysis is that species have unique traits and tolerances
that influence their PE. When parameterizing the model with
one data point per species, it is only possible to create a
mean establishment curve that will not detail interspecies
variability. As such, the model’s ability to capture the true
mean parameters and accurately characterize PE for heterogeneous species must be assessed.

Parameterization data must also be considered. PP proxies
are often direct or indirect measures of trade (i.e. shipping
activity; Ricciardi, 2006); import data, Copp et al., 2007; store
data, Duggan et al., 2006; hitchhiker species records; Suarez
et al., 2005 & Bacon et al., 2012) that focus at a high level (i.e.
entry to country), whereas establishment acts at the scale of
an individual site (i.e. individual lake, river, habitat patch).
This creates a mismatch between the spatial scales at which
PP and establishment are measured and actually occur and
necessitates an examination of the ability of high-scale data to
capture the establishment process. Second, there is often a
mismatch between the temporal scale of PP data, which is
usually a snapshot in time, and establishment data, which is
usually measured across time (Lockwood et al., 2005). This
necessitates the validation of the implicit assumption that PP
has remained relatively constant or can be scaled across time.
Further, it would be pertinent to determine whether PP proxies could also be extended spatially to regions with similar
human behaviour and preferences, to enable risk analysis for
regions where PP information is unavailable. For example,
many aquarium fish have established populations in the
United States where detailed PP information is unavailable
(Smith et al., 2008). Third, while proxies may accurately
reflect entry of individuals to a country, many factors will
affect if individuals are released. The ability of proxies to
accurately represent PP and be useful for predicting establishment must be considered (Lockwood et al., 2009).
In this study, we accomplish four main objectives: first, we
theoretically examine the implications of heterogeneity in
establishment ability among species on the outcome of PLISE
models and the biological interpretation thereof. We pay particular attention to the accuracy and precision of individual
species’ risk predictions. Second, we examine theoretically how
the spatial mismatch between our observations and the establishment process affects model predictions. Third, we examine
empirically the extensibility of our proxy metric, import data,
across space and time by comparing recent Canadian data to
historical data for the United States and Canada. Finally, we
test the validity of using import data as a PP proxy by generating a PLISE curve for aquarium fish species imported for trade
and determining whether it can explain which species have
successfully established. Combined, our objectives inform on
the utility of creating PLISE curves using PP proxies.
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METHODS
Pathway-level establishment model
We model the relationship between PP and PE by adapting
the equation used in Leung et al. (2004):
PðEÞ ¼ 1  qN

c

(1)

where q is the complement of p, the probability of a propagule establishing (q = 1p), N is the number of propagules
and c is a shape parameter. The c parameter allows the

Pathways, propagule pressure and establishment

where i is each species that has established and u is each species that has not established.
The behaviour and assumptions of the model were analysed theoretically and empirically. Specifically, the effect of (1)
species heterogeneity in q (i.e. q16¼q26¼…qs for s species) and
(2) the spatial-scale mismatch between our observational
data and the establishment process is analysed theoretically
as appropriate data are not available to test this empirically.
Next, empirical data on aquarium fishes were used to assess
(1) the temporal and spatial consistency in imports and (2)
the validity of using import data as a PP proxy, because a
theoretical examination is not meaningful.

establishment success across q values. Establishment status
was determined probabilistically using equation 1. Simulations were repeated 18,000 times to analyse the model’s ability
to recapture generating parameters.
In addition, we assessed the ability of the mean establishment curve to provide accurate risk estimates for individual
species. Average deviation from the mean establishment
curve, and therefore accuracy of individual risk estimates, will
vary with the amount of heterogeneity between species. As
our establishment curve focuses on aquarium fishes, we
bound the qs values between 0.993 and 1 to limit heterogeneity to the maximum expected for aquarium fishes. At
q = 0.993, fishes with no Allee effect would have > 50% PE
with 100 imported individuals. This is a highly conservative
estimate of the minimum possible qs for imported fishes, considering that a fraction of individuals are released (< 1%;
Gertzen et al., 2008), releases are spatially distributed, and
most introductions of < 100 individuals fail (Moyle & Marchetti, 2006). Data on actual and predicted risk were collected
for all species in 1000 simulations of each distribution type.
Results were analysed using measures of difference, bias
and standard deviation. Difference (D^h ) is the difference
between the estimated parameter value (^
h) and the actual
mean parameter value (^
h) for a given simulation. Bias (B^h )
is the mean D^h across a group of simulations and indicates
whether the parameter is estimated correctly on average.
Standard deviation (SD^h ) of D^h is used to quantify variation
in ^
h. Iterations without any resultant establishments, where
all species established, or that predicted a parameter value
outside the bounds of the model (i.e. c < 0, q < 0, q > 1)
were excluded from analysis (< 4% of simulations).

