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Abstract 
Despite the growing literature on the topic of freshwater fish invasions, few studies 
have employed a comprehensive analysis of the stages characterizing the invasion 
process with reference to the invasion pathway. There is therefore a need to understand 
more fully invasion pathways to avoid incomplete and biased conclusions and to support 
adequate management strategies. This study aims to provide a complete analysis of the 
species traits and invasion history that are associated with the successful passage of 
an alien freshwater fish species through the invasion pathway stages in European 
river basins. To predict how likely a freshwater fish species moves from each stage 
of the invasion pathway (release, establishment, spread and impact) to the next, 
generalized linear mixed models were run, using 23 species traits and seven variables 
describing introduction history as predictors for 127 established alien freshwater 
fish species in Europe. The results showed that the release and spread stages were 
driven primarily by variables related to invasion history (i.e. the type and number 
of causes of introduction). The establishment stage was driven mainly by functional 
and ecological traits, while the impact stage was driven both by functional and 
ecological traits and invasion history. Identifying the main drivers of alien species 
success at each invasion stage is key to designing stage-specific target management 
actions and thus contributing to an effective control of alien populations. 

Key words: alien species; non-native species; ecological traits; functional traits; 
invasion pathway; invasion stage 
   
Introduction 

Invasive Alien Species (IAS; sensu Regulation 1143/2014: European 
Commission 2014) threaten native biota worldwide, from local to continental 
scales. They negatively affect ecosystem health and services (Simberloff et al. 
2013; Early et al. 2016; Oficialdegui et al. 2023), causing annual economic 
losses of billions of euros (Cuthbert et al. 2021). Freshwater ecosystems are 
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among the most threatened and impacted by biological invasions (Reid et al. 
2019; Corrales et al. 2020). Freshwater IAS are associated with ecosystem 
degradation (Vandekerkhove et al. 2013), which is caused by competitive 
exclusion and predation on native species (Griffen and Delaney 2007; 
Rowles and O’Dowd 2007), ultimately leading to profound changes in 
native communities (Ehrenfeld 2010). This is particularly true for European 
native freshwater fish for which introduced fish species represent the 
second most common threat (Costa et al. 2021) as they contribute to taxonomic 
homogenization and negatively affect ecosystem functioning (Gallardo et al. 
2016; Sommerwerk et al. 2017). 

Introduced species become invasive when they successfully overcome 
environmental filters (acting as barriers) related to the different stages of 
the invasion process: transport, release, establishment, spread (Kraft et al. 
2015; Bagnara et al. 2022; Chapple et al. 2022) and impact (García-Berthou 
2007). The impact represents the last stage assuming that, despite being 
more adequately defined as an outcome of invasion (Blackburn et al. 2011), 
it is also likely to be driven by species traits. Identifying the traits acting at 
each stage of the invasion process is critical for predicting the invasive 
potential of alien species (Ribeiro et al. 2008), which is facilitated by the 
identification of management actions to control their establishment and 
spread. Moreover, these stages should be examined independently because 
each is mediated by a certain combination of species traits, and the same 
trait promoting the success of one stage may, in contrast, compromise the 
success of another (García-Berthou 2007). 

Although the identification of freshwater fish traits responsible for invasion 
success has been extensively addressed, most studies have primarily focused 
on the establishment, spread and impact stages (e.g. Kolar and Lodge 2002; 
Marchetti et al. 2004a; Howeth et al. 2016). The establishment stage is the 
most studied for fish and seems to be related to reproductive strategy, size 
of native range, distance from native range’, diet breadth, environmental 
tolerances (García-Berthou 2007; Peoples and Midway 2018) and invasion 
history (e.g. previous invasion success: Marchetti et al. 2004a; Ribeiro et al. 
2008; Chan et al. 2021; Bernery et al. 2024). Similarly, the spread stage 
seems to be affected by previous invasion success, low parental care (Ribeiro 
et al. 2008) and larger adult size or longer lifespan (Moyle and Marchetti 
2006). Conversely, the size of the native range has led to opposite conclusions, 
i.e. higher probability of spread related to small size of the native range 
(Moyle and Marchetti 2006; Ribeiro et al. 2008; but see Peoples and Midway 
2018). Lastly, the impact stage has been reported to be driven by physiological 
tolerance, non-omnivorous diet (Moyle and Marchetti 2006), small native 
range size (Ribeiro et al. 2008), high fecundity, long lifespan and large body 
size (Su et al. 2023). 

