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Abstract

The drift of early development stages is an important event in the lifecycle of many
riverine fishes. It is an essential element of dispersal and ensures that larvae reach suitable
nursery habitats that provide food and shelter. Due to large-scale river engineering
measures and resulting changes in the hydrological and hydraulic conditions, however, it is
assumed that the number and availability of spawning grounds and nurseries have declined.
This study compares the drift of selected families (Percidae and Gobiidae) along an artificial
(rip-rap plus groynes) and a rehabilitated (gravel bar) shore in the Austrian Danube. The
representatives of percids are native and, in part, endemic or endangered. Three out of four
gobiid species, in contrast, are characterized by their high invasive potential.

As the drift is highly species specific, analyses were carried out on the lowest
applicable taxonomic level. Accordingly, all specimens were identified to genus level. Due to
a lack of complete and practical larval keys, and the strong similarity of the young stages of
some species, no unambiguous identification at species level was possible. Nevertheless,
eight out of ten potentially occurring species of percids and gobiids were confirmed.
Information on genus and species identification is given in the supplement.

On both shores, the drift density of gobies (four species) was generally significantly
higher compared to percids (eight species). Percid drift density was substantially higher on
the rehabilitated shore. Within the Percidae, the genera Sander and Zingel showed the
highest abundances. Among the Gobiidae, the invasive (formerly) Neogobius species (N.
melanostomus, Ponticola kessleri, and possibly Babka gymnotrachelus) clearly dominated
(>99%) over the native tubenose goby (Proterorhinus semilunaris). Substantial differences
were found for the seasonal and nocturnal course of drift. Percid drift is restricted to a few
weeks during spring, whereas the gobiids show continuous spawning and were still drifting
at late June. The analysis of young fish size indicates a rather rapid shift to a benthic lifestyle
for the genera Gymnocephalus and Zingel, as well as for the gobiids in general. Perca and
Sander exhibit a longer drifting phase, lasting until juvenile stages. If the occurrence of young
stages in the drift is proportional to their overall abundance in the river, the re-structuring of
artificial shorelines can be considered to benefit early life stages of native species and

possibly mitigates the impact of invaders.
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Zusammenfassung

Die Drift friher Entwicklungsstadien ist ein wichtiger Bestandteil im Lebenszyklus
vieler Flussfischarten. Sie dient der Verbreitung und stellt sicher, dass die Larven an
geeignete Aufwuchshabitate gelangen, die Schutz und Nahrung bieten. Durch die gewdasser-
morphologischen und hydraulischen Veranderungen der intensiven Regulierung der meisten
Flusse hat die Verfligbarkeit von Laich- und Larvalhabitaten fir Fische stark abgenommen.
Erst in den letzten Jahrzehnten wurde begonnen, zuvor verbaute Ufer wieder in einen natur-
nahen Zustand zu versetzen. Diese Studie vergleicht die Drift ausgewahlter Familien
(Percidae und Gobiidae) entlang einem verbauten Blockwurfufer mit Buhnen und einem
restrukturierten Ufer (Schotterbank) im Hauptstrom der freiflieBenden 6sterreichischen
Donau 0Ostlich von Wien. Die Barsche (Percidae) sind heimisch und zum Teil durch
endemische und gefdhrdete Arten in der Donau vertreten, wadhrend drei der vier
vorkommenden Meergrundelarten (Gobiidae) vor allem durch ihr hohes Invasionspotential
gekennzeichnet sind.

Das Ziel der Arbeit bestand darin, die Analysen auf dem niedrigsten anwendbaren
taxonomischen Niveau durchzufiihren, um neue Informationen tUber die Drift der zum Teil
seltenen und gefahrdeten, sowie der invasiven Arten zu erhalten. Hierzu wurden alle
Exemplare zuerst auf Gattung bestimmt. Aufgrund der groRen Ahnlichkeit der frithen
Entwicklungsstadien der behandelten Arten und des Fehlens von vollstandigen und
praktikablen Larven-Bestimmungsschlisseln, war in vielen Fallen eine eindeutige
Artbestimmung nicht moéglich. Dennoch gelang der Nachweis von acht der zehn potentiell
vorkommenden Barsch- und Grundelarten. Eine im Rahmen dieser Arbeit entwickelte
Bestimmungshilfe zur Gattungs- und Artbestimmung ist im Anhang angefiihrt.

Die Driftdichte der Grundeln war an beiden Ufern generell signifikant hoher als jene
der Barsche, jedoch war der proportionale Anteil an Barschen am naturnahen Ufer
wesentlich hoher. Innerhalb der Perciden zeigten die Gattungen Sander und Zingel die
hochsten Abundanzen. Bei den Gobiiden dominierten die invasiven (ehemals) Neogobius-
Arten (N. melanostomus, Ponticola kessleri und moglicherweise Babka gymnotrachelus) mit
Uber 99% klar iber der heimischen Halbmondgrundel (Proterorhinus semilunaris; ehemals
als Marmorierte Grundel bezeichnet). Deutliche Unterschiede weist der saisonale und
nachtliche Verlauf der Drift auf. Barsche drifteten nur wahrend weniger Wochen im Friihling,
wohingegen die Grundeln mehrmals im Jahr laichten und durchgehend bis zum Ende der
Untersuchungszeit in dhnlichen Driftdichten und in einem engen GréBenbereich in der Drift
vorkamen. Die GroRenanalyse der Jungfische ldsst Riickschliisse auf die Reproduktion und
Biologie der Arten zu. Fiir die Gattungen Gymnocephalus und Zingel, sowie fiir die Gobiiden
allgemein, lasst sich auf einen rascheren Wechsel zu einer benthischen Lebensweise
schliellen. Perca und Sander sind auch als Juvenile noch in héheren Abundanzen zu finden.
Zusammenfassend ist davon auszugehen, dass eine naturnahe Ufermorphologie heimische
Arten begiinstigt, und dieser Trend ebenso deutlich bei riickgebauten Ufern zu beobachten
ist und zusatzlich die Etablierung von invasiven Arten abzuschwachen scheint.

