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Abstract

Recent researches suggest that functional diversity represents the response of communities
to environmental alterations better than taxonomic diversity. However, there is scarce infor-
mation about how the functional diversity of freshwater fishes is affected by habitat type
and the dominance of non-native species. To address this question, we analysed a large
database containing 15 morpho-functional traits of 61 fish species from the Pannon Bio-
geographic region (Hungary). Based on a fish faunistic list and relative abundance of taxa,
we quantified the taxonomic and functional diversity of riverine communities for>700
sites of six habitat types. We asked how non-native fishes affected the taxonomic and func-
tional diversity in different river types and at the local scale (i.e. at the site level), and how
the diversity measures of native fauna elements changes along the invasion gradient. Our
results showed that both functional and taxonomic richness increases with habitat com-
plexity, from small headwater streams to large rivers. Therefore taxonomic diversity served
as a good proxy for functional diversity along the environmental gradient of river types.
Non-natives showed considerable functional diversity relative to their species number in
each habitat type. Diversity values of native fauna elements initially increased, and then
showed a major decrease along the invasion gradient. River type-specific evaluations high-
lighted the importance of considering the proliferation of invasive species based on both
taxonomic and functional diversity indices. We argue that type-specific action plans are
needed in conservation management to preserve the taxonomic and functional diversity of
native fishes in Hungary, but also elsewhere.
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Introduction

Freshwaters are among the most endangered ecosystems on Earth (Carpenter et al. 1992;
Jenkins 2003; Dudgeon et al. 2006). Their biodiversity is declining considerably (Tickner
et al. 2020) due to the mutually reinforcing effects of habitat degradation, climate change
and spread of non-native species (Vitousek et al. 1997; Didham et al. 2007). Freshwater
fish, the most species rich vertebrate group, is also seriously endangered, thus, their protec-
tion requires urgent conservation actions (Lévéque et al. 2008). On the other hand, fishes
are among the most important, and the most frequently introduced animal groups in the
world (Gozlan et al. 2010). Intentional and unintentional introductions of fishes can be
valuable to humankind since they provide important ecosystem services, such as food and
recreational fishing. However, non-native fishes can cause serious changes in the native
freshwater biota at all organization levels (Leprieur et al. 2008; Martin et al. 2010; Cucher-
ousset and Olden 2011), which can be difficult to quantify comprehensively (Vigliano et al.
2009; Britton et al. 2011; Capps et al. 2015).

At the community level, range expansions of non-natives and range contractions of
native species can change the diversity and structure of native communities, a process
which has been termed biotic homogenization (Olden et al. 2004). Non-natives have also
been shown to decrease the community stability of the recipient native communities (Erds
et al. 2020). However, most studies use “traditional” taxonomy-based methods to character-
ize changes in community level patterns, despite the fact that trait-based approaches seem
to be more sensitive in revealing the effect of disturbances (like invasions) on the recipient
communities (Violle et al. 2007; Strayer 2012; Gagic et al. 2015; Toussaint et al. 2016).

Morpho-functional traits have increasingly been used for characterizing changes in the
functional diversity of fish communities (Villéger et al. 2010; Shuai et al. 2018). Traits
such as eye position and oral gape size and position inform on key species-specific func-
tions such as vertical position in the water column and food acquisition. However, the effect
of non-native fishes on functional diversity of fish communities has not been revealed in
detail in many eco-, and biogeographic regions (Whittaker et al. 2014; Colin et al. 2018;
Toussaint et al. 2018), which hinders generalizations about their overall ecological role. It
has been shown, for example, that a relatively small increase in the number of non-native
fishes could cause a significant increase in the functional diversity of fish communities at
large spatial scales (i.e. global or regional; see Toussaint et al. 2018). Moreover, increasing
abundance of non-native species was found to negatively affect functional diversity (Mat-
suzaki et al. 2013; Su et al. 2021), although its intensity depended on stream order (Milardi
et al. 2019). However, how functional diversity changes along invasion gradients within
and between ecoregions in different running water types is largely unknown.