In contrast to the other stages, transport and release are poorly documented 
and therefore difficult to assess (Marchetti et al. 2004a; García-Berthou 2007; 
Alves and Tidbury 2022). Records of both successful and unsuccessful 
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introductions are very scarce and tend to be strongly biased towards the 
successful ones (García-Berthou 2007). This data shortage could be tackled 
by obtaining more detailed information on propagule pressure, which, along 
with abiotic factors and a comprehensive knowledge of species traits, 
would help to understand how traits are filtered throughout the invasion 
process (Gulzar et al. 2024). 

This study investigates the combination of functional traits, ecological traits 
and invasion history attributes that best correlate with the progressive success 
of alien species along their invasion pathway in European rivers. Functional 
traits are defined as any morphological, physiological, behavioural or 
phenological feature measurable at the individual level (Violle et al. 2007; 
De Bello et al. 2021), and ecological traits are defined as any feature based 
on the niche of a species (Violle et al. 2007; De Bello et al. 2021). In addition, 
how functional and ecological traits and invasion history explain the progressive 
success of alien fish species along the invasion pathway in European rivers 
is addressed. Four invasion stages were analysed independently – release, 
establishment, spread and impact – for both IAS and alien freshwater 
species. The objectives of this study are twofold: (i) to support the development 
of more effective management guidelines to prevent the invasion success of 
alien fish species in freshwater habitats; and (ii) to help to predict the 
future success of new alien fish species throughout the invasion pathway. 
This study provides a comprehensive approach that links species traits to 
the invasion success of alien freshwater fish species in Europe. 

Materials and methods 

This study considers 127 alien fish species (both European non-native and 
translocated between European countries) belonging to 81 genera and 29 
families that have been recorded as established in freshwater systems of 
one or more European country (Figure 1). As a first step, we included all 
species reported as ‘established’ (i.e. species with a self-reproducing population 
in the wild) in at least one European country. This information was obtained 
from several sources [e.g. Global Invasive Species Database (GISD); Pagad 
et al. 2018; Froese and Pauly 2020 and several scientific papers; all species 
traits and references are available in the Open Science Framework (OSF) 
online repository https://osf.io/p3qkj/; Marcolin et al. (2024)]. Whenever two 
or more sources provided contrary information about the establishment 
status of a species (i.e. one source reporting that the species was established 
in a country, whereas the other source considered it as not established), the 
most recent source was included. However, if these references were published 
in the same year, then we chose the species status as established, following 
the precautionary principle (Wood et al. 2020). Scientific names throughout 
follow the classification proposed by Fricke et al. (2024). 

For each alien freshwater fish species, 23 species traits (11 functional and 
12 ecological) and seven variables describing the species’ introduction history 
were identified (Supplementary material Table S1). Data were retrieved from 
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Figure 1. Study area and number of established alien freshwater fish per European country. 
The European borders follow Freyhof and Kottelat (2007). Countries with ‘0’ alien fish species 
are due to missing information for the country. Turkey and Cyprus are represented for geographic 
reference purposes. 

multiple sources including research studies, databases and fish index manuals 
(see Marcolin et al. 2024). If two or more sources provided contrary 
information regarding species traits, we only considered the most recent 
source of information, and if these references were published in the same 
year, then we followed the precautionary principle as above (i.e. selecting the 
trait class or value with potentially higher impacts on native ecosystems 
following the species introduction: Wood et al. 2020). For example, the 
vimba bream Vimba vimba (Linnaeus, 1758) was classified as an omnivore 
since it can be more impactful on the native fauna than an invertivore 
(Oberdorff et al. 2002). This approach allowed us to estimate the worst-
case scenario for this species. 