Schlisselworte
Drift, Blockwurf, Schotterbank, Percidae, Gobiidae, Flussregulierung
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Introduction

The downstream drift of early stages is a common and important life-history event in
many fish species. It is important for dispersal, as well as for reaching suitable nursery
habitats (Pavlov et al., 1978; Brown and Armstrong, 1985; Pavlov, 1994; Fuiman and Werner,
2002). Larval drift is thought to be a combination of both passive and active elements,
governed by abiotic physical conditions, behaviour, and developmental processes. Passive
components include environmental as well as hydrological and hydraulic factors such as river
discharge (Harvey, 1987; Johnston et al., 1995), currents and turbulences (Wolter and
Sukhodolov, 2008; Schludermann et al., 2012; Lechner et al., 2013), or temperature (Pavlov
et al., 2000). Active elements are linked to behavioural aspects such as phototaxis (Reichard
et al., 2002a; Nunn et al., 2010), rheotaxis (Pavlov, 1994), or habitat choice (Robinson et al.,
1998; Freeman et al., 2001; Humphries and King, 2004). Given the many factors that
influence larval drift, shoreline characteristics and habitat structure are clearly crucial for the
survival of early life stages of fish. The assumption is, that a high connectivity between
spawning grounds and nursery habitats, and also between single nurseries, reduces
mortality rates of early stages (Brown and Armstrong, 1985; Harvey, 1987; Keckeis et al.,
1997). Larval habitats should offer a high retention capacity, which mitigates the risk of
washouts and promotes the establishment and persistence of larval communities in rivers
(Schiemer et al., 2001).

Large-scale river engineering measures have drastically changed the hydrology and
shore morphology in many rivers (Dynesius and Nilsson, 1994). These include measures for
power generation (dams, hydropower plants), flood prevention, and navigation (bank
reinforcements, rip-rap, groynes). As a result, only very few free-flowing sections and natural
shores remain in the Danube and many other river systems (Dynesius and Nilsson, 1994;
Schiemer et al., 2004). Early stages of fish are particularly vulnerable to river regulations
because suitable spawning grounds and nursery habitats decline in number and area
(Schiemer et al., 1991; Quigley and Harper, 2004). Until now, most research was focussed on
the impact of flow regulations (e.g. by dams for electricity generation or water irrigation) on
recruitment of fish larvae in regulated rivers (Scheidegger and Bain, 1995; Humphries and
Lake, 2000; Humphries et al., 2002; Pavlov et al., 2008). Information on how artificial shore-
lines affect drift and dispersal of early fish stages is crucial (Schiemer et al., 1991) but scarce
(Humphries et al., 2006; Lechner et al., 2013). Among the most common shore types in the

Danube are near-natural gravel bars and artificial rip-raps, each with very distinct
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characteristics. Natural sand or gravel banks are considered to be more suitable for larvae
due to their generally shallower-sloped banks and higher retention capacities (Schiemer et
al., 1991; Schiemer et al., 2001). Constantly re-shaped shorelines increase the flowage line
and habitat diversity, which are able to meet the requirements of different development
stages and species (Schiemer et al., 1991). Artificial shorelines are of uncertain ecological
relevance. They may increase overall habitat diversity along with (adult) fish abundances
(Erés et al., 2008; White et al., 2010), but are generally considered as very poor spawning
and nursery habitats (Schiemer et al., 1991; Quigley and Harper, 2004). Groynes, in contrast,
have been suggested to be important habitats for young fishes, but only under certain
conditions (Bischoff and Wolter, 2001).

This study was designed to assess shore-dependent differences regarding several
aspects of the drift of early fish stages. The hypothesis is that the taxonomic composition,
seasonality, nocturnal patterns, and size structure of caught fish will differ amongst different
shore types, providing hints on the suitability of these shores for young fishes. This was
tested by examining two selected benthic fish families of high ecological importance, the
Percidae (perches) and Gobiidae (gobies). The percids (eight species in Austria) include
several endemic and endangered species of great conservation concern (Wolfram and
Mikschi, 2007). The gobiids (four species in Austria), in contrast, are notorious for their
invasiveness (Charlebois et al., 1997; Wiesner, 2005). Only one gobiid species, the tubenose
goby, is considered to be native, and endangered (Ahnelt, 1988; Wolfram and Mikschi,
2007).

Percids in Eurasian river systems generally drift in relatively low abundances
compared to the cyprinids, which are repeatedly the dominant fish family in the drift
(Reichard et al., 2002b; Zitek et al., 2004b; Sonny et al., 2006). As a result, percid species are
often excluded from detailed analysis, which then focus on more common taxa. Percids,
however, may be among the most abundant taxa in North American rivers (Johnston et al.,
1995; D'Amour et al., 2001). Percids are known to start to drift relatively early in the year
(spring), sometimes being the first fishes to appear in the drift (Brown and Armstrong, 1985;
Johnston et al., 1995; Zitek et al., 2004a). The perch (Perca fluviatilis) is known to drift as
pre-larva (i.e. free embryo), larva and juvenile (Pavlov, 1994), although some European
researchers have supposed a drift avoidance for this species (Reichard et al., 2002b; Zitek et
al., 2004b). Information on seasonal patterns in other European percids is sparse, especially

for the less common and less commercially important Gymnocephalus and Zingel species.
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The drift in gobiids is considered to be a stable and opportunistic dispersal strategy
(Zitek et al., 2004b). In combination with continuous spawning, shown by most species, it
helps explain the invasion success of Ponto-Caspian gobies across Europe and North America
(Charlebois et al., 1997; Kornis et al., 2012; Janac et al., 2013). In invaded rivers, especially
those with paved shores, gobiids may also be the dominant family in the drift, despite the
relatively low number of species (Zitek et al., 2004b; Lechner et al., 2010). Drifting, however,
seems to be restricted to a certain ontogenetic stage or size (Janac et al., 2013). Down-
stream migrations are usually nocturnal, with highest drift rates approximately two to three
hours after dusk (Janac et al., 2013). Some goby species may also drift at daytime under
certain conditions (lguchi and Mizuno, 1991). In any case, knowledge about the drift and
dispersal patterns of gobies is vital to understand and counter invasion events.

This study compares the larval drift during May and June 2011, along an artificial rip-
rap and a semi-natural gravel bar in the Austrian Danube. Both differ but are characteristic
shore types of today’s large rivers. Considering the different characteristics of natural and

artificial shores mentioned above, the following hypotheses are put forward:

(1) The gravel bar is inhabited by a larger total number of fish larvae, resulting in higher drift
densities.

(2) Disturbed, or artificial, shores often act as starting points for opportunistic invaders;
therefore the abundance of non-native species (i.e. gobiids) is higher at the rip-rap.

(3) Natural shores benefit the autochthonous local fish communities, resulting in higher

abundances of native fish species (i.e. percids) at the rehabilitated shore.

