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ABSTRACT

Aim: Invasive species are among the most important drivers of native species declines, and cause serious economic and ecologi-
cal costs. Globally, Europe is a hotspot for freshwater non-native species, especially among macroinvertebrates and fish, and in-
land navigation is thought to be a major driver of their spread. However, the degree to which different aspects of navigation (i.e.,
ship traffic vs. infrastructures) contribute to non-native species spread, establishment and distribution has not yet been quanti-
fied. Our study set out to determine the role that navigation plays in the distribution of Western European freshwater established
non-native species, and which aspects of navigation are most responsible. Additionally, we aimed to identify the spatial scale
at which these navigation pressures operate, and what ecological characteristics may influence species’ response to navigation.
Location: Europe.

Methods: We extracted data from the Global Biodiversity Information Facility (GBIF) to identify occurrences of established non-
native species in Europe from the past 30years. Using over 500,000 occurrences, we mapped the coverage of over 250 established
non-native species and paired this with pan-European data on inland ship traffic, navigation infrastructure and environmental
data.

Results: We found that the greatest predictor of non-native species richness and occurrences was the presence of a shipping
canal in the subcatchment. This held true for both fish and macroinvertebrates at fine and large spatial scales. Temperature was
also an important predictor of non-native species distribution. We found these positive associations to be strongest for generalist
fish species, molluscs and crustaceans.

Main Conclusions: Freshwater navigation, especially canals, is an important vector for non-native species establishment, and
highlights the need for frequent monitoring and mitigation. Given that increased temperatures are associated with establishment
success, climate change may also play an increased role in non-native species dispersal.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | Introduction

The spread and proliferation of invasive species has major eco-
logical, economic and societal costs (PySek et al. 2020; Diagne
et al. 2021; IPBES 2023). Invasive species can cause depressions
of fisheries and agricultural systems, extirpations of native spe-
cies and sometimes permanently change the receiving ecosys-
tems (Kimbro et al. 2009; Butchart et al. 2010; Vila et al. 2011).
In freshwater systems, the colonisation of invasive species is
widely cited as one of the main drivers of native biodiversity de-
clines across taxonomic groups (Reid et al. 2019). For example,
in North American lakes the introduction of the highly invasive
zebra and quagga mussels (Dreissena polymorpha and D. rostri-
formis bugensis) via ballast water has led to decreases in local
fish populations, increased water temperatures and decreased
recreational and commercial fisheries (Higgins 2014; Karatayev
and Burlakova 2022; Vanderploeg et al. 2002).

Europe is the global hotspot for freshwater established non-
native species with the highest number of documented invasive
fishes and macroinvertebrates—in particular crustaceans and
molluscs (IPBES 2023). In central Europe between 2000 and
2018, non-native species richness increased 5-fold and their
abundance 40-fold (Haubrock et al. 2023). Estimates suggest that
25% of non-native freshwater animal introductions into Europe
are a result of boating and shipping (Gherardi et al. 2009). The
vectors for introduction of non-native species include inten-
tional releases for horticulture and aquaculture, accidental
releases from ballast ship water, and the opening of new water-
ways (canals) that allow species spread (Nehring 2006; Leuven
et al. 2009; Keller et al. 2011; Soto, Ahmed, Beidas, et al. 2023;
Soto, Cuthbert, Ricciardi, et al. 2023; Soto, Cuthbert, Ahmed,
et al. 2023). Shipping has also been identified as the pathway of
introduction for certain highly invasive species, such as the zebra
mussel (Dreissena polymorpha), silver carp (Hypophthalmichthys
molitrix) and more, in the Mississippi and Illinois rivers in the
USA (Jacobs and Keller 2017; Mills et al. 1993). The zebra mussel
successfully invaded European waterways and North American
inland lakes because veliger larvae of zebra mussels can sur-
vive long transport times in ballast water and are released at
destination and adults can attach to ship objects (hulls, anchor
chains, etc.) (Dalton and Cottrell 2013; McCartney and Mallez
2018; Pollux et al. 2010). Similarly, the wide invasion of the goby
(Noegobius melanostomus) resulted from efficient transport
of larvae by ships (Jacobs and Keller 2017) and ballast water
(Nogueira Tavares et al. 2020). Navigation infrastructures also
play an important role in invasion phenomena (as reviewed in
Jeliazkov et al. 2024); for instance, boat ramps were identified
as the main dispersal route for the highly invasive zebra mus-
sel in Great Britain (Rodriguez-Rey et al. 2021), and lock op-
erations favour the spread and residency of the big head carp
(Hypophthalmichthys nobilis) and the silver carp (H. molitrix)
(Fritts et al. 2024). While the causes of first arrival are often the
focus of investigation, we lack a more quantified identification
of the conditions that favour the success of establishment and
proliferation of non-native species in these areas.

In an effort to reduce the carbon footprint of transports of goods,
freshwater shipping has been identified as a promising solution.
As such, the EU Green Deal in Europe plans to increase inland
navigation by 25% by 2030 (INE 2020), additionally, the world’s

largest wetland in the tropics is threatened by a large-scale navi-
gation project to transform the landscape and promote freshwa-
ter shipping (Wantzen et al. 2024). These projected increases,
in concert with the well-known responsibility of maritime ship-
ping for introducing non-native species (Costello et al. 2022;
Keller et al. 2011; O'Brien et al. 2017), make it vital to gain a
better understanding of how freshwater shipping may further
impact freshwater ecosystems and non-native species spread.