Therefore, in this study, we present (i) the first comprehensive dataset containing mor-
pho-functional traits of the fish fauna of the Pannon Biogeographic region, Hungary, and
examine (ii) how taxonomic and functional diversity of fish communities change in dif-
ferent running water types, and (iii) how “traditional” taxonomic and functional diversity
indices of native fauna elements respond to invasion by non-native fishes at both the habitat
type and local (sample site) scales. Based on the results of former studies, we hypothesized
that non-native fishes would increase both the taxonomic and functional diversity of river-
ine fish at the entire community level, and that their influence would depend on river type.
In this regard, we predicted the largest changes in diversity in lowland streams and rivers
compared with other river types, since these habitats were found to contain the most non-
native fishes in the Pannon (Takacs et al. 2017) and other biogeographic regions (Stewart
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et al. 2016; Milardi et al. 2019). In addition, we were also interested to examine how the
diversity of the native community is influenced by non-native species. Non-native fishes
can extirpate native ones in dynamically changing riverine habitats (Baltz and Moyle 1993;
Kominoski et al. 2018), but more frequently, influence their relative abundance relation-
ships. Their effects on the diversity of native fish communities is hard to predict for each
river type, since this may largely depend on the degree of invasion and specific functional
attributes of non-native fishes. This underlines the importance of understanding the influ-
ence of non-natives on native communities in a river type specific manner.

Materials and methods
Study area and the characteristics of its fish fauna

The study area is situated in Hungary, Central Europe. The whole area (93,030 km?) of
Hungary lies in the Carpathian Basin and belongs to the catchment of the River Danube
(catchment area 796,250 km?; length 2847 km). Since ca. 70% of the country’s area is
lowland (Fig. 1), lowland streams and rivers constitute the majority of the river network.
The extensive—more than 40,000 km long—artificial drainage and irrigation canal sys-
tem increases the length of lowland watercourses further (Martonné Erd6s 2004). This area
belongs to the Pannon biogeographic Region, which supports~80 fish species that show
considerable diversity (Kottelat and Freyhof 2007; Saly 2007). The region’s fish fauna
is dominated by widespread Eurasian species, but a number of Danubian endemics, and
species with Ponto-Caspian origin (Lévéque et al. 2008), enrich the species pool of the

@ Submontane stream (SS)
© Highland stream (HS)
@ Hilghland river (HR)

@ Lowland stream (LS)

M Lowland river (LR)

/A River Danube (D)

Fig. 1 Map of the study area showing the 738 sampling sites distributed among the six river types (a). Blue
circle:

stream (SS), orange circle: highland stream (HS), green circle: highland river (HR), red circle: lowland
stream (LS), purple rectangle: lowland river (LR), ligh grey filled triangle: River Danube (D). Geographic
position of Hungary in Europe is indicated in the insert b. Colour figure online
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area. Besides the diverse native fish fauna, the number of non-native fauna components
increased exponentially in the last several decades (Takécs et al. 2017).

Fish survey data

Our data set consists of fish distribution and relative abundance data, collected during a
countrywide fish survey between 2011 and 2015 using standardized electrofishing proto-
cols (Erés 2007; Sallai 2019). In wadeable watercourses (i.e. streams), a battery-powered
electrofishing device was used to sample a 150-m long reach at each site by slowly wad-
ing upstream and single pass fishing the whole stream width. Non-wadeable river habitats
and the Danubian sites were sampled by boat electrofishing using engine powered devices,
slowly moving downstream and electrofishing one (in case of highland and lowland river
sites) to ten (in Danube sites) 500 m long near shore sections, depending on the size of the
habitat (Erés 2007). Comprehensive recent surveys provided relative abundance data for
738 sampling sites, belonging to six major running water types according to Ergs (2007):
(i) submontane streams (SS); (ii) highland streams (HS); (iii) highland rivers (HR); (iv)
lowland streams and canals (LS); (v) lowland rivers (LR); and (vi) the main channel of the
River Danube. Due to the geographic conditions of Hungary most sites belonged to LS
(n=307), followed by HS (n=223), LR (n=110), SS (n=44) and HR (n=42), while the
Danube was represented by 12 sites (Fig. 1). Here, we analysed a subset of the entire data
set (see Takacs et al. 2017), including samples in which the number of species exceeded
three and the calculation of functional diversity measures was possible see below and
(Laliberté et al. 2014).