Additionally, this study focuses on:
(4) The seasonal and nocturnal courses of drift, which are described and compared.
(5) The analysis of the size of caught larvae and juveniles, which provides further information
on drift duration, pointing to divergent importance of drift for different taxa.
(6) By analysing the size structure throughout the sampling period, conclusions can be drawn

on the number and duration of spawning events.
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Material & Methods

Study area

This study was conducted on two shores of the main channel of the Austrian Danube
between river kilometers 1890.0 to 1893.8, within the “Danube Alluvial Zone National Park”
(Fig. 1). This section exhibits two different, but characteristic shore types of large rivers. The
right side is heavily modified and was straightened and paved by basaltic blocks (rip-rap),
which form artificial embankments. Groynes, perpendicular to the axis of the main channel,
have been installed for navigation purposes. These measures stabilize the banks against
erosion and improve the navigability at low water (Fig. 2B). The areas between the groynes
(i.e. groyne fields) have distinct hydro-morphological features and were suggested to be
important habitats for young fish in the Elbe River (Bischoff and Wolter, 2001). The left shore
was once similar to the right shore, but has been re-structured by removing the rip-rap and
by installing new types of modified groynes during the years 2007 to 2009 during an
ecologically orientated river engineering project (Schiemer et al., 1999; Reckendorfer et al.,
2005). These rehabilitation measures re-established a bankside flow and improved the
longitudinal and lateral connectivity of near-shore habitats. Self-dynamic processes formed
gravel bars, which are constantly re-shaped by the river (Fig. 2A).

Previous studies in the same sampling area have characterized the shorelines in
detail (Lechner et al., 2013). The gravel bar exhibits evenly distributed shallow areas along
the whole sampling range. Lateral velocities were very low (<0.1 m s!), as was turbulence.
The shallow areas in the rip-rap, however, are scattered and only very close to the shore.
The flow patterns within the groyne fields varied, but all showed a steep velocity gradient
between the fields and the main channel. Turbulence was higher compared to the gravel
bar, but remained relatively constant with increasing distance from the shore. Water depth

was generally greater at the artificial shore side.

Sampling design
Acquisition of larvae

Sampling took place on 18 days between the 9 May and 20 June, with increasing

intervals from one to seven days between two sampling dates. At four sampling stations at
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Fig. 1: Map of study area with water depths (blue) and flow velocities (green). The arrow indicates the direction
of flow. Modified after Lechner et al. (2013).

Fig. 2: Shoreline characteristics. (A) restored shore, exhibiting gravel bar and groynes cut at their roots to
enable bankside flow (red arrow). (B) artificial shore, exhibiting rip-rap and groynes, with adjacent groyne
fields. Photographs courtesy of H. Keckeis.

each shore, samples were taken at three different distances from the bank (inshore IN,
midshore MID, and offshore OFF). Due to different shore morphologies and water levels, the
distances between the poles (and from the most inshore pole to the shoreline) varied

between approximately 0.5 and 2 meters. Synchronous sampling took place in one-hour
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intervals, up to five times a day (from 7 pm to midnight), yielding a maximum of 60 samples
per day and shore.

Conically shaped drift nets (0.5 m diameter, 1.5 m long, 500 um mesh), equipped
with detachable collecting boxes, were used to catch fish larvae. Nets were suspended on
metal poles, which had been driven into the ground, allowing the nets to follow the current
(see also Humphries and King, 2004). All net triplets (IN, MID, OFF) were simultaneously
exposed and left in the flow for 30 minutes. A flowmeter (2030R, General Oceanics®, Miami)
was attached at the lower third of the entrance of each net to measure the volume of
filtered water. All captured fish larvae were killed with an overdose of MS-222 (Tricaine

methanesulfonate, Sigma-Aldrich®, St Louis) and preserved in 96% ethanol.

Sample processing and identification of larvae

In the laboratory, all samples were processed, separating fishes from organic and
inorganic material entrapped in the drift nets. The specimens were then separated into
taxonomic families and the larvae of the Gobiidae and Percidae where further identified to
genus and, when possible, down to species level. Identification of genera and species was
accomplished using papers on early development (Mansueti, 1964; Kovac, 1992; 1993a; b;
1994; 2000; Leslie et al., 2002; Leslie and Timmins, 2004; Specziar et al., 2009), as well as
general larval identification keys (Koblickaya, 1981; Urho, 1996b). Reliable and complete
sources on the identification of larval stages were not available for all species, and the
figures in the available literature are often ambiguous and poorly comparable. As a
consequence, species identification was not possible for most larval stages.

This study focuses on percids and gobiids because of their high conservation value
and ecological concern. While the percids consist of many threatened or even endangered
species in Austria (Wolfram and Mikschi, 2007), some of the gobiids are notorious for their
invasiveness (Wiesner, 2005; Harka and Bird, 2007; Wiesner et al., 2010; Kornis et al., 2012).
The species within the Percidae are: Danube ruffe Gymnocephalus baloni HoLClKk & HENSEL
1974, ruffe G. cernua (L. 1758), schraetzer G. schraetser (L. 1758), European perch Perca
fluviatilis (L. 1758), pikeperch Sander lucioperca (L. 1758), Volga pikeperch S. volgensis
(GMELIN, 1788), Danube streber Zingel streber (SieBoLd, 1863), zingel Z. zingel (L. 1766).
Within the Gobiidae the relevant species are: Western tubenose goby Proterorhinus
semilunaris (PALLAS, 1814), racer goby Babka gymnotrachelus (KessLErR, 1857), round goby

Neogobius melanostomus (PALLAS, 1814), bighead goby Ponticola kessleri (GUNTHER, 1861).
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The general nomenclature used here is after Kottelat and Freyhof (2007), except gobiid
nomenclature, which follows Neilson and Stepien (2009).

The total length (TL) of all fish was measured as a proxy for development stage.
Sliding callipers (+0.5 mm) were used for the length measurements. If the number of larvae
in a sample exceeded 35 individuals, then subsamples of 30 larvae were taken and the

identification and length measurement results were extrapolated for the whole sample.

Data analysis

Before analysis, all samples were standardized by calculating drift densities (DD;
number of individuals per 100 m® of filtered water). Non-parametric tests were used for the
statistical analysis because Kolmogorov-Smirnov tests revealed non-normal distributions (all
p<0.001). Mann-Whitney-U tests were used to detect shore-dependent differences of the
genera. Kruskal-Wallis tests were used to detect differences related to shore distance.
Kendall’s t-b coefficient was used to analyse correlations between size and season and time
of day, respectively. Correlations are based on raw data. Drift density data were transformed
because of the high frequency of zero catches and the high variation, by a logarithmic
transformation b=log(x+d)-c, where x is the original DD, d a decimal constant, and ¢ an order
of magnitude constant (following McCune et al., 2002). Statistical analyses were conducted
using PASW Statistics 18.0 (SPSS Inc.®, Chicago). Diagrams were generated and linear
regressions fitted using SigmaPlot 12.0 (Systat Software®, San Jose). All statistical
significances were Bonferroni corrected by multiplying the obtained significances by the

number of tests.

11
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Results

General

A total of 924 drift samples were examined, containing 29,163 individual larvae from
five families. The Cyprinidae (n=21,037; 74.3% of total catch) accounted for the highest
abundances, followed by the Gobiidae (n=6,322; 20.1%) and the Percidae (n=1,748; 5.5%).
The families Cottidae and Gasterosteidae comprised only 21 and 5 individuals, respectively
(Fig. 3A). Regarding shore type, more individuals were found on the left shore, mainly due to

a significantly larger proportion of cyprinids (Table 1).
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Fig. 3: Mean drift densities of all occurring families (A) and for Gobiidae and Percidae only (B). Percentages
relate to both shores combined. Note that the y-axis of the family diagram is scaled logarithmically. Error bars
are standard deviation. Untransformed data.