Information was successfully retrieved for 90% (3422 out of 3810) of the 
trait records among all species (Table S2). However, only 30% of the species 
(38 out of 127) had information for all traits. For the remaining 70% with 
missing traits, we used phylogenetic similarity (Troia and McManamay 2019) 
to assign the trait value, level or category of the closest species, which is that 
belonging to a common Genus or Family with known traits (77 out of 3810). 
If more than one closest species was available, we chose the value with 
potentially higher impact on the native ecosystem (see Marcolin et al. 2024).  

Five traits had a high level of missing data (Acid tolerance, Habitat 
degradation tolerance, Water quality tolerance general, Water quality tolerance 
oxygen, Water quality tolerance toxic), thus these were aggregated into a single 
combined General tolerance trait, increasing the completeness of the records 
to 94% (3101 out of 3302). Following the precautionary principle approach, 
the level of the combined trait (tolerant, intermediate or intolerant) was 
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based on the highest tolerance score found among the five tolerance traits. 
Whenever the available information was in the form of interval values [e.g. 
Female maturity of crucian carp Carassius carassius (Linnaeus, 1758) was 
reported to occur between 2 and 4 years of age], the precautionary principle 
approach was again followed by selecting the value leading to a higher impact 
on native ecosystems (e.g. the earliest age of Female maturity reported in 
the interval, i.e. 2 years for Carassius carassius). 

Species trait filtering was investigated for the release, establishment, spread 
and impact stages of the invasion pathway. To model the influence of the 
different species traits on the invasive potential of alien species, proxies of 
the four invasion stages were used as response variables (Marchetti et al. 2004a; 
Ribeiro et al. 2008). Specifically: (1) the surrogate propagule pressure, as a 
proxy for the release stage; (2) the fraction of European countries with 
established populations where the species was released and has been reported 
as established, as a proxy for the establishment stage; (3) the number of 
European countries with established populations, as a proxy for the spread stage; 
and (4) the invasibility status, as a proxy of the impact stage (Table S1).  

The intrinsic difficulty to assess the release stage lies mainly in the lack 
of documentation for most freshwater fish species introduction events (e.g. 
anglers discarding live baits: Peoples and Midway 2018), leading to the 
unavailability of estimates for propagule pressure. Recently, Peoples and 
Midway (2018) used the total number of references of human use of a 
species in discipline-specific literature databases (e.g. “species name AND 
aquaculture”) as a surrogate for propagule pressure (following McGregor 
et al. 2012 and Procheş et al. 2012). Similarly, in this study the surrogate of 
propagule pressure was measured as the number of reported introduction 
events of a species in European countries, obtained from Froese and Pauly 
(2020) and the AquaNIS database (http://www.corpi.ku.lt/databases/index. 
php/aquanis). On one hand, this approach leads arguably to an underestimation 
of the number of introduction events (i.e. introduction events that occurred 
in several years are reported as one introduction event). On the other hand, 
it considers those introduction events for which human use is not reported. 
The Fraction of European countries with established populations was calculated 
as the proportion of the number of European countries where a species was 
introduced and established and the number of European countries in which the 
species was introduced (total of successful and unsuccessful introduction 
events). Hence, this variable provides a measure of establishment success that 
varies from 0 to 1, regardless of the total number of countries considered in the 
analysis. This variable was based on the same sources used to assess whether 
a species was established or not (see Section 2.1, above). The invasibility status 
was a binary variable with 0 representing alien species for which there is no 
evidence of being invasive and 1 representing IAS (i.e. established alien species 
having negative impacts in the introduced range; Regulation 1127/2014: 
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European Union 2014). A species was considered to be invasive (see 
Marcolin et al. 2024 for the full reference list) if it was known to be invasive 
in at least one country. However, 89 out of 127 species were evaluated 
using a classification provided by Vilizzi et al. (2019; see Table A5). 

Data analysis 

To assess multicollinearity among variables, correlation tests were run using 
the Pearson correlation coefficient. All variable pairs showing r > |0.7| were 
considered to be correlated. The Variance Inflation Factor (VIF; Zuur et al. 
2007) was also computed in a stepwise fashion by excluding at each step 
the variable with the highest VIF, until all variables had a VIF lower than 
2.5 (Johnston et al. 2018). A correlation coefficient of 0.70 was found between 
maximum adult size and maximum lifespan and, based on the stepwise 
VIF, maximum adult size was discarded from all models. 