Mesurement of morpho-functional traits

To characterize the functional structure of fish communities, we collected data on mor-
pho-anatomical features (Fig. 2) that reflected key functions such as food acquisition
or locomotion types (Villéger et al. 2010). Most individuals used for the morpho-ana-
tomical measurements were collected during our fish surveys, but data for some rare
species were obtained from fisheries and conserved specimens deposited in institu-
tional (e.g.: Balaton Limnological Research Institute, and Danube Research Institute)
and museum (e.g. Hungarian Natural History Museum) collections. In these cases only
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Fig.2 Morphometric data recorded on the studied species. Head depth (Hd), eye diameter (Ed), distance
from the top of the mouth to the bottom of the head along the head depth axis (Mo), body depth (Bd), eye
height (Eh), caudal fin depth (Cfd), caudal peduncle depth (Cpd), pectoral fin insertion (Pfi), body height at
the pectoral fin insertion (Pfb), pectoral fin length (Pfl), pectoral fin surface (PFs), caudal fin length (CFs),
body width (Bw), mouth depth (Md) and width (Mw) (After Villéger et al. 2010). Colour figure online
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the morphometric data of well-preserved specimens were used. Multiple morphologic
variables were measured directly on the studied fish specimens, e.g. body weight, oral
gape width and depth, using scale and digital callippers, while others were measured
on photos taken from the specimens. For this latter process, each fish was placed flat on
a table surface and the left side was photographed from a perpendicular angle using a
tripod mounted Nikon D5300 digital camera. The area and distance measurements were
conducted by imagel software (Rasband 2012). To eliminate intermeasurer variability
(Takécs et al. 2016), all measurements were made by the same person. For each sur-
veyed species, morphometric data of five adult individuals were recorded and averaged.
From the measured 20 continuous morphometric variables, 15 functional traits (axes)
were created (Table 1) according to Villéger et al. (2010).

Diversity quantification

Quantification of functional richness and diversity was made at the entire species-pool
level of the studied sites (i.e. 61 species), and separately for the six different river types
as well. Functional richness at the native, non-native and entire (i.e. natives and non-
natives pooled together) community levels was characterised using the convex hulls’
volume on PCA plots, which was derived from the log-transformed 15 morpho-func-
tional traits of fish species. The area of each polygon was expressed in the percentage
of the convex hull’s volume containing the entire species pool. Additionally, the func-
tional and taxonomic diversity of the entire, native and non-native species pools were
expressed in the percentage of the total functional and taxonomic diversity of the entire
species pool (i.e. 61 species).

Taxonomic and functional diversity values were computed for each site using abun-
dance-weighted and non-weighted indices. For taxonomic diversity, we used species
richness (S) as a non-abundance weighted metric, and the Shannon diversity index (H’)
as an abundance-weighted metric. We used the Functional richness (Fric), given by the
volume occupied by the entire species pool in the multidimensional trait space (Villéger
et al. 2008), as a non-abundance weighted functional diversity measure. The Rao’s
quadratic entropy (RaoQ) was employed for an abundance weighted index, which takes
into account the abundance of each species and measures the pairwise functional differ-
ence among species (Botta-Dukat 2005). Calculations of Fric and RaoQ were performed
with R software version 3.6.0 (R Core Team 2015) using the FD package (Laliberté
et al. 2014). Values of the four diversity measures were visualized on boxplots for each
habitat type, and tested for significant habitat type specific differences by non paramet-
ric Kruskal-Wallis tests using the PAST 2.17 statistical software (Hammer et al. 2001).