Genera and Species Identification

Percids are represented in Austria by eight species in four genera. All genera were
distinguishable from each other. The perch (Perca fluviatilis) is the only member of the
genus Perca and can therefore be addressed on species level. Juvenile pikeperch (Sander
lucioperca) and Volga pikeperch (S. volgensis) can be separated by their head shape and the
presence or absence of canine teeth. An unambiguous species identification of Sander larvae
failed. The same applies to the genus Zingel. The zingel (Zingel zingel) can be distinguished
from the Danube streber (Zingel streber) by the number of fin rays, when they have reached

approximately 15 mm TL, which corresponds to larval stage L6 sensu Penaz (2001). The

12
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larvae of Gymnocephalus species are very similar and were not distinguishable, except for
single findings of ruffe (G. cernua) and schraetzer (G. schraetser), which showed distinct
pigmentation or morphological features. Larvae of the Danube ruffe (G. baloni) could not be
confirmed. Therefore, seven of the eight percid species occurring in Austria were found.

The gobiids of Austria are represented by four monotypic genera (Neilson and
Stepien, 2009). Definitive identification was possible for the native Western tubenose goby
(Proterorhinus semilunaris), enabling a clear discrimination from the three other invasive
species. In contrast, no distinction between the three invasive species round goby
(Neogobius melanostomus), bighead goby (Ponticola kessleri), and racer goby (Babka
gymnotrachelus) was possible. Exceptions are larger individuals of P. kessleri and N.
melanostomus (>10 mm TL), which already exhibit adult-like shape and pigmentation.
However, individuals of this size were rarely observed. As an unambiguous species
identification of early life stages was not possible, the three invasive species were grouped
under their former genus name as “Neogobius” in the analyses.

See Supplement | for further comments on identification.

Table 1: Sampling dates, start and end time of sampling, number of 1 h intervals (rounds), and total sample size
of all families (n) with sums.

Shore Date Start End Rounds n
09.05.2011 20:30 22:30 3 274
10.05.2011 19:00 23:00 5 329
13.05.2011 19:00 23:00 5 2,179
16.05.2011 19:00 23:00 5 3,016

E 19.05.2011 19:30 23:30 5 1,435
24.05.2011 19:30 23:30 5 4,748
31.05.2011 20:00 0:00 5 2,118
08.06.2011 20:30 23:30 4 1,183
17.06.2011 20:30 23:30 4 959

316,241
11.05.2011 19:30 23:30 5 437
12.05.2011 19:00 23:00 5 577
15.05.2011 19:00 23:00 5 797

- 17.05.2011 19:00 23:00 5 627

) 20.05.2011 19:30 23:30 5 2,702

- 26.05.2011 19:30 23:30 5 3,068
01.06.2011 20:30 23:30 4 3,431
15.06.2011 20:30 23:30 4 751
20.06.2011 20:30 23:30 4 532

z 12,922

13
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Spatial distribution

The drift density of gobiids was higher than of percids on both shores, though with
substantial differences regarding bank side. Gobiids clearly dominated the right shore: the
mean DD was more than twice as high as on the left shore. In contrast, percid drift density
was almost threefold higher on the left versus right side (Fig. 3B). Accordingly, the
proportion of percids in the samples was much higher on the left shore. While the drift
density of gobiids on the right side (rip-rap) was more than ten times higher than that of
percids, this ratio was only 1:1.4 at the left shore (gravel bar; Table 2).

Regarding percids, most caught larvae belonged to the genus Zingel, followed by
Sander species (probably predominantly S. lucioperca, which would account for the most
common percid species). Specimens of Gymnocephalus and Perca were found at much lower
DD. All genera showed significantly higher drift densities on the left shore (all p>0.01). The

exception is Gymnocephalus, although not statistically significant (p=0.582; Fig. 4).
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Fig. 4: Mean drift densities of all gobiid (left columns) and percid (right columns) genera. Note that the y-axis is
scaled logarithmically. Error bars are standard deviation. Asterisks indicate significant differences between
shores: * p<0.05, ** p<0.01, *** p<0.001. Untransformed data.

Concerning gobiids, the genus “Neogobius” was overwhelmingly dominant. The
native species Proterorhinus semilunaris accounted for only approximately 1% of all gobiid

larvae. The proportion of Proterorhinus amongst the gobiids, however, was higher on the left
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shore (ca. 2.5%) than on the right shore (ca. 0.5%), although without statistical significance
(p=0.072). “Neogobius” larvae showed significantly higher DD on the right shore (p<0.01),
with twice as high mean DD (Fig. 4).

Temporal distribution
Seasonal patterns

The seasonal course of drift was specific for each genus, and was characterized by
differences in abundance (i.e. maximum DD) as well as by the different timing and number
of peaks (uni-, bi-, or multimodal; Fig. 5).

Percids were present in the samples from the first sampling day on, indicating an
earlier start of drifting season. Drift densities increased, peaking in mid-May, and then
declined to nearly zero in late June. The seasonal course in percid genera was bimodal for
Perca (mid-May, early June) and Sander (mid-May, late May), but unimodal for
Gymnocephalus and Zingel (both mid-May). Beyond the abundance differences, the general
seasonal course was relatively similar for both shores.

Gobiid drift started in the second week of May and reached a first maximum in late
May, followed by constantly high DD throughout the remaining sampling period. The
seasonal course showed no clear pattern and lacked distinctive peaks. While Proterorhinus
showed a relatively similar course on both shores, the patterns for Neogobius were

different: the first peak occurred approximately two weeks earlier on the right shore.

Nocturnal patterns

The timing of sunset varied from 8:17 pm to 8:56 pm. Percids were already drifting
before sunset, although at low abundances. After dusk, the drifting density rose moderately
and increased until the end of the sampling time along the left bank. At the right shore, drift
density also increased after sunset but remained relatively constant thereafter. This general
pattern was found in all percid genera (Fig. 6).

Gobiids were almost absent in the drift before sunset. After dusk, their density
strongly increased on both shores. On the right shore, however, drift densities of
Proterorhinus and Neogobius dropped again after approximately 10 pm. The left shore, in

contrast, showed a more or less constant increase until the end of sampling (Fig. 6).
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Seasonal course of larval drift in the Danube
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+0.032). This indicates no ontogenetic effects on

larval drifting and a more or less continuous production of offspring throughout the
investigation period. Body size, however, was significantly correlated with date for
“Neogobius”, though the correlation coefficients are relatively small, ranging from 0.17 to
0.33 (Table 4).
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Significant, albeit small correlations of size and time of day were found only for
“Neogobius” (p<0.001; both shores) and Sander (p<0.001; left shore). Correlation co-
efficients ranged between 0.08 and 0.20. All other correlations were statistically not

significant (Table 5).