Theoretical simulations

Model behaviour with spatial-scale mismatch

model to contain a transition point that accommodates the
possibility for establishment to be influenced by positive or
negative density dependence (Dennis, 1989; Courchamp
et al., 1999). While Leung et al. (2004) successfully used c to
represent the Allee effect, we examine the relevancy and
meaning of this parameter for pathway-level analyses herein.
Further, we adapt the model for the pathway level using
multiple species, rather than spatial locations of a single
species, to estimate the best-fitting parameter values.
Import data were used as a PP proxy; therefore, for our
model, p is the independent PE for a single propagule and N
is the number of individuals imported. The parameters q
and c can be estimated using maximum likelihood with data
from establishment and import records. The log-likelihood
(L) for the dataset given our model is as follows:
logðLÞ ¼

XI
i¼1

c

logð1  qNi Þ þ

XU
u¼1

c

logðqNu Þ

(2)

Model behaviour with heterogeneous species
Simulations and model fitting were conducted in the R
statistical programming environment (R Development Core
Team, 2012). Our simulations considered an extensive range
of qs distributions to ensure the model would be generalizable
to all pathways (0.000001 < qs< 0.999999). Each simulation
contained 1000 species with a variable amount of interspecific
variation in qs. The qs values within each simulation were distributed in 1 of 5 ways: (1) equal (i.e. no heterogeneity), (2)
normal, (3) uniform, (4) bimodal type 1 or (5) bimodal type
2. For ‘bimodal type 1’, the qs distribution was generated by
combining two normally distributed curves (mean values separated by 0–0.5 units). For ‘bimodal type 2’, the qs distribution was such that one group of species had a negligible PE to
mimic environmental unsuitability and the remaining species
were distributed uniformly. The c parameter was set at c = 1,
c = 2 or c = 0.5 to examine behaviour with no, positive or
negative density dependence. Integer values for PP were generated by rounding from a lognormal distribution that mimicked empirical aquarium fish import data (mean = 14.82
to 4.51, SD = 2.66); the mean varied to ensure variable
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To test the effect of spatial-scale mismatch on model outcome, simulations were run as above but with propagules for
each species distributed to x sites (x = 1, 10, 100, 1000).
Simulations were repeated 3000 times for each qs distribution
type and number of sites. Establishment status was generated
at the site level, but the model was parameterized using
import-level data. Model performance was measured using
metrics described above.
Empirical analysis of model assumptions
Data
We obtained a database from Fisheries and Oceans Canada
(Cudmore and Mandrak, unpubl. data) containing an unbiased majority (65%) of Canadian Border Services Agency
records for live fish imports between October 2004 and September 2005. The database details the quantity and identity
of all individuals imported, allowing a much better characterization of the breadth and abundance of imports than previously possible. The vast majority of records list imports by
quantity, but some records for some species were listed by
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weight (19 species). These records were converted to quantity
using species-specific density based on records with both
quantity and weight. We could not calculate species-specific
density for six species and instead estimated quantity using
the average density across all records.
Historical United States import data were obtained for the
most popular 32 freshwater aquarium species imported in
October 1992 by value (Chapman et al., 1997) and the top
35 freshwater aquarium species imported in October 1971 by
volume (Ramsey, 1985). We also obtained aquarium store
survey data that quantified the most popular species by
number of individuals (Gertzen et al., 2008) or frequency of
occurrence (Rixon et al., 2005; Strecker et al., 2011) in Canadian and United States stores between 2002 and 2008.
Canadian establishment data were compiled using online
databases and literature search (Mills et al., 1993; Coad,
2011; FAO, 2012; Froese & Pauly, 2012). United States establishment data were collected from the United States Geological Survey Nonindigenous Aquatic Species database on 27
June 2011 (United States Geological Survey, 2004).
Temporal and spatial analysis of imports
Overall trends in ornamental fish imports were characterized
using the United Nations ComTrade database (UN, 2012)
and surveys from the American Pet Product Association
(APPA, 2006). Species’ popularity across time and space was
characterized using the import and aquarium survey datasets
described above. Species’ names used in the datasets were
updated where necessary using FishBase (Froese & Pauly,
2012) to ensure that multiple names for the same species did
not impair comparisons.
While it would have been ideal to compare spatial and
temporal consistency separately, data constraints made this
impossible because no two datasets differed in only place or
time and shared methodology. United States import data
were available for 1971 and 1992, but methodological differences (listed by volume versus value) resulted in differences
between reported species. Instead, we compared the United
States datasets to the more complete Canadian data, which
allowed us to quantify import consistency using Pearson’s
correlation coefficient. We also compared consistency in fish
popularity using store survey datasets. As methodology was
again inconsistent (quantity versus frequency), we compared
these datasets to Canadian import data using Spearman’s
rank correlation coefficient. Note that Carassius auratus was
excluded from these analyses because its imports were much
higher in Canada than United States; we suspect this may
result from Canada importing from United States fish farms.
Establishment curve for freshwater aquarium fish in United
States