The relationships between diversity measures (S, FRic, H’, RaoQ) of native fish com-
munities and the relative abundance of non-native fishes were tested by generalized addi-
tive models (GAM) using the mgcv R package (Wood 2011). GAM models were compared
with linear models based on Akaike’s information criterion (AIC). Since we were inter-
ested in the general shape of the relationships, we first set river types as random factors
(function: bs="re”). As river types also affected S and FRic of native fish communities
significantly on top of the relative abundance of non-native fishes, we further detailed the
relationships in each individual river type. To meet assumptions of normality, the relative
abundance of non-native fishes was cubic root-transformed, species richness (S) was In-
transformed, while functional richness (FRic) was square root-transformed.
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Results

Altogether 200,750 individuals classified into 61 fish species and hybrids were recorded
(Fig. 1, Table 2). Of these, 16 non-native species were found, which gave 18.2% of the
total catch. The lowest number of non-native species was recorded in submontain streams
(5 species), while the highest number of non-native species was found in lowland rivers
(13 species). Average values of the computed 15 morpho-functional traits showed large
variations among the surveyed species (Supplementary Table 1). The first two PCA axes
explained 54% of variance in functional characteristics among species within the entire
species pool (i.e. 61 species; Fig. 3A).

PCA plots showed that polygons enframing the functional attributes of native and non-
native fishes overlap considerably. At the same time many non-native species showed
extreme morpho-functional trait values in several variables, especially in oral gape sur-
face and gut length (Fig. 3A). Results showed that the polygons defined by native and
non-native species covered 65% and 69% of the convex hull area of the total species pool
(Supplementary Table 2). With respect to the different river types, the covered area var-
ied between 52.0% (SS) and 93.5% (LR) at the entire community level, and ranged from
43.0% (SS) to 64.6% (LR) for the native, and from 19.1% (D) to 60.5% (LS) for the non-
native species, respectively (Fig. 3B, Supplementary Table 2). The functional and taxo-
nomic diversity showed strong linear correlation within the native fish and pooled data
sets (Fig. 4). However, non-native species showed relatively high functional diversity and
low taxonomic diversity relative to native species, especially in the HS, LS and LR habitat
types.

At the sample site level, the taxonomic and functional diversity measures at the entire
community level varied largely both within and among river types (Fig. 5, Supplementary
Table 3 and 4). The lowest values were recorded at the SS habitat type in all cases. In the
case of S and Fric, a significant increase was observed along the gradient from SS to the
Danube. At the same time, the abundance-weighted diversity values showed only a moder-
ate increase.

Results of GAM analyses made using the entire assamblege and the studied habitat
types’ data are presented in Figs. 6 and 7. The number of native fish species (S), as well
as their functional richness (Fric), showed a hump-shaped relationship with the increasing
relative abundance of non-native taxa (GAM, Fig. 6A, B). In case of RaoQ the relationship
showed an initial increase to 0.5, and beyond this value the curve showed quick decline.
Among the four diversity measures, only the Shannon diversity (H’) of native fish taxa did
not show a significant relationship with either the relative abundance of non-native taxa
(Fig. 6C), or river types (Fig. 7C). Habitat type level analyses show, that the course of the
certain diversity curves can show large differences. They generally show decreasing values
after an initial rise, with the exception of RaoQ data for lowland watercourses, which show
a slight increase with increasing relative abundance of invasive species (Fig. 7D).

Discussion
In this study, we established a morpho-functional trait data base of fishes of the Middle

Danubian fish fauna, and quantified how taxononomic and functional diversity measures
are distributed in six characteristic riverine habitat types. Moreover, we quantified how
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Table 2 List of species and their relative abundances in the certain river types