Table 2: Median, mean, standard deviation, minimum, and maximum size (total length in mm), and number of
caught larvae (n) of percid and gobiid genera. Note that the total number of individuals of each family is lower
than in Table 2, because size measurement was not possible for all caught larvae.

Genus Median Mean SD Min Max n
Proterorhinus 7 6.6 1.0 5 12 67
“Neogobius“ 9 8.6 1.2 6 22 6,255
Perca 11 14.8 7.6 6.5 37 91
Sander 21 22.2 16.7 8 57 773
Gymnocephalus 6 7.0 2.8 4 20 116
Zingel 9 104 3.6 6 35 768

Table 3: Correlation of size and date. Kendall’s t-b correlation coefficients and statistical significances
(Bonferroni corrected) of correlations between larval body size and date of capture. Asterisks indicate
significance: * p<0.05, ** p<0.01, *** p<0.001.

left shore right shore

Genus Kendall's Sign. Kendall's T Sign.
Proterorhinus 0.011 <1 -0.118 <1
"Neogobius" 0.174 *kx <0.001 0.329 Hokk <0.001
Perca 0.739 *Ex <0.001 0.519 * 0.023
Sander 0.638 oAk <0.001 0.558 *okx <0.001
Gymnocephalus 0.452 ook <0.001 0.249 0.122
Zingel 0.477 *kx <0.001 0.309 *okx <0.001

Table 4: Correlation of size and time of day. Kendall’s t-b correlation coefficients and statistical significances
(Bonferroni corrected) of correlations between larval body size and time of day. Asterisks indicate significance:
* p<0.05, ** p<0.01, *** p<0.001.

left shore right shore
Genus Kendall's T Sign. Kendall's T Sign.
Proterorhinus 0.05 <1 -0.416 0.48
"Neogobius" 0.08 ok <0.001 0.11 *okk <0.001
Perca 0.098 <1 0.098 <1
Sander 0.198 *Ax <0.001 0.163 0.10
Gymnocephalus -0.06 <1 0.197 <1
Zingel 0.022 <1 0.096 0.98
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Discussion

General

The hydrological parameters differ substantially along the two shorelines, likely
resulting in different conditions for fish larvae. In a previous study in the same sampling
area, Lechner et al. (2013) calculated a more than fourfold higher value of suitable larval
habitats for the rheophilic nase carp, Chondrostoma nasus (L., 1758), along the gravel banks
compared to the rip-rap. Gravel bars are more suitable for the larvae of most riverine
(rheophilic) species.

This study confirmed drift in 10 of 12 species of gobiids and percids in Austria,
including the endangered Western tubenose goby, Volga pikeperch and Danube streber
(Wolfram and Mikschi, 2007). This provides evidence that these species are still able to
successfully spawn in this section of the Danube. Drifting individuals of Zingel streber,
though in very low numbers, have also been found by Zitek et al. (2004b) in the Marchfeld-
kanal, an artificial side branch of the Danube. Larvae or juveniles of Sander volgensis have
not yet been found in comparable drift studies (e.g. Reichard et al., 2002b; Zitek et al.,
2004b). Somewhat surprisingly is the dominance of Zingel species in the samples, because
both zingel and Danube streber are generally rarely caught as adults (Schabuss and
Reckendorfer, 2002; Erés et al., 2008; Keckeis, 2013; Loisl et al., 2013). The same applies for
individuals of the genus Sander, at least in the Austrian Danube (Schabuss and Reckendorfer,
2002; Keckeis, 2013; Loisl et al., 2013). In a study in the Hungarian Danube, however, Sander
lucioperca was the second-most common percid (Erés et al., 2008). The high abundances of
early stages of Sander and Zingel species, but low abundances of adult fishes point to high
mortality rates of young fish of these genera. In contrast, Perca fluviatilis showed rather low
drifting densities, but is generally the most abundant adult percid in the Danube and its
backwaters (Schabuss and Reckendorfer, 2002; Erés et al., 2008; Loisl et al., 2013). This
supports the suggestion of some authors that this species, at least partly, avoids drift
(Reichard et al., 2002b; Zitek et al., 2004b). In the gobiids, the equally high abundances in
the drift (Loisl et al., 2013) corroborates the view of an obligatory and stable drifting phase.

In comparable studies in the Danube and its tributaries, drift was dominated by
gobies, followed by cyprinids and percids (Zitek et al., 2004b; Lechner et al., 2010). The

proportion of gobiids in the present study is notably lower, with Cyprinidae being the
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dominant family. Nevertheless, the fact that young stages of only four gobiid species make
up for the second most abundant family in the drift (cf. Cyprinidae: 39 spp. in Austria)
highlights their invasive potential. Since 1990, these gobies, originating from Ponto-Caspian
regions, have spread across the European continent, the Baltic Sea and the Great Lakes of
North America (Ricciardi and Maclsaac, 2000; Harka and Biré, 2007; Kornis et al., 2012).
Deliberate introductions by aquarists and unintentional transport with commercial ships
(ballast-water, eggs sticking to outer hull), in combination with natural dispersal, are a likely
explanation for the rapid spread of gobies (Polacik et al., 2008; Wiesner et al., 2010).
Multiple introduction events, high tolerance levels, and fast local adaptations facilitate their
invasiveness (Harka and Bird, 2007; Kornis et al., 2012). Deleterious effects on native fish
species after an invasion by gobies are well known, especially regarding N. melanostomus
(reviewed in Kornis et al., 2012). As an example, the introduction of round gobies has led to
a drastic decline in abundances and even local extinctions of the benthic fishes mottled
sculpin Cottus bairdii GIRARD, 1850 and Johnny darter Etheosoma nigrum RAFINESQUE, 1820 in
Lake Michigan, USA (Janssen and Jude, 2001; Lauer et al., 2004). It remains unclear, but
conceivable, that the rarity of the European bullhead Cottus gobio (L., 1758) - the only
member of the Cottidae in Austria - in this study is also caused by competition with gobiid
species. Unfortunately, historical data or time series are lacking. Bullheads are known to
spawn relatively early in the year (Mills and Mann, 1983; Kottelat and Freyhof, 2007); this, in
combination with a probably very short drifting phase, may explain the low abundances in
the samples. Furthermore, a general avoidance of drift entry was suggested (Lechner et al.,

2010).