While navigation has been documented to be an important
driver of long-distance, non-native species introductions in both
marine and freshwater systems, we have a more limited under-
standing regarding which aspects of navigation are most re-
sponsible for non-native species establishment and distribution,
especially in freshwater systems (Keller et al. 2011). Navigation
pressure includes ship traffic, canals to connect rivers and wa-
terways, locks to allow ships to move through waterways that
would be otherwise impassible, and ports to host ships at their
destinations. These infrastructures have significant impacts
on the landscape and can decrease biodiversity and reshuffle
communities (Wolter 2001; Gabel et al. 2011; Chen et al. 2016).
However, navigation is often considered in a hegemonic manner
lumping together all these aspects in discussions of impact on
biodiversity and non-native species expansions and distribution.
It would be most useful to parse out these different aspects of
the navigation industry to better understand which are most
responsible for non-native freshwater species establishment to
improve monitoring and mitigation efforts.

Furthermore, to properly monitor and manage the proliferation
of non-native species, it is crucial to understand the spatial scale
to which they associate with ship traffic and navigation infra-
structure. For example, is the presence of a shipping port asso-
ciated with increases in non-native species in the localised area,
or across the entire watershed it is within? Understanding scale
effects will help determine if policies should be coordinated
at the watershed scale (e.g., synchronising lock operations) or
should be focused at a finer scale on specific hotspots for exam-
ple. Additionally, the promotion of inland navigation in the com-
ing years will increase ship traffic on existing routes, but could
also add new routes, ports, locks and canals (Wang et al. 2020),
which could lead to wide ranging consequences.

Finally, it is also important to be able to identify the functional
groups that are most strongly associated with shipping and in-
frastructures and may explain the success of non-native spe-
cies establishment or proliferation, with the aim to adapt and
improve our navigation management and policy development.
Like in regard to the zebra mussels mentioned above, ballast
water was found to be their main transportation mode, and
thus, in 2017 the International Maritime Organisation adopted
a legally binding ordinance for ships to manage their ballast
water for aquatic organisms. Similar taxa-specific and naviga-
tion infrastructure-specific identification of non-native species
spread would be valuable in mitigating the impacts of freshwater
invasive species, at least in newly developed waterways such as
canals. Additionally, there may be certain groups of non-native
species that are not spreading via navigation, and so policies to
target those species would be meaningless if focused on naviga-
tion. For example, previous work has shown ship traffic to be es-
pecially harmful for flow-specialist native fish species (Zajicek
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et al. 2018), therefore it may be that flow-specialist non-native
fish species also exhibit negative associations with navigation.

Here we ask three central questions: Here we ask three central
questions: (1) How do the different aspects of inland navigation
(i.e., ship traffic vs. infrastructures) contribute to the occur-
rence and richness of Established Non-Native (ENN) freshwater
species in Western Europe? (2) At which spatial scales do these
contributions have the greatest influence on ENN occurrences
and richness? and (3) What are the main functional groups of
ENN species which show the strongest positive association with
inland navigation traffic and infrastructure? We hypothesised
that ship traffic (i.e., frequency of ships) would be the strongest
determinant of ENN species occurrences and richness—espe-
cially at larger spatial scales. As shipping is spatially dynamic,
and has the ability to move species long distances, we predicted
that shipping would drive increases in ENN species at larger
spatial scales. However, at a finer spatial scale, we hypothesised
that navigation infrastructures play a larger role. At this finer
spatial scale, we predicted ports to be especially important, as
this is where ships are releasing their ballast water, and there-
fore where ENN species should be more prevalent. Finally, we
hypothesised that ports and ship traffic would be favourable for
less mobile species that disperse in ballast water or on ship hulls
but would be less important for mobile species such as fish. For
fish, and more mobile macroinvertebrates, we hypothesised that
the presence of a canal would be a strong determinant of ENN
species at multiple spatial scales.

We generated a pan-European database documenting the occur-
rences of more than 250 ENN freshwater fish and macroinver-
tebrate species over the past 30years using data from the Global
Biodiversity Information Facility (GBIF), combined with data on
inland ship traffic, navigation infrastructure and environmental
data. We focus our analyses & interpretation here on Western
Europe, as this is where the most complete data are available on
the GBIF platform. We then generated rarefied metrics of ENN
species richness and number of occurrences across Europe and
modelled them against our navigation and environmental data.
Measuring both the species richness and occurrences of ENNs
allowed us to determine if navigation was associated with in-
creases in only a small number of prolific species (which would
lead to increases in occurrences, but not as much in richness),
or if multiple species were benefiting from navigation. Finally,
we also included environmental conditions across our river sys-
tems to control for environmental heterogeneity across Western
Europe, including temperature, elevation and discharge—all of
which have been shown to be major drivers of freshwater spe-
cies distributions.

2 | Methods
2.1 | Taxa Selection

We compiled lists of non-native species across European fresh-
waters, then trimmed this list to only established taxa. For mac-
roinvertebrate taxa selection, we built on previous work that
aimed to identify all exotic aquatic invertebrates worldwide
(Dobrzycka-Krahel 2023). Taxa were extracted from the Global
Register of Introduced and Invasive Species (Pagad et al. 2022)

considering all possible ecosystems worldwide (https://griis.
org/). To restrict ourselves to freshwater taxa and Europe, we
first removed marine and terrestrial species and merged synon-
ymous taxa. We then added missing taxa based on publications
reporting first records of established, non-native species in each
of the 41 European countries considered. This allowed us to
create ‘species X country’ pairs to clearly define species deemed
‘established’ in a country where it is considered to be non-native
(File S1). Fish taxa were obtained from FishBase (https://fishb
ase.mnhn.fr/search.php), only including freshwater taxa listed
as established and non-native in a given European country, that
is, taxa ‘introduced but not established’ or ‘status unknown’ cat-
egories were removed. This taxa definition allowed us to focus
on species that have escaped their natural range and become
established in a new area, with the potential to cause harm
on their new ecosystem, and is stricter than including all taxa
deemed non-native but less cumbersome to define in space and
time than strictly ‘invasive’ (Soto et al. 2024). This selection gen-
erated 153 macroinvertebrate and 106 fish species, each paired
with the countries it has been identified as ENN in.