No  Scientific name Species code  SS HS HR LS LR D
1 Abramis brama Abrbra - <0.01 <0.01 <0.01 0.01 <0.01
2 Alburnus alburnus Albalb 0.05 0.07 0.22 0.17 0.52 0.43
3 Alburnoides bipunctatus Albbip 0.02 0.03 0.15 <0.01 0.02 <0.01
4 Ameiurus melas# Amemel - <0.01 <0.01 0.02 0.01 -
5 Anguilla anguilla Angang - - - <0.01 - -
6 Babka gymnotrachelus# Babgym - - - - <0.01 0.02
7 Ballerus ballerus Balbal - <0.01 - <0.01 <0.01 -
8 Ballerus sapa Balsap - - <0.01 <0.01 <0.01 <0.01
9 Barbatula barbatula Ortbar 0.24 0.07 0.04 0.01 <0.01 -
10 Barbus barbus Barbar <0.01 0.01 0.09 <0.01 0.02 <0.01
11 Barbus carpathicus Barcar 0.06 0.01 0.01 <001 <001 -
12 Blicca bjoerkna Blibjo <0.01 <0.01 0.01 0.01 0.02 0.07
13 Carassius carassius Carcar - <0.01 - <0.01 <0.01 -
14 Carassius gibelio# Cargib 0.02 0.06 <0.01 0.17 0.03 <0.01
15 Chondrostoma nasus Chonas <0.01 <0.01 0.03 <0.01 0.01 0.03
16 Cobitis elongatoides Cobelo <0.01 0.02 0.01 0.04 0.01 0.01
17 Ctenopharyngodon idella#  Ctenid - <0.01 - <0.01 <0.01 -
18 Cyprinus carpio Cypcar <001 <0.01 <001 <001 <001 <001
19  Esox lucius Esoluc <0.01 <0.01 <0.01 0.01 0.01 <0.01
20  Gambusia holbrooki# Gambhol - <0.01 - 0.02 - -
21  Gasterosteus aculeatus# Gasacu - <0.01 - <0.01 - <0.01
22 Gobio gobio sensu lato* Gobgob 0.13 0.11 0.05 0.02 <001 -
23 Gymnocephalus baloni Gymbal - - - <0.01 <0.01 <0.01
24 Gymnocephalus cernua Gymcer <0.01 <0.01 - <0.01 <0.01 <0.01
25  Gymnocephalus schraetser Gymsch - - <0.01 - <0.01 0.04
26  Hypophthalmichthys nobilis HypHYB - - - <001 <001 -

X molitrix (hybrid) ** #
27  Knipowitschia caucasica# Knikau - - - - <0.01 -
28  Lepomis gibbosus# Lepgib <0.01 0.01 <0.01 0.03 0.01 <0.01
29 Leuciscus aspius Leuasp - <0.01 <0.01 <0.01 <0.01 0.01
30  Leucaspius delineatus Leudel - <001 <001 <001 <001 -
31 Leuciscus idus Leuidu <0.01 <0.01 <0.01 0.01 0.01 0.02
32 Leuciscus leuciscus Leuleu <0.01 0.01 0.01 <0.01 <0.01 <0.01
33 Lota lota Lotlot <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
34 Misgurnus fossilis Misfos - <0.01 - 0.01 <0.01 -
35  Neogobius fluviatilis# Neoflu <0.01 <0.01 <0.01 <0.01 001 0.01
36  Neogobius melanostomus#  Neomel - <0.01 0.01 <0.01 <0.01 0.23
37  Oncorhynchus mykiss# Onkmyk <001 <0.01 - - - -
38  Pelecus cultratus Pelcul - - - - <0.01 -
39 Perca fluviatilis Perflu <0.01 0.02 0.01 0.01 0.01 0.01
40  Perccottus glenii# Pergle - <0.01 - 0.01 <0.01 -
41 Phoxinus phoxinus Phopho 0.21 0.02 0.02 <0.01 - -
42 Ponticola kessleri# Ponkes - - - - <0.01 0.03
43 Proterorhinus semilunaris# Prosem - 0.01 0.01 0.01 0.02 <0.01
44 Pseudorasbora parva# Psepar <0.01 0.06 <0.01 0.04 0.01 -
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Table 2 (continued)