Spatial distribution

The occurrence of larvae (and juveniles) clearly shows that (1) suitable spawning
grounds exist, (2) conditions were suitable for the eggs to develop, and (3) adequate larval
habitats are present, in which the larvae were able to feed and grow (see also Humphries
and Lake, 2000). Gobiids showed higher drift densities on both shores, but the proportion of
percids was much higher on the left shore. Therefore, the left, restored shore is apparently
more suitable for early stages of percids. The number of unambiguously identified
individuals (larger larvae and juveniles) of the endangered Volga pikeperch and Danube

streber was also higher on the left shore, which further emphasizes the importance of
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natural shores and a continuation of restoration measures. Note, however, that these ratios
must be interpreted with caution because both species were found in very low abundance.
Other authors came to similar results regarding juvenile and adult fishes (Loisl et al., 2013).
Artificial shorelines may share the same species pool with natural shores, but the relative
abundances of eurytopic and habitat specialist (e.g. rheophilic) species are often different.
Habitat specialists, which account for most species of high conservation concern (Schiemer
et al., 2004), are generally more dominant on natural shores in the Danube (Schiemer et al.,
1991; Schiemer and Waidbacher, 1992; ErGs et al., 2008; Keckeis, 2013).

Most gobies, particularly the highly invasive species N. melanostomus and P. kessleri,
prefer rocky habitats such as rip-raps. They can, however, also thrive on gravel, sand, and
mud, even at equally high densities in some locations (Ray and Corkum, 2001; Polacik et al.,
2008; Taraborelli et al., 2009; Young et al., 2010). Thus, the substantially lower abundance of
“Neogobius” on the restored left shore may indicate a lower habitat suitability for the larvae,
or reflect a lower suitability as a spawning ground for adults. Another perspective is that an
intact and abundant native fish community may mitigate the impact of invasive species in
terms of an ‘invasion resistance’ (Baltz and Moyle, 1993; Stachowicz et al., 1999; Lyons and
Schwartz, 2001; but see Moyle and Marchetti, 2006), although whether this is also true on a

larval level remains to be determined.
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Note also, that the total DD of all fish families was highest on the left side, mainly due

to the abundant cyprinid larvae. This supports the proposed hypothesis that the gravel bar is
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inhabited by a larger total number of fish larvae. Since it is unknown which species/genera
are amongst the Cyprinidae in this study, no general conclusions about the suitability of the
shore types for native and invasive species can be made. However, the distribution and
abundance of percids and gobiids alone strongly support the proposed hypotheses that

native species perform better on the restored shore, while invaders thrive on the rip-rap.

Temporal distribution and size
Seasonal patterns

Seasonal drift patterns are family- and genus-specific. The timing of first occurrence
and peak abundances in the drift is highly dependent on spawning time (Brown and
Armstrong, 1985; Pavlov, 1994). A multimodal course of drift density may therefore indicate
multiple spawning events. Timing of spawning in the Danube and its tributaries is in turn
primarily influenced by water temperature, day length, and flow (Ahnelt and Keckeis, 1994;
Reichard et al., 2002b; Zitek et al., 2004a; Rakowitz et al., 2008). This holds also true for the
development of the embryos and larvae, as well as for developmental events such as
hatching, filling of the swim bladder, or beginning of exogenous feeding (Kamler et al., 1998;
Keckeis et al., 2001).

The seasonal pattern of percid drift was similar on both shores. This suggests that
general drift patterns are not strongly affected by shore type and prevailing hydrological
conditions. Gymnocephalus and Zingel showed single peaks, followed by a steep decrease in
drift density thereafter, pointing to a relatively narrow time window of spawning and
drifting. Little is known about the larval biology of Gymnocephalus and Zingel.
Gymnocephalus species are supposed to have completely benthic larvae (G. schraetser), or
only a brief pelagic phase (G. cernua) followed by a switch to a benthic lifestyle (Kottelat and
Freyhof, 2007). In percids, ontogenetic switches may be accompanied by a migration to, and
settlement in, near-shore habitats. Once the young fish are settled, drifting and thus the first
long-range dispersal is probably mostly over (Coles, 1981; Miehls and Dettmers, 2011). Note,
however, that dispersal may not be the ultimate trigger for habitat shifts: changes in
predation risk or food sources as the young fish grow are more likely causes (Urho, 1996a;
Persson and Crowder, 1998; Bystrom et al., 2003; Miehls and Dettmers, 2011). Nevertheless,
a habitat switch to benthic, near-shore areas is ought to coincide with the end of the drifting

phase. In Gymnocephalus, a very brief pelagic phase can be inferred from the frequency
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distribution diagram because most larvae drift at small sizes <10 mm TL (Fig. 8). The genus
Zingel shows a very similar course, although at generally larger sizes than Gymnocephalus.
Information on the early life history of the native Zingel species is scarce. Kottelat and
Freyhof (2007) report a switch from pelagic to benthic habitats at approximately 25 mm TL
for the closely related apron Z. asper (L., 1758). The present study was unable to confirm this
rather long pelagic (and likely drifting) phase. As 90% of Zingel larvae drift at sizes <15 mm
TL, Z. zingel and Z. streber apparently switch to a benthic lifestyle substantially earlier than
their congener.

Broader time ranges with bimodal courses were exhibited by Perca and Sander, with
larger proportions of drifting juveniles compared to the other two percid genera. This is in
concordance with the literature, which reports a relatively long pelagic phase, followed by a
switch to benthic habitats at approximately 20 to 30 mm TL for Perca (Spanovskaya and
Grygorash, 1977; Coles, 1981; Miehls and Dettmers, 2011) and Sander (Specziar, 2005).

Minimum sizes of all percids increased during the sampling period. Therefore, no
newly hatched larvae emerge in the drift beyond a certain time. This indicates a rather short
spawning season for all percids. As the sampling period did not cover the start of the drifting
season of all percid genera, further conclusions about spawning time and duration cannot be
drawn. However, the prolonged spawning season of some percids (perch: February to July;
schraetser: April to June; Kottelat and Freyhof, 2007), could not be confirmed. It is possible,
though unlikely, that later spawning events not covered in the sampling period occurred.
The drift densities of all percid genera cease in late June. Spawning and larval development,
as well as dispersal, seem to be mostly restricted to the spring months. This is followed by
settlement of later ontogenetic stages in near-shore habitats, or drift avoidance due to
improved swimming abilities.

The seasonal course of gobiid drift is multimodal and does not follow any clearly
recognizable pattern. Moreover their drift densities remain relatively constant during the
sampling period. Spawning and drifting probably continue throughout the summer, as
continuous spawning is well known in gobies. According to the literature, spawning takes
place every three to four weeks, from approximately April to September (Charlebois et al.,
1997; Kottelat and Freyhof, 2007). The results of the present study also point to continuous
spawning because the mean sizes of Proterorhinus and “Neogobius” remained constant
throughout the season and recently hatched individuals were found even at the last

sampling days. Similar results were also found for the Czech Danube (Jandac et al., 2013). This
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points to an advantage of gobiids over most native fishes and is one explanation for their
invasiveness. Interestingly, although Proterorhinus and the “Neogobius” species share many
similarities, the invasive gobies have larger mean body sizes (Table 3), probably creating
competitive advantages. This may be one of the reasons for the decline of the native
tubenose goby in the Danube (Mikschi et al., 1996; Wolfram and Mikschi, 2007) and the
resulting low abundances in the drift.