distinct establishment curves for freshwater and marine species, as the chance of being released into suitable waters
would differ, and (2) we were more confident using Canadian freshwater data as a proxy for United States data, as we
had examined temporal and spatial consistency for freshwater imports.
Import records were excluded if the species listed was (1)
not identified to species, (2) a hybrid, (3) not a fish, (4) a
saltwater species, (5) primarily for human consumption (due
to distinct probability of release) or (6) native to NA
(records might not accurately describe PP for these species).
The remaining records detailed 43,996 import transactions
involving 1072 freshwater species.
The model was fit with the entire dataset and with data
subsets to test the sensitivity of the results to our assumptions. Specifically, we parameterized the model using (1) ‘currently established fishes’ or (2) ‘ever established fishes’
(species that were established but subsequently extirpated),
and for each establishment dataset, we examined the effect of
excluding (A) the species with the highest imports (C. auratus) to ensure that it did unduly influence model outcome,
(B) fishes established prior to 1971, thereby restricting our
analysis to the time period matching historical import data,
(C) species now endangered or extinct, as current import levels have likely decreased as a result, and (D) species that were
at one time stocked and would therefore have a distinct introduction pathway from aquarium releases. Model performance
was quantified using Efron’s pseudo-R-squared (Efron, 1978)
and area under the curve (AUC; Hanley & McNeil, 1982).
RESULTS
Theoretical results
Parameter prediction with heterogeneity among species
The model predicted the mean parameter values fairly
accurately, regardless of the value of the c parameter or
amount of heterogeneity in qs among species (Fig. 1;
B^q = 3.61 9 103, SD^q = 1.47 9 102; B^c = 1.11 9
102, SD^c = 6.92 9 101). There was a minor tendency to
underestimate ^a as heterogeneity among species increased
(Fig. 1). The ^q parameter was slightly overestimated when
the model had a set, normal or uniform distribution of qs
(B^c = 4.64 9 102, SD^c = 6.32 9 101) and underestimated
when the qs distribution was bimodal (B^c = 5.94 9 101,
SD^c = 5.08 9 101). Notably, variability in ^c decreased when
true mean q was closer to 1.
Ability to accurately predict risk associated with
individual species

Our model was parameterized using freshwater aquarium
fish import and establishment records. We restricted our
analysis to freshwater individuals because (1) we expected

The mean difference between actual PE for a species, given
its generating parameters, and PE for that species, given the
fitted parameter values, was near 0 (mean =1.06 9 104,
SD = 3.91 9 102). For all simulations except ‘bimodal type
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Figure 1 Deviation of predicted parameter values for simulations with different underlying q parameter distributions. Open circles
indicate bias in the parameter value; lines mark difference for 95% of the simulations.

2’, 95% of species had a predicted PE within 5% of its actual
PE. For ‘bimodal type 2’ species, 95% of predictions came
within 10% of actual PE.
Implications of spatial scale of proxy data
Independent of the number of sites to which propagules
were distributed, bias and variation in ^q were low
(B^q = 5.69 9 103, SD^q = 1.72 9 102; Fig. 2a). For ^c,
model behaviour was similar for all simulation types except
‘bimodal type 2’ (described separately). For most simulation
types, bias and deviation were affected by the number of sites
simulated when c 6¼ 1 (Fig. 2a). Indeed, ^c was negatively
biased with generating c > 1 and positively biased with generating c < 1. Equivalently, ^c approached 1 as the number of
sites increased. For ‘bimodal type 2’ simulations, ^c was
underestimated, independent of the number of sites
(Fig. 2b).