An empirical modelling approach based on Generalized Linear Mixed 
Models (GLLMs) was followed, both to estimate the importance of each 
variable at different invasion stages and to build predictive models for each 
invasion stage. GLLMs were used to account for the non-independence 
among traits induced by phylogenetic similarity (De Bello et al. 2021), 
specifying taxonomic classification at the family level as a random factor. 
Different distributions and link functions were specified according to the 
type of response at each stage (Table S1): Gaussian errors and link = 1 
(multiple linear regression) for the release stage (propagule pressure; 
continuous), Poisson errors and log link (Poisson regression) for the spread 
stage (Number of European countries with established populations; discrete), 
and binomial errors and logit link (logistic regression) for the establishment 
(Fraction of European countries with established populations; proportion) 
and impact stages (Invasive status; binary). All predictor variables coded at 
the ordinal scale were treated as numeric in the models. 

Along the sequence of analyses, the outcome of each stage was assumed 
to be dependent on the outcome of the previous stage(s). Hence, at each 
stage the effect of variables was tested while controlling for the effect of the 
previous stage by adding the response variables of all previous stages to the 
models of the subsequent stages as candidate independent variables. First, 
the probability of introduction of a species (release stage) was modelled 
specifying propagule pressure proxy as the dependent variable, and functional 
and ecological traits as potential predictors, as well as three variables related to 
the introduction history (cause of introduction, number of causes of 
introduction and prior invasion success outside Europe). Then, in a second 
model, the probability of a species to establishment in Europe (establishment 
stage) was modelled using the fraction of European countries with established 
populations, as the response variable. In this step, the same predictors were 
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used as above, but the response variable of the release stage (propagule 
pressure) was added. In the next modelling step, prior invasion success in 
European countries (spread stage) was modelled as the dependent variable, 
adding the response variables of the previous stage (fraction of European 
countries with established populations) as a predictor variable. Finally, the 
invasive status (impact stage) was used as the response variable, adding the 
response variable of the spread stage (number of European countries with 
established populations) as a predictor variable. The analysis of the impact 
stage was an exception: the response variable of the release stage (propagule 
pressure) was not included as a candidate variable in the model since its 
correlation with the spread stage response variable (r = 0.9) was higher than 
the established threshold (r = 0.7). 

For model selection, a multimodel inference approach (Burnham and 
Anderson 2002) was followed. To select a reduced subset of candidate variables, 
we first ran a backwards variable selection based on Akaike’s Information 
Criterion (AIC) for each invasion stage model (four stages; as per Anderle 
et al. 2022). Based on this reduced subset of variables, a set of candidate 
models (Tables S3 to S6) was defined following two main a priori assumptions: 
(1) the success of alien species at each invasion stage always depends on the 
introduction history and the outcome of the preceding stages; (2) any other 
variable (functional and ecological traits) was allowed to enter the model if 
it did not exceed a total of five variables in each candidate model to avoid 
model overfitting and to keep the number of candidate models lower than 
the number of cases (n = 127; Burnham and Anderson 2002). We then 
used model averaging on the best model subset (whenever ΔAIC < 2) and 
calculated the importance of each independent variable in the model. To 
estimate the goodness-of-fit of models, the marginal and conditional R2 
were computed: the first representing the variance explained by the fixed 
effects and the second representing the variance explained by the entire 
model (Nakagawa and Schielzeth 2013). When the final model resulted from 
averaging the best approximating models, a weighted average of the models’ 
R2 was computed, in which the weights corresponded to the respective Akaike 
weights (wi). The effect of the variables in the model were considered significant 
whenever the 95% confidence intervals of regression coefficients did not 
overlap 0 (gaussian regression models for the release stage) or the Odds 
Ratios (logistic regression models for the establishment and impact stages) 
and the Incident Rate Ratios (Poisson regression models for the spread stages) 
did not overlap one. 