2.2 | Data Extraction and Refining in Five Steps
2.2.1 | Step 1. GBIF Extraction

We queried all occurrences of our selected 259 ENN species
on the platform since 1992. The year 1992 was selected be-
cause this was the opening of the Rhine-Main-Danube Canal,
which marked the beginning of the modern era of European
inland navigation, linking Eastern and Western Europe. This
opening has since been linked to numerous subsequent species
invasions (Bij de Vaate et al. 2002; Leuven et al. 2009). We ex-
tracted occurrence records as individual observations made by
one or more individuals at a particular place and time. We re-
moved all observations that were outside of mainland Europe,
and within one kilometre of the coast, removed observations
with missing names, coordinates, and/or duplicate rows, main-
tained only the records categorised as ‘Human Observation’,
‘Occurrence’ or ‘Observation’ and removed all other observation
categories, which include fossil, museum and preserved spec-
imens, and machine observations. This generated 41,105,824
macroinvertebrate occurrences covering Porifera (112,099 occ.),
Cnidaria (217,948 occ.), Bryozoa (87,980 occ.), Platyhelminthes
(96,611 occ.), Nematoda (1425 occ.), Annelida (724,300 occ.),
Mollusca (2,533,818 occ.) and Arthropoda (37,331,643 occ.). The
Actinopterygii class was retained for fish (2,774,077 occ.). All
extractions were conducted in May 2023, and a synoptic figure
visualising data extraction steps is provided in File S2. We ran
the GBIF extractions with R (version 4.1.2; R Core Team 2021;
code and data will be made publicly available on Zenodo upon
acceptance of this manuscript).

2.2.2 | Step 2. Select Publishers Along a
Confidence Level

To maintain only observations with a high degree of confi-
dence, only publishers corresponding to observations made by
scientists and organisations, and by, or confirmed by, natural-
ists (e.g., a ‘research grade’ iNaturalist observation), were used.
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This meant 742 (94%) publishers for macroinvertebrates and 308
(73%) publishers for fish were used, totalling 1,822,684 obser-
vations. The final list of data publishers is provided in File S3.

2.2.3 | Step 3. Select Only Established Non-Native
‘Species X Country’ Pairs From Lists

Once all occurrences of ENN species were obtained from GBIF,
we had to then determine which observations were within the
species home range, and which were within the range they have
been deemed non-native and established. We trimmed our list of
1,822,684 global observations to only those which corresponded
to those observations where a species was listed at ENN in each
country (e.g., for a species which is native to Hungary, but ENN
in France, all Hungary observations were dropped), as defined
in the Taxa Selection section above. This retained a total of
366,107 macroinvertebrate ENN and 200,362 fish ENN occur-
rences. While we included species lists for all European coun-
tries, our emphasis remains on Western Europe, as that is where
high quality data currently exists.

2.2.4 | Step 4. Subcatchment Mapping and Observation
Rarefaction

Using the HydroBASINS database from HydroSHEDS (Lehner
and Grill 2013), grouping of observations was performed at six
spatial grains, from ‘Pfafstetter’ level 6 (representing a larger
grain—average size of 79,072km?) up to level 12 (the finest sub-
catchment delineation grain—average size of 129km?) - histo-
grams of all subcatchment sizes are provided in File S4. Within
each subcatchment we calculated the richness of ENN species
and the number of their occurrences (e.g., for a given species
recorded more than once in a given subcatchment, these were
recorded as multiple occurrences).

Because data were not evenly distributed across Europe, ENN
species richness and occurrences were rarefied using the
Menhinick diversity metric, which is a commonly applied tactic
when using GBIF data (e.g., Enquist et al. 2019). The formula for
Menhinick diversity metric is as follows:

SMenhinick = Snon-native/ \/ Nall occurrences

OMenhinick = Onon»native/ \/ Nall occurrences

where S, ... Tepresents the number of ENN species observed
in each subcatchment, O, ... represents the number of ENN
occurrences observed in each subcatchment, and N, | - urrences
represents the total number of occurrences in each subcatch-
ment. To obtain N, . iirences WE €Xtracted all freshwater ob-
servations on GBIF from our list of 742 macroinvertebrate and
308 fish publishers. This included native and ENN observations
from our list of high confidence publishers, which gives a fuller
assessment of sampling effort in each subcatchment than if we
were to only include ENN observations which would miss a
large proportion of GBIF observations and potentially over- or
underestimate sampling effort in certain regions. Additionally,
by only using data from our selected publishers we exclude non-
relevant terrestrial taxa and observations. We elected to use the

Menhinick diversity metric as it is a more conservative estimate
of higher species richness estimates. Alternatively, the Margalef
diversity metric is a more liberal estimate of higher species rich-
ness as it assumes a logarithmic rarefaction function instead of a
square root function. To test if using the Menhinick or Margalef
diversity metric would influence our results, we calculated both
metrics for each subcatchment at all spatial grains (formulas
and model coefficients from both Menhinick and Margalef mod-
els are provided in File S5).