No  Scientific name Species code  SS HS HR LS LR D

45 Rhodeus sericeus Rhoser 0.01 0.14 0.07 0.15 0.10 <0.01

46 Romanogobio kesslerii Romkes - <0.01 0.01 - <0.01 -

47  Romanogobio viladykovi Romvla <0.01 <0.01 0.02 <0.01 0.01 0.02

48  Rutilus pigus virgo Rutpig - <0.01 - <0.01 <0.01 0.01

49 Rutilus rutilus Rutrut <0.01 0.12 0.06 0.16 0.10 0.04

50  Sabanejewia aurata Sabaur - <0.01 <001 - <0.01 <0.01

51  Salmo trutta morpha fario Saltru 0.02 <0.01 <001 <001 - -

52 Sander lucioperca Sanluc - <0.01 <0.01 <0.01 <0.01 <0.01

53 Sander volgensis Sanvol - - - <001 - <0.01

54 Scardinius erythrophthalmus ~ Scaery - <0.01 <0.01 0.02 0.01 <0.01

55  Silurus glanis Silgla - - <0.01 <0.01 <0.01 <0.01

56  Squalius cephalus Squcep 0.23 0.20 0.14 0.04 0.04 0.02

57  Tinca tinca Tintin - <0.01 <0.01 <0.01 <001 -

58  Umbra krameri Umkra - - - 0.01 - -

59 Vimba vimba Vimvim - <00l <00l <00l <0.01 <0.01

60  Zingel streber Zinstr - <0.01 0.01 - <0.01 -

61  Zingel zingel Zinzin - - <001 - <0.01 <0.01
Number of species 27 48 42 52 53 38
Non-naive species number 5 12 7 12 13 8
Number of individuals 7733 49,928 15,524 76,163 44,864 6358

Non-native species highlighted by # and bold. Species names used in accordance with the nomenclature of
fishbase.org by date of 03.04.2019

SS Submontane stream, HS Highland stream, AR Highland river, LS Lowland stream, LR Lowland river, D
Danube

"The taxonomic position of stream dwelling gudgeons are still not clearly detailed (see: Takécs 2018), **
for more details see: Vital et al. 2017

non-native species influence these metrics in the different river types. Analyses conducted
on aggregated and sample site-level data sets showed that functional diversity corresponds
well with taxonomic diversity along the examined riverine habitat gradients. Non-natives
influenced the taxonomic and functional diversity metrics at both the entire and native
community levels. However, their effect depended on both the diversity metric and the
river type considered.

Although non-native species made up only 26.2% of the total species pool, their convex
hull covered a larger area in the functional trait space (69% vs. 66%, respectively) than the
area of native fauna elements (Fig. 3 and Supplementary Table 2). Analyses at the habitat
type level showed that the non-native fauna components had greater functional diversity
relative to their species richness than native species (Fig. 4). Additionally, the functional
characteristics of non-native and native species showed only moderate overlap. Being func-
tionally different from native competitors is one of the possible reasons for the success of
invasive species (Vila-Gispert et al. 2005; Shuai et al. 2018). This statement is well-sup-
ported by our data, since many non-native species separated from natives in several mor-
pho-functional traits. For example, the Ponto-Caspian gobies, which are already among the
most common species in Danubian rip-rap habitats (Copp et al. 2005; Erés 2005; Brandner
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Fig. 3 Morpho-functional diversity of the investigated 61 Middle Danubian fish species (A) and the spe-
cies pools of the studied six river types (B). The presented 2-dimensional space made by first and second
principal component (PC) axes summarizing the log transformed 15 morpho-functional trait attributes of
the studied 61 species. The top right corner subfigure on A shows the correlations among the 15 functional
traits used. Species and functional trait codes are shown in the Tables 1 and 2. The non-native species are
marked by red dots and highlighted by red. The convex hulls of the entire species pools are indicated by
grey dotted lines in each subfigure. The polygons showing the entire and native species pools of the studied
six river types on subfigure B are enframed by dashed and solid lines respectively. Polygons of non natives
are enframed by red dotted lines, and filled with pink colour. Abbreviations and colour codes of the river
types correspond with Figs. 1, 3 and 4. The percentage of variance explained by each PC axis is given in
brackets. Colour figure online