All analyses were performed with R version 4.0.0 (R Core Team 2020). 
The vifstep function of the usdm R package (Naimi 2015) was used to compute 
the VIF stepwise procedure. GLMM were performed using lme4 R package 
(Bates et al. 2007). Multimodel inference was performed with the MuMIn 
R package (Bartoń 2016). 
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Table 1. Importance of each candidate predictor variable considered at each stage, based on the sum of the Akaike’s weights (see 
text for further details). 

Trait Release Establishment Spread Impact 
Functional trait     
Female maturity 0.07   0.63 
Length of breeding season 0.18    
Maximum fecundity  0.83 0.21  
Maximum lifespan  0.66 0.07 0.62 
Migratory behaviour 0.48   0.62 
Parental care 0.72 0.07 0.35 0.18 
Reproductive guild  0.01 0.07  
Spawning frequency  0.09 0.57  
Ecological trait     
Feeding habitat  0.06   
Flow preferences  0.04   
General tolerance 0.05    
Salinity tolerance   0.07 0.00 
Spawning habitat preferences 0.10 1.00   
Temperature tolerance  0.25  0.24 
Trophic level/index    0.30 
Climate zone  0.00  0.86 
European native 0.28 1.00   
Invasion history     
Cause of introduction 1.00 1.00 0.79  
Fraction of European countries with established 
populations (establishment stage)   1.00  

Number of causes of introduction 1.00  0.85  
Number of European countries with established 
populations (spread stage)    1.00 

Prior invasion success outside Europe 1.00 0.00   
Propagule pressure (release stage)  0.00 1.00  

Results 

The release stage model showed moderate support (wi = 0.35, marginal R2 

= 71%). Migratory behaviour, parental care, prior invasion success outside 
Europe, number of causes of introduction, and cause of introduction were the 
most important predictors for alien species to be released (Table 1). In particular, 
prior invasion success outside Europe and number of causes of introduction 
showed strong positive effects on propagule pressure. According to cause of 
introduction, alien species with release records that were identified as accidental 
or both accidental and intentional tended to show a lower propagule 
pressure than species with exclusively intentional releases. Both migratory 
behaviour and parental care showed a significant negative effect on propagule 
pressure at this stage (Figure 2A, Figure S1). 

The establishment stage model showed good support (wi = 0.49, 
marginal R2 = 53%). Among the selected quantitative variables, three - 
maximum lifespan, spawning habitat preferences and maximum fecundity – 
had a negative effect on the establishment likelihood, while two - temperature 
tolerance and European origin (European native) - had a positive effect 
(Figure 2B, Figure S2). Moreover, alien species with release records that were 
identified as accidental, intentional and through dispersion tended to 
show a higher establishment probability than species with exclusively 
intentional releases. 
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Figure 2. Selected predictor Estimates and 95% confidence intervals of regression coefficients (invasion stage 1), Odds Ratios 
(i.e. the change in the likelihood [log] of the establishment given a unit change in the predictor; invasion stages 2 and 4) and 
Incident Rate Ratios (i.e. the rate of the expected counts after one unit change in the predictor; invasion stage 3) of the Generalized 
Linear Mixed Models relating the proxy of each one of the four invasion stages with predictor variables (see text for further details; 
CI – Cause of Introduction, with “exclusively intentional releases” as the reference category; CZ – Climatic Zone, with “temperate 
zone” as the reference category). 

The spread stage model showed good support (wi = 0.49, marginal R2 = 
71%). No model averaging was required because the second best model showed 
a ΔAIC higher than 2. All quantitative variables included in the model showed 
a positive effect on the number of European countries with established 
populations (Figure 2C, Figure S3 of Suppl. information). These included four 
variables: spawning frequency, number of causes of introduction, propagule 
pressure (release stage response variable) and fraction of European countries 
with established populations (establishment stage response variable). According 
to the cause of introduction variable (Figure 2C), alien species with release 
records that were identified as both intentional and through dispersal tended 
to be established in more European countries than species with exclusively 
intentional releases. 