2.2.5 | Step 5. Navigation and Environmental Metrics

To quantify navigation intensity, we collected data on four
metrics of inland navigation: ship traffic, presence of navi-
gation canals, density of inland shipping ports and density of
locks (Figure 1). Ship traffic was obtained from Marine Traffic
(https://www.marinetraffic.com/) and compiled as the number
of ships per-month passing through 30 km river stretchesin 2019.
A spatial grain size of 30km was selected as it is well-aligned
with the Water Framework Directives River Basin Management
Plans, and a finer spatial grain would have been irrelevant for
the linear flow of ship traffic, as it would have generated sev-
eral repeating values in a river stretch. Ship traffic values were
then clipped to the extent of the European Waterway Network
(https://unece.org/DAM/trans/main/sc3/AGN_map_2018.pdf)
to exclude maritime ship traffic. The locations of canals were
obtained from the EU Hydro database (https://land.copernicus.
eu/en/products/eu-hydro), which constituted ‘an artificial wa-
terway with no flow, or a controlled flow, usable or built for
navigation’. The location of inland ports and locks was obtained
via personal communication from the United Nations Economic
Commission for Europe (UNECE) and is sourced from the
UNECE Inventory of Main Standards and Parameters of the
Waterway Network (Figure 1). Within each subcatchment at all
six Pfafstetter levels, we calculated the average number of ships
per month, the number of ports and locks, and the presence or
absence of a shipping canal. Environmental variables were ob-
tained from the HydroATLAS database (https://www.hydro
sheds.org/hydroatlas), which provides environmental data at a
15arc sec resolution. For each subcatchment, at each scale, we
obtained the average annual temperature (°C), the elevation
(m) and annual discharge (m3) (File S6) (Hijmans et al. 2005;
Robinson et al. 2014; Dol et al. 2003). These three environmen-
tal metrics were chosen as they are important determinants of
freshwater fish and macroinvertebrate communities, often used
to model non-native species distributions (e.g., Rodriguez-Rey
et al. 2019; Markovic et al. 2014).

2.2.6 | Step 6: Functional Approach

Both fish and macroinvertebrates were split into functional groups
that incorporate several important ecological traits that are respon-
sive to navigation pressures, such as dispersal, sensitivities & repro-
duction (Sexton et al. 2024). This functional group approach allows
for a simple integrative approach that is well suited to our wide
taxonomic dataset. Macroinvertebrates were split into Insects,
Crustaceans and Molluscs, which follows the classification level
commonly used when studying non-native species (IPBES 2023).
These classes represent differences in dispersal capabilities, which
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is an important determinant of sensitivity to habitat modifications
(Mondy and Usseglio-Polatera 2014) and previous work at the
European scale has shown that ship traffic can have disproportion-
ately negative effects on low mobility macroinvertebrates (passive
dispersers) (Sexton et al. 2024). Fish were split into three modalities
based on their spawning habitat: (i) euryoparous: generalists, with
no clear spawning habitat preferences, (ii) limnoparous: preference
to spawn in slow or stagnant waters and (iii) rheoparous: preference
to spawn in running waters. Spawning preference was chosen be-
cause it indicates habitat type usage and swimming performance,
both of which have been shown to be responsive to navigation

pressures (Wolter and Arlinghaus 2003). Fish traits were obtained
from the freshwaterecology.info trait database (https://www.fresh
waterecology.info/).

2.2.7 | Step 7: Statistical Models

To quantify the effects of navigation and environmental
variables on freshwater ENN species richness and occur-
rences, we used generalised linear mixed models (GLMs). The

model structure was as follows: Response (either Sy ...
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or  Opnninie) ~Ship  traffic+Canal presence+Port den-
sity+Lock  density + Temperature + Elevation + Discharge.
All predictor variables were scaled and centered (to an average
of 0 and standard deviation of +1). Because our data were con-
tinuous with high degree of zero-inflation, we ran a ‘Tweedie’
distribution model, a type of step-model, which model resid-
uals showed to perform much better than a classic ‘Gaussian’
model (model residuals of both Tweedie and Gaussian models
shown in File S7).

To determine the scale-dependencies of navigation's impact, we
ran the same GLM at all six watershed subcatchment size classes
(Pfafstetter levels) for all four response metrics (ENN fish and mac-
roinvertebrate richness and occurrences). To account for differ-
ences in sample sizes due to scale change (17,000+ subcatchments
with data at Pfafstetter level 12 compared to 714 subcatchments
at level 6), we applied a bootstrapping approach. At each grain,
we randomly selected 700 subcatchments to run a model, and
this was repeated 999 times (with replacement of extracted rows
each time) to obtain an average and standard deviation of effect
sizes for each predictor. Bootstrapping minimised spatial auto-
correlation issues as each subcatchment was chosen at random,
limiting spatial clumping of the data. To check for potential spa-
tial auto-correlation issues, we calculated Moran's index for our
models at the finest spatial grain (where spatial autocorrelation is
usually expected to be the strongest [Jelinski and Wu 1996]) and
found very low levels of spatial autocorrelation (average I=0.06 for
macroinvertebrate models, and 0.11 for fish; File S8). To confirm
that bootstrapping did not affect interpretations of the model, addi-
tional models were run without bootstrapping, using all subcatch-
ments, which confirmed mirroring trends in both bootstrapped
and non-bootstrapped models (i.e., same predictors increasing or
decreasing response metrics) (File S9). Collinearity between our
fixed effects was checked via their variance inflation factor (VIF)
scores and all were below two, indicating the model was accept-
able (Liidecke et al. 2021). A conservative estimate of significance
was determined if the standard deviation of the model estimate did
not overlap with zero. Model estimates, standard deviations and
95% confidence intervals are provided in File S10.