Species popularity across time and space
Species-specific comparisons were limited to the most popular species, as they are the only species identified in historical
records. Nonetheless, several lines of evidence indicate that
species’ popularity has remained relatively consistent across
time in NA. First and foremost, the quantity of individuals
for species imported into the United States in 1971 and 1992
was correlated with the quantity of those species imported
into Canada in 2004/2005 (Fig. 3b; R-sq = 0.788 [log–log
data]; 1 outlier removed: Poecilia reticulata, 1992 data, 21r
deviation). Second, the ranks of the top species found in
stores correlated with the ranks of those species in import
data (R-sq = 0.622). Finally, despite differences in data collection and reporting (i.e. import or store data listed by frequency, value or quantity), the top species in historical
datasets represent 78–93% of the total individuals imported
into Canada in 2004/2005. The most popular species in
historical data have therefore remained popular.

EMPIRICAL RESULTS
Aquarium fish establishment curve for United States
Spatial and temporal consistency in import data

Aquarium fish trade has increased across time in both the
number of freshwater species and individuals traded (Fig. 3a).
Species in trade increased from 365 in 1971 to 730 in 1992,
and 1072 in 2004. Likewise, United States fish imports
increased from ~64 million individuals in 1968 to ~300 million individuals in 2005. By comparison, ~31 million individuals were imported into Canada in the year spanning 2004/
2005, but while the absolute number of fishes imported differs, per capita imports in Canada and United States are similar ($0.228/person and $0.233/person in 2004, respectively;
UN, 2012). In each dataset, imports follow a lognormal distribution with the most popular species accounting for most
imports. The top 32 species represent 70% of fishes imported
in 1971, 74% of imports in 1992 and 76% of imports in 2004.

The model was parameterized using data for 1072 unique
freshwater fish species that were imported in volumes ranging from 11 to 100 million individuals (United States
imports estimated using population scaling; See results ‘Spatial and Temporal Consistency in Import Data’). Of these
species, 44 are currently established in United States and an
additional 49 were established but have been extirpated. The
best-fitting parameter values, pseudo-R-squared and AUC
values for each curve are listed in Table 1. A likelihood ratio
test was used to compare models with, and without, the c
parameter; the model with c was significantly better than a
model with only q (P < 0.001). The best-fitting equation had
a ^q of 0.9990647 and a ^c of 0.4699468, indicating that an
import of 100,000 individuals of a given species would have
a PE of 19% and likewise 1 million individuals would have a
PE of 46%. Approximately 23,000 individuals would need to
be imported to have a 10% establishment risk.
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Figure 2 Deviation of predicted parameter values for simulations where lake-level data were used to generate establishment results, but
import-level data were used to parameterize the model. Open circles indicate bias in the parameter value; lines mark deviation for 95%
of the simulations. Panel (a) shows data for all distribution types discussed in the methods with the exception of ‘bimodal type 2’
simulations that are shown in panel (b).

For each establishment set, the curves predicted from
parameterization with the full dataset and subsets were very
similar (Fig. 4). The ‘ever established’ data had a higher
pseudo-R-squared value than the ‘currently established’ data
across the full dataset and subsets (pseudo-R-sq = 0.21 vs.
0.12). The curves fit using the ‘ever established’ dataset also
predicted a higher PE at a given PP level, as expected because
more establishments occurred in that dataset (Fig. 4). The
AUC values for all curves varied between 0.809 and 0.813.
To illustrate further the relationship between imports and
establishment, we created a smoothed curve by binning species according to their import quantity and calculating the
proportion established. Establishments increased with the
number of individuals imported (Fig. 5; R-sq = 0.966), as
expected if import data are a good indicator of PP.

NIS than previously possible and can provide the scientific
advice needed to close policy gaps (Hulme et al., 2008).
Utility of pathway-level establishment curves

There are many pathways, both aquatic and terrestrial, by
which NIS can be introduced (Hulme, 2009). For each pathway and its associated suite of species, PP and establishment
success need to be analysed to facilitate management. Herein,
we demonstrated the potential to use PLISE curves to predict
establishment risk based on PP data. Our methodology enables
the quantification of risk across more pathways and potential

Pathway-level individual species establishment curves provide
a snapshot of establishment risk for a large group of species.
Although species are heterogeneous in their ability to establish, the model presented and evaluated here produces an
establishment curve that indicates the mean PE for species in
a given pathway, given the data available. Our simulations
demonstrated that our model effectively predicts mean
parameter values (Fig. 1) and establishment risk for individual species despite species’ heterogeneity. Notably, the accuracy of model predictions declines as interspecies variability
increases, especially when a group of species are effectively
unable to establish. In this case, ^c decreases below unity to
compensate for species that have a negligible PE irrespective
of PP, because they lessen the average effect of PP, thereby
flattening the establishment curve (Fig. 1). However, given
realistic levels of interspecific variation (see Methods), the
model performs very well; the predicted risk for individual
species is unbiased and is within 5% of actual risk for 95% of
species in simulations (within 10% for ‘bimodal type 2’). This
evidence supports the utility of using a mean establishment
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R−sq=0.413