et al. 2013), differ largely from the native species both in their food aquisition and locomo-
tion attributes. Carp species such as the silver/bighead carp (Hypophthalmichthys) hybrids
and the gibel carp (Carassius gibelio ) are also among the most successful invaders of
Hungarian large lowland rivers and small streams (Takacs et al. 2017; Vital et al. 2017).
Moreover, gobies and carp species are functionally different community members, indi-
cated by their opposite orientation in the multidimensional trait space (shown on the PC1
axis), primarily due to their specific locomotion types and food acquisition characteristics
(Fig. 3). This latter finding may also explain why the convex hulls of native and non-native
fauna elements show a moderate overlap in the morpho-functional trait space, and poten-
tially underlies why non-native species increase the functional diversity of the entire com-
munity, at least relative to their low contribution to taxonomic diversity. At the same time
there are several non-natives in the Hungarian fish fauna [e.g. black bullhead: Ameiurus
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Fig.4 Taxonomic (TD) and 100
functional (FD) facets of fish bio-
diversity in the studied six river 907

types. TD and FD are expressed
in the percentage of the total
functional and taxonomic diver-
sity of the Hungarian fish fauna,
respectively. The solid line repre-
sents the identity line FD=TD.
Black square: entire species pool
of the six river types, blue circle:
native species pool, red triangle:
non-native species pool. River
type codes correspond with

Fig. 1. Colour figure online
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melas, pumpkinseed: Lepomis gibbosus, amur sleeper: Perccottus glenii | whose morpho-
functional characteristics do not differ largely from those of native species (Fig. 3). Yet,
these species can be considered as successful invaders (Takécs et al. 2017). Certainly, non-
native species might also have some further specific functional characteristics that make
them successful (e.g. behaviour, life history or reproduction), uncovered in our analysis.
While analysing behaviour and life history traits might shed further light on the ecological
roles on non natives, our approach highlights the importance of analysing basic traits, such
as locomotion and food acquisition, to identify relevant characteristics with significant eco-
logical effects.

The functional characteristics of the fish communities showed considerable overlap
among the six river types, being a common pattern for both native and non-native species.
However, non-natives contributed considerably to the functional diversity of LS and LR
river types. Here, the differences between polygon areas of the entire and native commu-
nities exceeded 25% (see Supplementary Table 2). This result corresponds well with the
finding that the effect of non-natives on the taxonomic and functional diversity indices was
most pronounced in lowland habitats (e.g., Takacs et al. 2017; Milardi et al. 2019). The
proliferation of non-native species in lowland areas may predominantly be determined by
the distribution of fish ponds (Takacs et al. 2017; Milardi et al. 2019).

The non-native fish taxa were expected to affect the composition and functional charac-
teristics of the native fauna components. This effect was detectable not only at the level of
the entire fish community, but at the site level as well (Figs. 6, 7). Here, both the taxonomic
and functional diversity measures were sensitive indicators of the effects of non-native spe-
cies. At the same time RaoQ, a functional measure which also accounts for abundance
differences among taxa, highlighted significant effects of non-native species on the com-
munities of native species, in the case of multiple river types. While functional richness
measures scale largely with taxonomic richness in general (Petchey and Gaston 2002; Erds
et al. 2009), our data confirms that the community-level functional effect of invasive spe-
cies can only be revealed if both the functional attributes and the relative abundance of taxa
are considered jointly. Overall, these results suggest that taxonomic information alone can
be a reliable first proxy for functional diversity, at least for comparisons among river types,
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Fig.5 Boxplots showing the values of A species richness (S), B functional richness (Fric), C Shannon
diversity (H’), and D Rao quadatic diversity metrics of the entire assemblage in the studied six habitat
types. For river type codes see Table 2. Each box represents the 25% and 75% quartiles of the dataset, the
band in the box is the median. The whiskers are drawn from the top of the box up to the largest data point
less than 1.5 times the box height from the box (the"upper inner fence"), and similarly below the box. Val-
ues outside the inner fences are shown as circles values further than three times the box height from the
box (the "outer fences") are shown as black stars. Boxplots marked with the same letters do not differ sig-
nificantly based on non-parametric Kruskal-Wallis pairwise comparisons (p“0.05). The median and min—
max values of each datasets and the results of all pairwise comparisons are presented in the Supplementary
Tables 3 and 4. Colour figure online

in a similar way found for invasive aquatic plants and macroinvertabrates (Michelan et al.
2010; Martello et al. 2018). However, to consider potential and detailed functional effects
of non-native fishes, the use of trait-based and abundance-weighted indices may be more
advantageous.