The same models were used with the occurrence and richness
metrics within functional groups as responses but were run at
the finest subcatchment size class (Pfafstetter level 12) only. This
made sure to maintain the finest degree of spatial accuracy to
the original data points available while avoiding bootstrapping,
which would have caused greater zero-inflation than was pres-
ent in the full dataset (as the data were divided by taxa in this
approach). GBIF data were extracted using the ‘rnaturalearth’,
‘readr’, ‘readxl’, ‘rgbif’, ‘sf’, ‘s2’, ‘tidyverse’ and ‘data.table’ pack-
ages; models were run using the ‘glmmTMB’ and ‘car’ packages;
and figures were made using the ‘ggplot2’, ‘ggpubr’, ‘sf’ and
‘rphylopic’ packages (South 2017; Wickham et al. 2022; Dowle
and Srinivasan 2021; Fox and Weisberg 2019; Brooks et al. 2017;
Kassambara 2020; Pebesma 2018; Gearty and Jones 2023;
Wickham 2016).

3 | Results

Our data refining process generated over 500,000 ENN species
occurrences (366,107 macroinvertebrates and 200,362 fish),

covering 259 species (153 macroinvertebrates and 106 fish spe-
cies). At the finest spatial grain (Pfafstetter level 12) our data
covered 22,109 subcatchments for macroinvertebrates and
17,029 for fish (Figure 2).

Increases in ENN species richness and occurrences of both fish
and macroinvertebrates at all spatial grains were positively as-
sociated with the presence of a shipping canal across Western
Europe (Figure 3, statistics in File S10). For ENN fish occur-
rences, the effect size was largest at the largest spatial grain
(Pfafstetter level), with a 3-fold increase in effect sizes with
scale. For all other metrics, the effect size remained relatively
constantly positive across spatial grains (Figure 3b). Ship traffic
exhibited positive correlations with ENN fish and macroinverte-
brate occurrences (Figure 3b,d respectively) across spatial grain,
though the effect sizes were roughly 10 times smaller than those
of canals and showed a negative correlation with fish richness at
the largest spatial grain (Figure 3a). Port density exhibited the
same positive association with ENN occurrences as ship traffic
did at large spatial grains, but no significant associations on any
metric at finer grains (95% confidence intervals of model esti-
mates overlapped with zero). Lock density exhibited a positive
association with macroinvertebrate richness, double that of ship
traffic and port density, but not for fish richness. For both taxa,
locks followed the same pattern as ports with a significantly pos-
itive association at the largest spatial grain, but no significant
relationship at smaller grains.

Increased temperature was also associated with ENN richness
and occurrences in both taxa, with the largest model estimates
for macroinvertebrate richness at a small Pfafstetter level and
all other metrics remaining consistent across grains (Figure 3).
Elevation had a negative relationship with ENN macroinverte-
brates (Figure 3c,d), but a positive relationship with ENN fish
richness (Figure 3a). Discharge showed a marginally negative
association with ENN occurrences and no relationship with
ENN richness.

Canals still represented the most important navigation metric
across functional groups, associated with increases in both the
richness and occurrences of all functional groups except for
the occurrences of highly mobile macroinvertebrates—insects
(Figure 4). Temperature also maintained a positive association
with all functional groups for both richness and occurrences.
Ship traffic was associated with increases in ENN richness and
occurrences of molluscs, crustaceans and occurrences of eu-
ryoparous and limnoparous fish, but decreases in the richness
and occurrences of rheoparoud fish. Ports and locks both had
positive associations with mollusc and crustacean richness and
limnoparous fish occurrences. Additionally, ports had a positive
association with limnoparous richness and locks had a positive
association with euryoparous richness. Elevation followed the
same pattern as the upstream-downstream river continuum that
is observed in native species (rheoparous upstream and eury/
limno taxa downstream).

Coefficients from the models using the Menhinick and Margalef
diversity metrics mirrored each other, showing consistent posi-
tive or negative associations with ENN distributions (File S5). In
the Margalef models, canals showed stronger positive associa-
tions with ENN richness and occurrences than in the Menhinick
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FIGURE 2 | Maps of freshwater established non-native (ENN) fish and macroinvertebrate distributions. The two left panels show the ENN spe-
cies rarefied richness in our subcatchments at the finest spatial grain—Pfafstetter level 12, and the panels on the right show the rarefied number of
ENN species occurrences, with fish on the top row and macroinvertebrates on the bottom. All values are rarefied via the Menhinick diversity metric,
and have been square root converted for improved visualisation. Grey subcatchments indicate no data.

models, indicating that the association between canals and ENN
species is even stronger in areas of particularly high richness
values.

4 | Discussion

Our study set out to determine how the different aspects of
navigation are associated with the occurrence and richness of

ENN species, at what scale, and for which functional groups of
ENN species the association is greatest across Western Europe.
We found that all aspects of navigation, especially the presence
of a canal, but also ship traffic and locks, are associated with
increases in ENN species distributions. While we had hypoth-
esised ship traffic and ports to be the navigation aspects most
responsible for ENN species distribution, our results show that
canals were the strongest predictor of ENN species, across sub-
catchment size classes.
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4.1 | Effects of Canals & Temperature on ENN
Species Distributions