8

as a PP proxy and historical establishment data. This introduces two issues related to the scale of the data used in
model parameterization. First, there is a mismatch between
the spatial scale of our observations and the establishment
process. Second, there is a mismatch between the temporal
scale of our PP data (1 year of information) and establishment data (taken across time). Consideration of scale is
necessary when examining ecological processes (Levin, 1992),
and although these issues have been examined in invasion
biology (see Scott, 2002), we are not aware of studies that
have explicitly examined scale for PP–establishment analyses.

10

12

14

Canadian Imports log(# of Ind)

Figure 3 Comparison of imports for the USA and Canada
across space and time. (a) Overall import trends. Number of
individuals imported (circles) and number of species imported
(triangles) to the United States across time. Shown is the best fit
line for number of individuals imported through time (n = 17,
P < 0.0001, R-sq = 0.943). No regression is shown for species
data (n = 3). (b). Species-specific import trends. Log (number
of individuals imported into the United States in October 1992
(circles) and October 1971 (triangles) versus the log number of
individuals imported into Canada in 1 year spanning 2004/2005.
The solid line indicates the line of best fit (R-sq = 0.413).

curve for multispecies analyses, as the mean curve can
accurately predict risk for heterogeneous species.
Implications of the scale of parameterization data
To parameterize an establishment model, information on PP
and establishments is required. Herein, we used import data

The q parameter is related to the chance of an individual
propagule, or here imported individual, establishing. Its
value will change with the scale of the proxy, allowing it to
capture many underlying, uncertain processes that act
between the scale of the proxy and introduction (i.e. factors
contributing to release). As q is proxy specific, the specific
value of q is irrelevant as long as the same proxy is used for
generating and drawing conclusions from the model. For
example, if we used the quantity of fishes sold by stores
rather than imported, we would expect a lower q value as
some imports may perish before sale, and the likelihood
associated with an import establishing is lower than that of
an individual sold in stores.
In contrast, the c parameter has been suggested to have
biological connotations in single-species models wherein
c > 1 denotes an Allee effect and c = 1 indicates its absence
(Leung et al., 2004). As such, changes in ^c resultant from a
proxy could affect the biological interpretation of results.
Our simulations showed that ^c was pushed towards 1 when
the number of sites to which propagules were distributed
increased (Fig. 2a; bimodal type 2 excluded). This occurs
because when the number of sites increases, individuals have
a lower likelihood of co-occurrence, reducing opportunities
for the Allee effect. For ‘bimodal type 2’ simulations, ^c was

Table 1 Model parameters, pseudo-R-squared and area under the curve (AUC) for establishment curves generated with different
establishment data and species sets. Exclusion sets are (A) Carassius auratus (goldfish), (B) species established prior to 1971, (C) species
that are currently endangered/extinct and (D) species that were at one time stocked
Data used for model parameterization
Establishment data

Species set

q parameter

c parameter

pseudo-R-sq

AUC

Currently established
Currently established
Currently established
Currently established
Currently established
Ever established
Ever established
Ever established
Ever established
Ever established

All freshwater
Exclude A
Exclude B
Exclude C
Exclude D
All freshwater
Exclude A
Exclude B
Exclude C
Exclude D

0.9993690
0.9993307
0.9994153
0.9993806
0.9993236
0.9988261
0.9988249
0.9990647
0.9988815
0.9991113

0.4453849
0.4394484
0.4171688
0.4477590
0.4190322
0.4706810
0.4705501
0.4699468
0.4735045
0.4838661

0.1216185
0.1215269
0.12106163
0.1216524
0.1210176
0.2094102
0.2094117
0.2106086
0.2096177
0.2105867

0.811
0.812
0.812
0.811
0.813
0.809
0.808
0.810
0.809
0.813
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Figure 4 Establishment curves for freshwater aquarium fishes
built using (a) those fish currently established in United States
(pseudo-R-sq = 0.21) and (b) those fish that were ever
established in United States (pseudo-R-sq = 0.12). The lines
(overlapping) represent the establishment curve when all data
(solid line) or data subsets were used for parameterization.
Exclusion sets include (A) Carassius auratus (goldfish), (B)
species established prior to 1971, (C) species that are currently
endangered/extinct and (D) species that were at one time
stocked. The area under the curve for each curve varied between
0.809 and 0.813.