Interestingly, we found an increase in both taxonomic and functional diversity indices of
native fauna components at low levels of invasion, which was followed by a considerable
decrease in the index values along the invasion gradient. However, our data also justifies
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Fig.6 Relationship between A species richness (S), B functional richness (Fric), C Shannon diversity (H’),
and D RaoQ of native fish communities and the relative abundance of non-native fish taxa based on gen-
eralized additive models (GAM, trend line from the smooth function+SE, n=630). n.s. non-significant,
*<0.1, ¥* <0.5, *** <0.001

that responses were rather river-type specific, and, within specific types, index-dependent.
It is likely that the increase in diversity values at very low stages of invasion (0-10%) are
related more to environmental conditions of the habitat than to the effect of non-native
species. For example, small and remote streams in the riverine network had very low spe-
cies richness and diversity values. With increasing habitat size (i.e. width and depth), habi-
tat complexity increases, providing suitable habitats for both native and non-native fishes
(Gorman and Karr 1978; Schlosser 1982). This habitat effect can be one of the main rea-
son why most diversity values increased with increasing invasion rate at native community
levels in lowland habitat types (Fig. 7). Alternatively, an increase in species richness and
diversity can also be related to the escape of native fish from fish ponds and reservoirs
(Gozlan et al. 2010; Takécs et al. 2017). Furthermore, these artificial waterbodies serve
as a source for not only non-native species, but native fauna elements too, which are at the
same time not characteristic for the given waterbody (e.g. carp—Cyprinus carpio (Lin-
naeus, 1758), pike—Esox lucius (Linnaeus, 1758) or pikeperch- Sander lucioperca (Lin-
naeus, 1758) in submontane and highland streams). Their occurrence may correspond well
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Fig.7 Relationships between A species richness (S), B functional richness (Fric), C Shannon diver-
sity (H’), and D RaoQ of native fish communities in the studied six habitat types, based on generalized
additive models (GAM, trend line from the smooth function+ SE). n.s. non-significant, * <0.1, **<0.5,
##% <(0.001. See Table 1 for river type codes. Note: to improve visibility only the curves with significant
correlations are shown. Colour figure online

with the appearence of non-native species in some habitat types, especially in highland
and lowland streams (Fig. 7). These native, but not type-specific and accidentally-escaped
species present an additional problem in the conservation management of freshwaters, and
can negatively impact taxonomic and functional diversity of fish communities (Economidis
et al. 2000; Perdikaris et al. 2016; Milardi et al. 2020). Moreover, we also note the nega-
tive impact of intentional releases, since economically exploited native species are often
introduced into various habitats. An example is the common carp which is one of the most
important fish species in the world’s aquaculture (FAO 2012), and also intensively stocked
in Hungary, and which was recorded in all river types (Table 2).

Overall, although other studies also found a decrease in taxonomic and functional diver-
sity along invasion gradients, diversity responses were also reported to be largely river
type- or region-specific. For example, Shuai et al. (2018) found a hump-shaped response
of functional richness (Fric) and a linear response of functional divergence to increasing
invasion in the Pearl River hydrosystem, China. However, they did not observe any specific
relationships between species richness and the intensity of invasion. Milardi et al. (2020)
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found a negative relationship between functional dispersion and the degree of invasion in
the Po River basin, Italy. Consequently, we conclude that while taxon-based diversity indi-
ces can serve as a good proxy for functional diversity among river types (i.e. along long
environmental gradients), index- and river type-specific evaluations are required for a better
understanding of the ecological effects of invasive species on the taxonomic and functional
diversity of native communities. Our database on the morpho-functional traits of fresh-
water fishes will potentially help identify if a newly emerging alien species could damage
native fishes in the future, based solely on functional characteristics. In other words, con-
sideration of functional traits of fishes are expected to help improve risk assessment and
management. Similarly, such a database would help analyze the community responses of
fishes to human-induced negative effects (e.g. overexploitation, flow modification, destruc-
tion of habitats, pollution and eutrophication), not only from a traditional taxonomic point
of view, but also from a functional and ecosystem functioning perspective.
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