More than 95% of all gobies drift at sizes <10 mm TL. This most likely reflects a rather
early and rapid shift to a benthic lifestyle, with corresponding drift avoidance, above a
certain size. Therefore, dispersal in gobiids is limited to the very early life stages, followed by
settlement in, and exploitation of, benthic habitats.

While there seem to be no major shore-dependent difference in drift patterns for
Proterorhinus, the “Neogobius” species exhibit an earlier drifting peak on the right shore.
The reason, however, remains unclear. A shore-related cause (such as an increased
likelihood of being washed out by waves) seems improbable because this peak is not evident

in any other genus or in larvae of other similarly-sized species.

Nocturnal patterns

The nocturnal course of drift shows distinct patterns in the Percidae and Gobiidae.
Illumination is a key factor in fish larvae drift. Usually, drift density is negatively correlated
with illumination level (Reichard et al., 2002a). Accordingly, most larvae drift between dusk
and dawn (Pavlov, 1994; Reichard et al., 2002a; Zitek et al., 2004a). This was also confirmed
by the present study, though with family dependent differences. As percids already drift
before sunset, illumination level is apparently not the only trigger for drift entry and has a
lesser influence than in gobiids. Other proposed reasons for higher nocturnal activity,
reflected in higher drift entries at night, are an avoidance of (visual) predators (Corbett and
Powles, 1986; Harvey, 1991), or inversely the following of food sources, like invertebrates
(Armstrong and Brown, 1983).

Within families, the night-time drift patterns of the genera were relatively similar for
Percidae and Gobiidae, respectively. This overall pattern could potentially change in the
second half of the night, which was not sampled here. However, previous studies suggested
that the loss of information is acceptable, i.e. if only the first few hours of darkness are
sampled (Persat and Olivier, 1995; Zitek et al., 2004a). In contrast, Janac et al. (2013), who

monitored drift patterns from sunset to sunrise, found differences in the nocturnal course of
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round and tubenose gobies. While the abundance of the former rapidly decreased after a
peak 2.5 h after dusk, numbers of the latter varied until dawn. These distinctions would not
have been found with early night sampling.

The loss of visual orientation in darkness was proposed as a main cause for the high
drift densities of early fish stages at night (Pavlov et al., 1978; Pavlov, 1994). Drifting would
in this case be a passive process. If this hypothesis is true, larger individuals should be less
susceptible to drift, due to better vision (Fernald, 1990), resulting in a later drift entry. No
such significant correlations were found for Proterorhinus and all percids (except Sander,
right shore). Thus, larger individuals are not less (or more) prone to drift than smaller ones
regarding time or illumination level. Significant correlations were found for “Neogobius” and
Sander (left shore; Table 5). Nonetheless, the correlation coefficients, and therefore the
fractions of explained variance, were relatively low. Therefore, time of day apparently has no
major influence on the size distribution of these species in the drift. Combined, this
information indicates that the drift in Percidae and Gobiidae is, at least in part, an active
behavioural decision rather than a mere passive act. Similar conclusions have been drawn

for cyprinid fishes (Reichard et al., 2002a; but see Zitek et al., 2004a).

Conclusion

Seasonal and nocturnal drift patterns differed distinctly between Percidae and
Gobiidae. Percids stop drifting, and therefore dispersing, much earlier in the year than
gobiids, which were still abundant at the end of the sampling period in June. In gobies, this
reflects multiple spawning events (continuous spawning). The size of drifting larvae gradually
increased with season in percids, but remained constant for the gobiids. Drifting is therefore
restricted to a fairly narrow time or size-window in gobies. While gobiids are almost absent
in the drift before sunset, percids were already drifting at the start of sampling (early May),
though at low abundances.

Although both shores shared the same species (genera) pool, abundances and drift
densities differed substantially. Percids were more abundant along the semi-natural shore,
whereas gobiids clearly dominated the rip-rap. Re-structuring of formerly artificial shorelines
is therefore also beneficial for the larvae of native fishes, especially for species of high
conservation concern. Removal of rip-rap and other artificial embankments are an

appropriate measure to promote the availability of sufficient spawning and nursery areas for

27



Seasonal course of larval drift in the Danube

native riverine fishes (see also Keckeis et al., 2014). This will help support a diverse native
fish community and, according to the results of this study, mitigate the impact of invading

species.
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Supplement | - Comments on identification

Family identification

Cyprinidae:

Percidae:

Gobiidae:

Cottidae:

Gasterosteidae:

Percidae

single dorsal fin
anus in posterior half of body
no teeth visible

two dorsal fins (separate or connected)
anus in anterior half of body
wedge-shaped head

jaws toothed (from L3)

two dorsal fins (connected)
club-shaped body
ventral fins fused to suction discs

big, sail-like pectoral fins
head flattened dorso-ventrally
ventral fins not fused

three to nine spines in front of first dorsal fin
juveniles with lateral bony plates, no scales

David Ramler

Larvae can be separated by the number of myomeres on the trunk (head to anus) and tail

(anus to caudal fin). If the yolk sac is not already consumed, the myomeres between the yolk

sac and anus can be counted (Table S1; Urho, 1996b; personal observation).

Table S1: Distinctions of percid genera based on myomere counts

Genus yolk sac—anus trunk tail

Perca 4-6 17-19 23-26
Sander 7-9 18-21 27-31
Gymnocephalus 2-3 13-16 22-24
Zingel <3 14-15 28-33

Genera also differ regarding size-at-hatching (Tab. S2). This is particularly valuable in

distinguishing between Gymnocephalus and Zingel, as they differ only in the number of tail
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myomeres, which are difficult to count in yolk sac larvae (i.e. larvae <6 mm probably do not

belong to the genus Zingel).

Table S2: Average size-at-hatching and minimum/maximum values (range) for percid genera

Genus avg. size range (mm) References

Perca 5.5 5-6 (Arlet, 1945); Urho (1996b); (Vlavonou et al., 1999)
Sander 4.5 4-55 (Koblickaya, 1981; Schlumberger and Proteau, 1996)
Gymnocephalus 3.5 2.5-4 (French and Edsall, 1992; Kovac, 1992; 1993a; b)
Zingel 6 6 (Kovac, 2000)

Larger larvae (> 10 mm TL) can also be separated by the length of the upper jaw (maxilla) in
relation to the eye (Table S3; Urho, 1996b; personal observation).