Temporal mismatch between establishment and import data
is common in PP-based models, as PP data across time are
usually unavailable and the rarity of establishments requires
the use of an extended time period to see establishment
trends (Cassey, 2002; Ruesink, 2005; Duggan et al., 2006;
Hulme, 2009; Simberloff, 2009). However, when there is consistency in the relative magnitude of imports, it is appropriate to use historical establishment data with contemporary
PP data, although PE will not be directly related to the number of current imports but rather by imports across time.
Therefore, our PE estimates reflect establishment expectations over the length of the time horizon for which the
model was generated. We could alternatively estimate an
annualized PE [q = exp(8.75 9 1011, c = 0.45)]. Such an
estimate should be treated with caution, however, as interannual variability in PE may be large.
We found that the overall magnitude of freshwater fish
species and individuals in trade has increased across time,
but species’ popularity has been relatively consistent across

Ever Est.
Currently Est.

0.6
0.4
0.0

0.2

Species established (%)

0.8

1.0

consistently negatively biased (Fig. 2b) for reasons discussed
previously. Summarily, there are at least two processes that
decrease ^c to and below 1, and therefore, existing Allee
effects may remain undetected. Nonetheless, from a statistical
predictive standpoint, ^c describes the best shape for the
curve, and when ^c is significantly greater than one, it is
reasonable to infer the presence of Allee effects.
Spatial and temporal consistency in imports

Ever established

5
0.0 0.2 0.4 0.6 0.8 1.0

Probability of establishment

J. Bradie et al.

100

1000

10 000

1e+05

1e+06

1e+07

1e+08

1e+09

Binned number of individuals imported into the United States

8

Figure 5 Species established (%) versus
binned number of individuals imported
into United States. The x-axis indicates
the upper boundary of each bin. Curves
of best fit (logistic) are also shown. Data
are for species that were ever established
in the United States (filled triangles, solid
line, R-sq = 0.91) and species that are
currently established in the United States
(filled circles, dashed line, R-sq = 0.88).
Total number of species is 1072.
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time and space (Fig. 3). This is concordant with conclusions from a previous analysis of United States imports
(Chapman et al., 1997). It is therefore appropriate to use
our import data with historical establishment data. Moving
forward, new import data can be used to improve knowledge of import levels.
Aquarium fish establishment curve for United States
We recommend managers adopt the curve parameterized
using ‘ever established’ species, as it fits the data more closely
(pseudo-R-sq = 0.21, AUC = 0.81) and better reflects the
underlying process whereby propagules are introduced and
established. Intuitively, PP should more ably predict which
species will establish than which species will stay established.
Indeed, the probabilities associated with ‘currently established’
species include post-establishment processes that may rely on
species’ characteristics and/or human interventions. Moreover,
the ‘ever established’ curve predicts greater risk and is therefore more environmentally conservative, which is desirable as
establishments can be greatly damaging and often irreversible.
Our most conservative model (q = 0.9988, c = 0.47) predicts
that an individual import has a 0.0012 probability of establishing a population and does not detect an Allee effect. However,
we emphasize that as various processes can decrease ^c, we cannot exclude an Allee effect. Moreover, ^c< 1 likely indicates the
existence of a group of species that are unable to establish;
however, this effect could alternatively be interpreted as negative density dependence, although mechanisms are tenuous. As
our model is built strictly on import data, our model can be
used to predict PE for a currently imported species or a different species entirely. Managers can use PLISE curves to determine the benefit achieved in terms of reduced establishment
risk if imports are restricted or reduced. While our model does
not consider impact, the potential impacts of established NIS
should be considered when deciding to impose import
restrictions.

While uncertainty exists, the large potential for harm
posed by NIS makes interventions to reduce PP a sound policy choice. PLISE curves can be used to power basic risk
analyses that will enable managers to make informed, quantitative decisions regarding import restrictions. Further, managers can evaluate the risk reduction expected by limiting,
rather than restricting, imports for a species entirely, which
may have negative economic ramifications (Padilla & Williams, 2004). Future work should examine other pathways
and, where data permits, build joint models incorporating
abiotic and biotic constraints to improve predictive power.
The current model could easily be extended to this end by
modelling q as a logistic function of habitat and speciesspecific covariates.
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