Several processes can explain this positive association of ENN
species with canals. First, canals, especially new connection
channels, can act as routes allowing for non-native species col-
onisation of formerly disconnected watersheds (e.g., Manné
et al. 2013; Zvezdin et al. 2021). Second, because channelisation
implies habitat degradation/destruction, canals can also play
a role as suitable habitats for new species that arrive, encoun-
ter no or few competitors due to their extirpation after distur-
bance, and thus can easily establish and rapidly proliferate (e.g.,
Bernauer and Jansen 2006; Graf et al. 2015). Indeed, previous
work has shown that invasive species such as Caspian crusta-
ceans (e.g., Dikerogammarus villosus, Limnomysis benedeni,
Hemimysis anomala and Katamysis warpachowskyi) and gobiid
fish species (e.g., Proterorhinus semilunaris, Ponticola kessleri,
Babka gymnotrachelus and Neogobius fuviatilis) benefit from the
artificial embankments therein and are able to reproduce pro-
lifically in these habitats (Borza et al. 2017; Borza 2014; Soto,

Cuthbert, Ahmed, et al. 2023; Grabowska et al. 2023). Canals
lack the morphological heterogeneity of natural rivers that cre-
ate various flow, temperature and depth conditions required by
native species for diverse shelter and nursing habitats—mak-
ing native species less competitive in the face of invasions. For
example, Brabender et al. (2016) found modifications made to
shorelines to support navigation led to a nine-fold decrease in
native macroinvertebrate species reproduction and increases in
non-native species reproduction. In smaller rivers it has been
shown that channelisation and reduction of river-braiding sig-
nificantly reduces the hydraulic conditions favourable for native
juvenile fish and fish larvae (Sukhodolov et al. 2009). Finally, we
observed a positive relationship between fish ENN richness and
elevation, a result that is likely not linked to navigation, but in-
stead other non-native species introduction pathways. It is likely
that this result arises from the historical and ongoing stocking
practices in recreational reservoirs and impounded sections
upstream. This practice would explain why we observed an in-
crease in ENN fish, but not macroinvertebrates, as there is no
common stocking practices of aquatic macroinvertebrates.
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It is also important to note that canals were associated with
increases in both ENN species richness and occurrences, as
well as across functional groups, indicating that the relation-
ship is consistent across diversity metrics, taxa, and subcatch-
ment size classes. Additionally, as canals had their strongest
association with ENN taxa at the largest Pfafstetter level, this
suggests that the presence of a shipping canal can lead to the
proliferation and establishment of non-native species across
an entire watershed. This follows the findings mentioned
above whereby the opening of a significant canal, such as the

RMD led to dramatic increases in ENN species across Central
and Western Europe (Soto, Ahmed, Beidas, et al. 2023). Our
findings suggests that canals play a large, generalised role in
the establishment success of non-native freshwater species
in Western Europe and should be a focus for monitoring and
management efforts in the years to come.

Temperature also had strongly positive associations with ENN
species across Pfafstetter levels. This suggests that rising tem-
peratures may increase non-native species’ spread in coming
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years, and follows concerns highlighted in Kernan (2015; Rahel
and Olden 2008). In Europe, freshwater systems are experienc-
ing temperature increases at faster rates than the global aver-
age (van Vliet et al. 2013), and rising temperatures have already
shown to facilitate species invasions by increasing interspecific
competition and the virulence of certain diseases (Rahel and
Olden 2008). Non-native species, such as the prolific/invasive
D. villosus mentioned above, have been shown to increase their
predation pressure on native species in warmer temperatures
(Pellan et al. 2016).

The combined pressures of climate change and navigation could
interact to further promote the spread of ENN species. With
increasing temperatures and drought, waterways will have to
be intensively managed to maintain a deep enough draft for
ships to pass through, which will require dredging of riverbeds
and manipulations of flow rates (Dahl et al. 2018; Guerrero
et al. 2013). As freshwater navigation has already been shown
to negatively impact benthic species (Sexton et al. 2024), in-
creased riverbed dredging with climate change may exacerbate
these impacts. Rising temperatures and management will have
direct negative impacts on native species, but our results now
also suggest that they may support the establishment of non-
native species in the coming years, thus amplifying the overall
pressure on native biodiversity. Finally, new canals opening
novel avenues of species movement could generate significant
increases in species invasions coverage in coming years, and fos-
ter climate migrations of new species that previously could not
survive low temperatures. For instance, navigation experts have
begun planning for increases in the Northern Sea, and arctic
sea routes (Mahmoud et al. 2024). Initial models have suggested
that this could lead to significant increases in non-native species
introductions into previously semi-pristine arctic regions (Ware
et al. 2014), and our results here support these findings and sug-
gest caution in this regard.

4.2 | Scale-Dependent Effects of Navigation

Ship traffic's association with ENN species distributions showed
to be scale-dependent, such that ship traffic was associated with
increases in ENN species occurrences at large Pfafstetter levels,
but the effect became insignificant at smaller Pfafstetter levels.
While ports and ship traffic have been shown to be among the
most important spreaders of species invasions in marine systems
(Costello et al. 2022; Keller et al. 2011; O'Brien et al. 2017), here
we see that their association is not as strong as the presence of a
canal. This is likely due to the fact that marine traffic connects
habitats from different continents that are naturally isolated by
sea and become connected by ballast ship water. Additionally,
in freshwater navigation, inland vessels generally transport
ballast water from within the same river system, which makes
their impact from ENN species very little. Maritime ships are
also significantly larger than inland ships, holding larger ballast
water tanks (up to 30X larger), which will pick up and transport
a greater amount of organisms. Finally, our analyses do not in-
clude maritime ports or ships—only freshwater ports. Therefore
it is possible that ENN species, especially those that can toler-
ate brackish water (Paiva et al. 2018), may still proliferate in
maritime ports, which we did not consider here. Regarding
ship traffic's lack of a strong effect, previous work on fish and

macroinvertebrate communities has shown ship traffic to de-
crease freshwater diversity (Arlinghaus et al. 2002; Huckstorf
et al. 2011; Wolter 2001; Wolter and Arlinghaus 2003; Zajicek
et al. 2018; Zajicek and Wolter 2019; Sexton et al. 2024). Ship
traffic may likewise be harmful for non-native species, and not
only native species, which would explain the lack of a strongly
positive association we found. For example, we found that ship
traffic had a strongly negative association with rheoparous spe-
cies, which follows findings in native fish communities showing
that ship waves and ship traffic are disproportionately negative
for these species (Gabel et al. 2017; Gabel et al. 2011).