Fig. S1: Habitus of larvae and young fishes of the genera of percids (A-D) and gobiids (E-F) in drift samples from
the Austrian Danube. (A) Perca, TL: 9,0 mm. (B) Sander, TL: 9,5 m. (C) Gymnocephalus, TL: 6,5 mm. (D) Zingel,
TL: 10 mm. (E) Proterorhinus, TL: 7,0 mm. (F) Neogobius, TL: 8,0 mm.
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Table S3: Category of threat (after Wolfram and Mikschi, 2007), length of upper jaw (maxilla) in relation to the
distance from snout to eye center, and number of fin rays for percid and gobiid genera.

. . Category Maxilla vs. Number of fin rays
Family Genus Species - - -
of threat eyecenter Dorsalis 1 Dorsalis 2 Analis
Perca fluviatilis LC equal 14-20 13-16 9-12
lucioperca NT longer 12-14 21-24 12-14
Sander )
volgensis EN equal 12-13 21-26 11-13
(]
< baloni VU shorter 14-15 11-12 7-8
§ Gymnocephalus cernua LC shorter 11-14 11-16 7-8
schraetser VU shorter 17-19 11-14 8-9
streber EN shorter 7-10 10-14 13-15
Zingel ]
zingel VU shorter 12-15 18-22 13-15
Proterorhinus ~ semilunaris EN shorter 6 16-18 13-16
(]
5 melanostomus invasive shorter 6 15-18 13-14
§ Neogobius kessleri invasive equal 6 18-19 13-16
gymnotrachelus  invasive shorter 6-7 16-19 13-16

The perch (Perca fluviatilis; Fig. S1A) is the only representative of the genus Perca in Austria.
It can be confused with pikeperches, but is besides the characteristics mentioned above
identifiable by the following attributes: relatively small, edgy head; lower jaw rising steeply;
slender body; possibly linear pigmentation between (!) the myomeres on tail (Fig. S2A). In

addition, perches have fewer fin rays in the dorsal and anal fin than pikeperches (Table S3).

Sander species (Fig. S1B) can be unambiguously identified at about 15 mm TL. Characteristics
for the pikeperch (S. lucioperca) are: canine teeth present; upper jaws (maxilla) reach
beyond eye center; snout pointed; eyes relatively small (Fig. S2D). For the Volga pikeperch
(S. volgensis): no canine teeth; upper jaw does not reach beyond eye center; snout less

pointed; eyes relatively large (Fig. S2E). See also Specziar et al. (2009)

Species of the genus Gymnocephalus (Fig. S1C) are hardly distinguishable because they show
very similar meristic features (number of fin rays, myomeres) as well as body shapes.
Identification on species level is only possible in exceptional cases. The ruffe (G. cernua) may
be distinguished from other Gymnocephalus species by a possible protruding lower jaw (Fig.
S2B). The schraetzer (G. schraetser) shows a characteristic stripe-like pigmentation on the
anterior trunk (Fig. S2C), which, however, may be not visible on larvae or weakly pigmented

individuals. See also Kovac (1994).
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Zingel (Z. zingel) and Danube streber (Z. streber) can be distinguished by the number of rays
in the dorsal fin, when the development of fin rays is completed at approximately 15 mm TL
(Table S3; Fig. S2F,G). The thickness of the caudal peduncle is less clearly different than in

adult fish and therefore not suitable for identification.

Gobiidae

The genus Proterorhinus (containing the Western tubenose goby as the only species; Fig.
S1E) can be distinguished from other gobies by its characteristic pigmentation. The head
(occipital region) exhibits a ring-like pigmentation, which looks crescent-shaped when
viewed from lateral. Furthermore, the tubenose goby is the only gobiid which shows a
completely pigmented yolk sac or a pigmented ventral abdominal area in more developed
larvae (Fig. S3A). The name-giving nasal tubes can be found on larger individuals (> 10 mm
TL). These can be tightly fitted to the head and therefore difficult to see. Note that round

gobies may also exhibit small nasal tubes, but never as long as in tubenose gobies.

The pigmentation of the “Neogobius” species (Fig. S1F) is irregular on the head and linear,
ribbon-like, or pointed on the rest of the body. Small individuals are hardly identifiable
because the important distinguishing features develop only later. Identification also relies on
relative measurements, which are also less pronounced in smaller individuals. The
pigmentation of gobies is generally very heterogeneous and can also vary within a species.
Pigmentation patterns are thus not suited as a distinguishing characteristic, at least in 0+
fishes.

The round goby (N. melanostomus) can be easily identified by the typical black spot on the
posterior edge of the first dorsal fin (Fig. S3B). However, small individuals and weakly
pigmented ones may lack a clear spot. Other gobiids can also show a pigmented dorsal fin,
but usually featuring a paler and more stripe-like pigmentation. Further characteristics of the
round goby are: steep-sloping forehead; thin lips; mouth gap not reaching center of eye (Fig.
S3D).

Larger individuals of the bighead goby (Ponticola kessleri) show a large, broad head, with a
shallow-sloping forehead. The lips are thick and the mouth gap reaches to or beyond the
center of the eye (Fig. S3C). The first dorsal fin is pigmented, usually exhibiting a double,

linear pigmentation.
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The racer goby (Babka gymnotrachelus) is the fourth goby occurring in Austria. It is the
rarest species and could not be identified in the samples of the present study. Its
appearance is similar to that of the round goby, or intermediate between round and bighead
goby. The main distinguishing features of the adult fishes, such as the scale-less operculum
and the diagonal stripes on the body (Kottelat and Freyhof, 2007), are not applicable for

young individuals (no scales on whole body, underdeveloped pigmentation).

Fig. S2: Distinguishing features for species of larval and juvenile percids. (A) Perca fluviatilis: characteristically

point-like or linear pigmentation between (!) the myomeres of the trunk. (B) Gymnocephalus cernua: the lower
jaw of larvae may project over the anterior end of the upper jaw. (C) Gymnocephalus schraetser: characteristic
ribbon-like pigmentation on trunk. (D) Sander lucioperca: the posterior end of the maxilla extends beyond the
center of the eye; snout pointed. (E) Sander volgensis: the posterior end of the maxilla does not extend beyond
the center of the eye; snout blunt. (F) Zingel zingel: longer dorsal fins with higher number of fin rays. (G) Zingel
streber: shorter dorsal fins with fewer fin rays.
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Fig. S3: Distinguishing features for species of 0+ gobiids. (A) Proterorhinus semilunaris: characteristic crescent-
like pigmentation on head (short arrows); yolk sac, or ventral abdominal region, respectively, pigmented (long
arrow). (B) Neogobius melanostomus: distinct black spot on posterior region of first dorsal fin. (C) Ponticola
kessleri: mouth gap extends to or beyond the center of the eye; thick lips; broad, flat head. (D) Neogobius
melanostomus: mouth gap does reach center of eye; thinner lips, head less broad, steep slope of forehead.
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