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Biodiversity is a key element of ecosystem functioning and characterizes its resilience to di�erent pressures1, 
but su�ers from a general worldwide decline2. Among the causes of global biodiversity loss, exotic invasions are 
o�en placed at the top3,4, but mechanisms and impact of species invasions might vary in di�erent ecosystems, 
taxa and spatial scales. While a lot of attention has been devoted to the consequences of exotic invasions on spe-
cies taxonomic diversity at di�erent geographical scales5, hardly any regional extinctions have been recorded in 
aquatic taxa such as �sh (with some notable exceptions, e.g.6,7), but extirpation, species substitution and decrease 
of native biomass have all been reported as a local result of exotic invasions8–11. �e detection of exotic invasions‘ 
e�ects could thus depend on the spatial and biological detail level of the data used, so that some e�ects could be 
potentially overlooked or misinterpreted if the data is insu�ciently detailed.

For example, �sh introductions could enrich functional diversity at the regional scale, because, from a pres-
ence/absence perspective, they can increase regional species richness and consequently increase the number of 
functional traits present in that area12. Functional diversity describes the distinctive assemblage of morphological, 
biochemical, physiological, structural, phenological or behavioral traits that characterizes living communities, 
and that is highly coupled to environmental conditions13. Ecofunctional diversity is a subset of functional diver-
sity, focusing on the combination of ecological traits in communities14, but is referred to simply as functional 
diversity herea�er, because it is a more common term. Ecological traits in a community are usually selected by 
factors such as habitat diversity, geography, land use or water chemistry15, but established exotic species are o�en 
generalists16 and invasion dynamics (e.g. human-aided dispersion) could partly override habitat selectivity.

Competition with introduced exotic species could act as an additional �lter for native species, sometimes 
stronger than environmental gradients11. Furthermore, widespread and severe biological invasions could result in 
the taxonomic homogenization of invaded communities17–19, with few exotic species dominating heavily invaded 
areas, a pattern which has been detected at least in plants20. Most likely, taxonomic homogenization would also 
a�ect functional diversity of invaded areas, as it leads to communities with a lower number of species and a lower 
variety of traits, but it remains unclear whether this is a signi�cant element of exotic invasions.
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Exotic species are a main cause of the loss of biological diversity in the Mediterranean region21,22, particu-
larly in freshwater habitats23. �e functional structure of Mediterranean freshwater �sh communities is relatively 
uncharted, and an ecological trait characterization of native and exotic �sh species has only been recently de�ned 
for some areas24–26. �is �nally enables further research on the linkages between biological invasions, functional 
diversity and the environment.

We used a spatially-broad yet very detailed dataset, comprising several river basins in northern Italy at a 
late invasion stage (i.e. �30 years a�er major invasions), as a test case to explore the outcomes of exotic species 
invasion in freshwater �sh communities and to investigate the relationships between environmental factors, inva-
sions and functional diversity. We used boosted regression tree (BRT) analysis to test the hypothesis (H1) that 
functional diversity of exotic and native species would respond di�erently to environmental variables, as invasion 
dynamics could temporarily override habitat selectivity. We then used spatial and regression analyses to test 
whether (H2) the overall functional diversity of communities would be negatively or positively a�ected by di�er-
ent degrees of exotic invasions. Our results would ultimately reveal the connections between functional diversity 
and exotic species invasions, on the background of habitat �ltering.

Results
BRT analysis showed that environmental variables typically had di�erent magnitude and direction of relative 
in�uence on exotic and native species functional diversity (Fig.�1). While altitude was one of the most signi�cant 
variables negatively a�ecting native species functional diversity (and positively that of exotic ones), high temper-
ature, low salinity or high turbidity were clearly linked to higher exotic species functional diversity (Fig.�1). Forest 
cover was associated to lower functional diversity of both native and exotic species, while brackish water was 
associated to a higher functional diversity of native species (Fig.�1).

Several sites showed minimum levels of exotic invasion (invasion degree �  10% for 140 sites, 41.9% of the 
total) and most of these sites hosted completely native communities (126 sites, 37.6% of the total). However, the 
majority of sites were invaded (209 sites, 62.4% of the total) and the invasion degree was relatively severe in most 
of them (invasion degree � 50% for 134 sites, 40% of the total), including some sites where the community exclu-
sively comprised exotic species (10 sites, 3% of the total). Our spatial analysis underlined that the most severely 
invaded sites were mostly located on the lower stretches of most watercourses examined (Fig.�2a). Moreover, in 
invaded communities, there was a clear spatial overlap between the most invaded areas and the areas where func-
tional diversity was lowest (Fig.�2b).

In invaded sites, functional diversity was also clearly negatively linked to the invasion degree (Fig.�3). At the 
highest invasion degrees, a decrease of nearly 50% of functional diversity, compared with less disturbed commu-
nities, could be observed.

Low-order streams (in the uplands) showed lower values of species richness and functional diversity than 
high-order streams (in the lowlands) (Fig.�4a,b). Species richness was low in upland streams, but these habitats 
showed a larger variation in functional diversity than lowland streams. Canals, in the lowlands, had lower rich-
ness and functional diversity values than natural rivers in the same area (Fig.�4a,b). �e di�erence between native 
and exotic functional diversity was consistently lower than what suggested by their relative richness (Fig.�4c,d), 
with native species usually showing higher values of functional diversity relative to their richness. Exotic species 

Figure 1. Boosted Regression Tree (BRT) summary showing the relative in�uence of geographical variables 
(in orange), water physico-chemical variables (in blue) and land use (in green) on freshwater �sh functional 
diversity (calculated through the functional dispersion, FDis metric, applied to the ecological traits of species) 
for native (le� panel) and exotic (right panel) species. �e variable abbreviations stand for: Long – longitude, 
Lat – latitude, Alt – altitude, NH4

�  – ammonia, BOD – biological oxygen demand, TSS – total suspended solids, 
T – water temperature, NO3 – nitrate nitrogen, COD – chemical oxygen demand, EC – electrical conductivity, 
TP – total phosphorus, Agric – agricultural, Other nat – other natural area, Freshw – freshwater, Forest – forest, 
Urban – urban and Brackishw – brackish water.


