4.3 | Functional Group Associations With
Navigation

We observed relatively consistent patterns across functional
groups. Canals maintained their strong association with ENN
richness and occurrences, with the exception of insect occur-
rences. Canals and euryoparous fish exhibited the strongest pos-
itive association. This observation aligns with ecological logic,
as these species are generalists, able to tolerate wide ranges of
flow rates, making them well-equipped to tolerate these arti-
ficial waterways. Previous research has found generalist fish
species to be more resilient to turbulent and degraded environ-
ments than specialists (Vanderpham et al. 2013). We also saw
that ports had a positive association with the richness and occur-
rences of low-flow species, and a negative association with high-
flow species. This is likely due to the creation of stagnant water
habitats in ports, which may allow these species to proliferate,
and follows previous findings that ports are often associated
with non-native species introductions into lentic environments
(Holeck et al. 2004). High-flow specialists, rheoparous fish, also
showed a strongly negative association with ship traffic which
follows findings from native fish communities, whereby these
flow specialists were disproportionally negatively impacted by
ship-induced waves (Wolter and Arlinghaus 2003). This strong
negative association could in-part explain the negative associa-
tion between ship traffic and fish richness observed in the full-
dataset analysis. Finally, elevation was associated with a shift in
the fish community, from euryoparic species in low elevations,
towards rheoparic species in higher elevation, which also fol-
lows ecological patterns broadly and findings from other modi-
fied rivers (Gothe et al. 2019).

4.4 | Study Limitations and Future Perspectives

One limitation of our analysis is that our focus is on the distri-
bution of ENN species, not directly their mode of transport or
first occurrence. There is a strong body of previous work focused
on narratively identifying the record of first occurrences of in-
dividual species, and localities, as mentioned above. Our work
builds on this knowledge of ENN species biology by showing
the distribution and hotspots of ENN species in European wa-
terways and the environmental conditions that favour them.
We are also only focused here on the navigation industry, how-
ever other industries, such as aquaculture, are known to play
an important role in ENN distributions and could benefit from
a similar quantitative analysis. An additional limitation of our
study is that, due to the nature of the distribution of GBIF data,
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we are not able to cover the entirety of Europe, and in particu-
lar we have more missing data in Eastern Europe, including the
Danube river, which is regionally important for navigation. As
such, our results are best interpreted to understand non-native
species distributions in Western Europe particularly. However,
as has been documented by others, the flow of non-native fresh-
water species has mainly been from Eastern to Western Europe
in the past century (bij de Vaate et al. 2002; Leuven et al. 2009;
Soto, Ahmed, Beidas, et al. 2023), and our data effectively cap-
ture this extent. Of course, GBIF data suffers from sampling
bias with uneven sampling effort, beyond the Eastern/Western
Europe divide we mention here, and while we partially mitigate
for this with rarefaction our approach is still limited by this bias.
Additional studies on the linear flow of ship traffic to identify
directionality in ENN species distributional shifts would be
beneficial and could help identify specific shipping routes that
may contribute disproportionally to this issue. Nonetheless,
our large-scale approach allowed us to disentangle different
aspects of navigation, which could not have been achieved
with an experimental design or local-scale approach, and this
large-scale approach avoided major correlation issues between
environmental variables such as temperature and elevation as
we include climatically different regions such as Scandanavia,
the Alps, and the Mediterranean deltas. Future investigations
into species-specific temperature relationships, and changes in
biodiversity-temperature gradients would improve our broad-
scale findings here. Additional studies investigating the dif-
ferences between established and non-established non-native
species at this extent could also be a valuable future research
direction. Finally, as our study focuses on Western Europe, we
are unable to make concrete predictions about how new de-
velopments into more pristine areas may influence freshwater
communities. In the tropical wetland mentioned above slated to
be developed for navigation (the Pantanal), the effects of nav-
igation have the potential to be more wide-ranging than what
we observe here. Similarly, a recently proposed law in Brazil
intended to divert water from previously isolated water basins
is projected to lead to a proliferation in non-native species, and
ecological homogenisation (Daga et al. 2020). Investigation into
such novel projects may highlight differing impacts than what
we observe here, and these time-sensitive impacts should be
considered. For example, the development of a new port may see
greater increases in non-native species than we predict here as
our observations are related to pre-existing ports. Nonetheless,
as we show here canals to have such a strong impact on estab-
lished non-native species distributions across spatial scales, we
would argue that the conservation implications for future devel-
opment of navigation in areas such as the tropics are major and
concerning. The development of new canals and shipping routes
has the potential to unleash non-native and potentially invasive
species into areas with relatively less invasive species pressure
as compared to the highly navigated Western Europe.

5 | Conclusion

Identifying the spread of non-native freshwater species and the
drivers of their establishment is crucial to manage and reduce
their negative impacts on native biodiversity. Here, we under-
line that in freshwater systems canals play a crucial role in

ENN species distribution and are more important than other
navigation-related facets such as ship traffic or ports. In light
of these results, we recommend that management efforts, tra-
ditionally mainly focused on ports and ballast water, could be
adapted by including more canal-focused considerations in
freshwater systems. Canals provide an opportunity for early de-
tection and management of non-native species, and especially
for blocking their movement at critical points, for examples,
locks. Additionally, we show this effect to be strong at large wa-
tershed subcatchment size classes, and so the construction of
new canals and connections to new shipping routes could lead
to widespread non-native species establishments. Therefore,
this potential for harm should be strongly considered in any fu-
ture development plans.