The resulting impact stage model showed moderate support (wi = 0.24, 
marginal R2 = 84%). No model averaging was required because the second 
best model showed a ΔAIC higher than 2. All quantitative explanatory 
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variables had coefficients with confidence intervals that did not contain 
zero. These included two variables showing a positive effect – maximum 
lifespan and number of European countries with established populations (spread 
stage response variable) – and two variables showing a negative effect – 
migratory behaviour and female maturity (Figure 2D, Figure S4). For climate 
zone, the categories whose odds ratio confidence intervals did not include 
zero were tropical, temperate/subtropical/tropical and temperate/subtropical/ 
cold (Figure 2), which means that species belonging to these trait categories 
tended to have higher invasiveness than species restricted to the temperate 
zone (reference category). 

Discussion 

This study supports the idea that in successfully established alien freshwater 
fish species (that eventually become invasive), the most relevant combination 
of traits differs throughout the invasion pathway. This was true despite the 
effect of variables related to the history of alien species introductions. 
Moreover, by incorporating the probability of success at the previous stages, 
we could disentangle which traits drive a species’ success at each individual 
stage of the invasion pathway. Both release and spread stages tended to be 
primarily related to the introduction history of the species, such as the causes 
of introduction or the invasion success outside Europe, whereas the establishment 
and impact stages tended to be primarily related to functional traits. 

Traits filtering at each invasion stage 

This study confirmed the importance of three traits as drivers of alien fish 
species release, establishment and impact along the invasion pathway stages in 
Europe: maximum lifespan, migratory behaviour and European native (native 
from Europe or not). Maximum lifespan was also found in other studies to 
have a significant effect on alien fish invasion stages (Marchetti et al. 2004a; 
Jeschke and Strayer 2006; Liu et al. 2017; Peoples and Midway 2018). In these 
studies, this trait was found to be important for the establishment, spread 
and impact stages, most often showing a positive correlation with the 
probability of success at each stage. Maximum lifespan has likely an indirect 
effect on species’ success at different invasion stages, because fish with a longer 
lifespan typically attain larger maximum body sizes (not considered here as 
a candidate predictor due to collinearity problems), which confers enhanced 
dispersal abilities and possibly increased competitive advantages. However, 
studies differ in their conclusions on the effect of lifespan on alien fish 
invasion success, which possibly reflects the scale and the environmental 
gradients that are covered. For example, a negative effect of lifespan was found 
in California, USA (Marchetti et al. 2004a; Moyle and Marchetti 2006), and 
in Iberian Mediterranean streams (Vila-Gispert et al. 2005), which share 
some common environmental features, whereas no significant effect was 
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found in the Appalachian (USA) river basin (Buckwalter et al. 2020). 
Positive effects of lifespan were more often found in larger scale studies 
(Jeschke and Strayer 2006; Liu et al. 2017; Su et al. 2023). Lifespan may 
influence the success of alien fish species in two distinct directions. On one 
hand, species with a shorter lifespan often share a set of life-history 
characteristics related to high reproductive capacity, including a short generation 
time and higher population growth rates (Bernery et al. 2024), which may 
favour establishment success. This is the typical r-selection model that confers 
advantages in unstable habitats with limited resources and harsh environments 
(MacArthur and Wilson 1967). On the other hand, species with a longer 
lifespan, i.e. k-selection species adapted to more stable conditions (MacArthur 
and Wilson 1967), tend to show higher dispersal ability (Su et al. 2024), 
higher fecundity (Marchetti et al. 2004a), and are usually preferred for 
recreational angling (a major trait of introduction in non-native areas; Davis 
and Darling 2017), commercial fisheries and aquaculture, all of which may 
favour their success as invasive species. This is supported by the results of 
this study, which suggest that short-lived species tend to be more successful 
during the establishment stage, whereas long-lived species tend to be more 
successful during the impact stage. Nevertheless, methodological issues cannot 
be discarded as data on population dynamics tend to be scarcer for short-
lived species, as more sampling effort is required to capture accurate data 
on population trends. 