In addition to monitoring, these canals, which must be ecologically
improved according to the European WFD, could be structurally
enhanced by the construction of heterogeneous habitats and natu-
ral substrates, which could mitigate the prevalence of many ENN
species. Increasing habitat heterogeneity and adding areas of flow
variation could allow a wider array of native species to potentially
habitat in the canals themselves and be able to compete with
the ENN species that currently dominate. Previous research has
shown that the preservation of riparian buffers alongside artificial
waterways can mitigate the spread of invasive species and lessen
the loss of native species (Sexton et al. 2024). Renaturalisation and
rehabilitation efforts could support native biodiversity and allow
native species to compete with the ENN generalists that are cur-
rently able to dominate in these artificial waterways.

Finally, by using over 500,000 ENN species occurrences over
the past three decades, we highlight the hotspots of Western
European freshwater xenodiversity and among a suite of vari-
ables, the presence of artificial waterways and elevated tem-
peratures are the strongest predictors of these hotspots. In the
coming decades, navigation and global change have the poten-
tial to interact and influence non-native species distributions
significantly. With rising temperatures and a reliance on these
artificial waterways, the threat for future proliferation of ENN
species is high. Monitoring and rehabilitation efforts could be
targeted in these hotspots, in hopes to reduce the negative im-
pact of these ENN species and support native biodiversity.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. File S1: Species by country pairs data-
set which defines species deemed ‘established’ in a country where it is
considered to be non-native. Fish taxa were obtained from FishBase
(https://fishbase.mnhn.fr/search.php), only including freshwater taxa
listed as established and non-native in a given European country, that
is, taxa ‘introduced but not established” or ‘status unknown’ catego-
ries were removed. File S2: Data and workflow for the extraction and
rarefaction of the invasive species observations. Briefly, we collected
the observations of 259 invasive species from the Global Biodiversity
Information Facility (GBIF), kept only the publishers with high con-
fidence values, identified where those observations were invasive or
non-invasive, summed occurrences and richness of invasive species in
nested subcatchments across Europe while rarefying these values based
on total freshwater occurrences across catchment scales, and finally
modelled their response to a suite of navigation and abiotic, or environ-
mental metrics. To better identify the functional groups of taxa being
spread via freshwater navigation, we divided our taxa into six groups—
three macroinvertebrates and three fish. File S3: List of GBIF publish-
ers from which we used data (identified by a fish or macroinvertebrate
dataset provider). To maintain only observations +with a high degree of
confidence, only publishers corresponding to observations made by sci-
entists and organisations (Value of ‘1’ in the ‘confidence_level’ column)
and by, or confirmed by, naturalists, for example, a ‘research grade’
iNaturalist observation (Value of ‘2’ in the ‘confidence_level’ column),
were used. File S4: Histograms of all subcatchment sizes by Pfafstetter
levels. File S5: Formulas and model coefficients from both Menhinick
and Margalef models and calculations. File S6: Maps of average annual
temperature (°C), the elevation (m) and annual discharge (m3) in our
study region. File S7: Model residuals of both Tweedie and Gaussian
models to show the better fit of the Tweedie model, which was used for
our full analyses. File S8: Moran's index histograms for models run at

14 of 15

Diversity and Distributions, 2026


https://doi.org/10.1111/j.1523-1739.2008.00950.x
https://doi.org/10.1111/brv.12480
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1016/j.isprsjprs.2013.11.002
https://doi.org/10.1371/journal.pone.0217896
https://doi.org/10.1038/s41559-024-02414-8
https://doi.org/10.1038/s41559-024-02414-8
https://doi.org/10.1016/j.scitotenv.2023.161537
https://doi.org/10.1016/j.scitotenv.2023.161537
https://doi.org/10.1111/ddi.13649
https://doi.org/10.1111/ddi.13649
https://doi.org/10.1007/s10530-023-03060-0
https://doi.org/10.1007/s10530-023-03060-0
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=rnaturalearth
https://doi.org/10.1007/s00027-009-9199-x
https://doi.org/10.1007/s00027-009-9199-x
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1111/eff.12064
https://doi.org/10.1111/eff.12064
https://doi.org/10.1139/f02-087
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://CRAN.R-project.org/package=readr
https://CRAN.R-project.org/package=readr
https://doi.org/10.1016/s0169-2046(00)00147-x
https://doi.org/10.1023/a:1026350223459
https://doi.org/10.1016/j.scitotenv.2018.01.307
https://doi.org/10.1016/j.scitotenv.2018.01.307
https://doi.org/10.1016/j.scitotenv.2018.07.403
https://doi.org/10.1016/j.scitotenv.2018.07.403
https://fishbase.mnhn.fr/search.php

the finest spatial scale (Pfafstetter level 12). To check for potential spa-
tial auto-correlation issues, we calculated Moran's index for our models
at the finest spatial grain (where spatial autocorrelation is usually ex-
pected to be the strongest [Jelinski and Wu 1996]) and found very low
levels of spatial autocorrelation (average I=0.06 for macroinvertebrate
models, and 0.11 for fish). File S9: Model outputs from both using a
bootstrapping approach (top row) and no bootstrapping (bottom row).
File S10: Model outputs including model estimates from the boot-
strapped models, standard deviation of the estimate and 95% confidence
intervals.
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