According to the models for the release and impact stages, Migratory 
behaviour tends to be related to a lower success during these two stages. 
A similar trend was found in alien fish from Californian basins (Moyle and 
Marchetti 2006), where frequent unsuccessful introductions of migratory 
fish seem to be related to their typical homing behaviour and to the difficulties 
associated with their varying physiological and habitat requirements at 
different life history stages, coupled with their high mortality during 
migration (Moyle and Marchetti 2006).  

The European native variable was the third showing a significant effect 
in more than one stage. European native species were found to have lower 
chances of being released, although they had a higher probability of successfully 
establishing populations in non-native European countries. Therefore, results 
suggest that the number of release records is lower for European species 
than for non-European species, although European species show higher 
establishment success because they are probably better adapted to similar 
European climatic conditions. This variable could be interpreted as a proxy 
for distance to the nearest native source or region, which was found to be 
important in the establishment stage in other studies (Marchetti et al. 
2004b; Ribeiro et al. 2008). Nonetheless, this result should be interpreted 
with caution, since the database sources used in this study are more likely 
to report species introduced from outside Europe than translocated species. 
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Moreover, the set of European species that were considered in the present 
analysis have in common an overall low commercial value in comparison 
to non-native species occurring in Europe, which may also explain the 
lower number of release records. 

Other traits significantly affected the success of alien freshwater fish 
species along the invasion pathway, despite their effect being limited to a 
single invasion stage. This was the case of female age at maturity, parental 
care, spawning frequency, spawning habitat preferences, temperature 
tolerance and climatic zone of the native range. A negative association of 
female maturity at the impact stage was found, despite a positive 
association with maximum lifespan, suggesting that fish with long 
lifespans, but early female maturity, are favoured at this stage. Moreover, 
parental care, another trait related to reproduction, was negatively 
associated with propagule pressure at the release stage. This result is 
consistent with the trend found in the Iberian Peninsula, where alien 
species would arguably benefit from having similar life-history strategies to 
native Iberian species, which typically show low parental care (Ribeiro et 
al. 2008). Nonetheless, an opposite trend was found in other studies, where 
high parental care was found to favour fish invasions (Marchetti et al. 
2004a; Jeschke and Strayer 2006; Buckwalter et al. 2020; Lawson and Hill 
2022; Bernery et al. 2023; Bernery et al. 2024). 

Spawning frequency was also found to be a relevant factor during the 
spread stage. Accordingly, in other parts of the world, such as North 
America, fish species that spawn more frequently per season were found to 
colonize a wider range of non-native watersheds (Peoples and Midway 
2018). In the Iberian Peninsula, a lower spawning frequency along the year 
was more frequently found among successful fish invaders that originated 
outside the Iberian Peninsula, while higher spawning frequency was associated 
with translocated Iberian fish species (Vila-Gispert et al. 2005). Spawning 
habitat preference was found to be one of the most important traits for the 
establishment of alien fish in Europe. The models showed that limnophilic 
spawners (spawners in low current waters) tend to establish populations 
more successfully than rheophilic spawners (spawners in high current waters). 
Traits related to habitat characteristics are often disregarded in studies that 
investigate relationships between fish invasiveness and functional traits. In 
one of the few exceptions, it was shown that most alien fish from 
Catalonian watersheds tend to prefer lower and more lentic stream reaches, 
although this refers to general habitat preferences (Vila-Gispert et al. 2005). 
Among the traits related to tolerance, temperature tolerance was the only 
one to show a significant effect at the establishment stage. As expected, 
eurythermal species tended to establish populations more successfully. 
This is consistent with most studies, which often found that successful fish 
invaders showed higher thermal tolerance (Kolar and Lodge 2002; Peoples 
and Midway 2018) or higher physiological tolerance (Marchetti et al. 2004a; 
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Moyle and Marchetti 2006; García-Berthou 2007). Finally, the climate zone 
of provenance, which reflects the latitudinal extent of the native species 
range, was found to be positively related to invasion success during the 
impact stage. This variable is related to the size of the native range and has 
been commonly found to be an important characteristic across different 
invasion stages (Marchetti et al. 2004a; Jeschke and Strayer 2006; Moyle 
and Marchetti 2006; Ribeiro et al. 2008; Peoples and Midway 2018; 
Buckwalter et al. 2020). 

Invasion history as a driver of alien fish invasion 

This work supports previous studies that suggested a strong positive 
association of human-related and invasion history characteristics on the 
success of alien fish species throughout the invasion pathway (Kolar and 
Lodge 2002; Marchetti et al. 2004a; Jeschke and Strayer 2006; Ribeiro et al. 
2008; Peoples and Midway 2018; Su et al. 2023; Bernery et al. 2024). The 
cause of introduction was found to significantly affect the release and 
spread stages, with species unintentionally introduced or both unintentionally 
and intentionally having lower probability to be introduced or spread 
compared to only intentionally introduced species. This characteristic was 
also found to be important for the worldwide success of alien fish (Ruesink 
2005). As expected, the number of causes of introduction also positively 
influenced introduction success, again during the release (due to higher 
propagule pressure) and spread stages (possibly due to translocation, e.g. 
live baits, of an established species within the basins of the same country; 
Lenhardt et al. 2011; Hirsch et al. 2021). Prior invasion success outside 
Europe, was found to significantly promote success during the release 
stage. Other studies reported the importance of this characteristic for the 
success of both establishment and spread of alien fish species (Marchetti et al. 
2004a; Ribeiro et al. 2008). 

As expected, the proxies of one stage were good predictors of the stages 
that followed. For example, propagule pressure, here used as a proxy of 
release probability, was found to be positively associated with the spread of 
alien fish, and was among the most important predictor variables during 
this stage. This is often identified as one of the predictors that most 
strongly influences invasion success (Lockwood et al. 2005), namely during 
the establishment stage (Marchetti et al. 2004a; Ruesink 2005; Ribeiro et al. 
2008; Bernery et al. 2024). The establishment probability, as measured by 
the fraction of countries with reported releases where confirmed established 
populations were recorded, was positively associated with the spread stage 
and found to be an important predictor during this stage. Finally, the spread 
stage, as measured by the number of European countries with established 
populations, was the most important variable affecting the invasion 
probability during the impact stage. 
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Management recommendations 

The results of our study not only further support well-established 
recommendations, but also may provide new directions to prevent or manage 
biological invasions. Although the transport stage was not considered in 
our analysis, given the lack of data available at the European scale, this 
study remains one of the few to evaluate the release stage for invasive alien 
fishes. The release stage was found to be mostly governed by human-related 
variables, namely the introduction history. Thus, actions to manage alien 
species should primarily focus on controlling intentional releases of alien 
fish, especially of species with a known introduction success outside European 
borders. It is nevertheless possible that our work underestimated the 
introduction of European translocated species, as these may be less likely to 
be reported to the database used. During the establishment stage, management 
actions are more limited since the human component is not the most important 
in determining the success of alien species. Nonetheless, the results suggest 
that control actions should be primarily focused on European-origin fish 
species with a shorter lifespan, low maximum fecundity, limnophilic spawning 
habits and high thermal tolerance. For example, culling, using different 
removal techniques, is a good alternative to eradicate alien fish species at this 
stage, as this method is particularly effective in the very initial stages of 
invasion, especially for species with low dispersal abilities (Almela et al. 
2021). The spread stage was again mostly governed by introduction history 
and human interest, although also positively associated with fish that 
showed higher yearly spawning frequency. At this stage, actions to manage 
alien species should mainly focus on controlling the number of causes of 
introductions, namely intentional releases and dispersion among basins. 
Nonetheless, avoiding their success in the previous two stages, in particular 
for species with higher spawning frequency, would be more effective since 
alien fish species are still spatially constrained and in low abundances in 
the initial period of the invasion process (Rytwinski et al. 2019). Finally, the 
results found for the impact stage support management actions that are more 
focused on controlling species that succeeded in the spread stage, in 
particular non-migratory fish showing longer lifespans, lower female age 
at maturity and occupying wider latitudes in their native ranges. At this 
stage, to increase eradication probability or to constrain invasion (for invasive 
species with high dispersal ability), long-term management control actions 
(i.e. culling) should be implemented (Almela et al. 2021). 
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