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Abstract Ponto-Caspian gobies have invaded many
river systems in the northern hemisphere, but their
colonization patterns often remain unrecognized at the
early stages of invasion. Here, we analyzed the
ongoing invasion of the round goby Neogobius
melanostomus (Pallas, 1814) in the Elbe River (Ger-
many) by combining literature research with elec-
trofishing and environmental DNA (eDNA) sampling.
Along the surveyed 517 km, abundances peaked in the
upper and lower sections, while low or no goby
abundances were detected in the middle section. Com-
bining the results of the field survey and literature data,
we inferred four dispersal modes, jointly appearing
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during the colonization. (1) Human mediated trans-
port, which was responsible for the initial colonization
of the tidal Elbe and for a jumpy expansion to the
upstream sections. (2) Fast downstream colonization,
which was particularly observed for juvenile individ-
uals. (3) Slow upstream migration, which was also
recorded for another goby species, the bighead goby
Ponticola kessleri (Giinther, 1861) and (4) Lateral
invasion via a major shipping canal in the middle river
section. The eDNA analyses generally supported these
conclusions and showed a high sensitivity and thus
increased detection strength at low goby densities. Our
study showed that the location of the first occurrence,
as well as the dispersal mode, strongly determines the
invasion process of non-native gobies.

Keywords Dispersal modes - Neogobius
melanostomus - Ponticola kessleri - Elbe river -
Electrofishing - Environmental DNA (eDNA)

Introduction

Gobies such as Neogobius melanostomus (Pallas,
1814) or Ponticola kessleri (Giinther, 1861) are
invasive species to rivers throughout Europe and
North America, with their native range in the Ponto—
Caspian basin. They are known for having a high
reproduction success and for being strong food
competitors, which together lead to a major threat to
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the invaded river ecosystem. A successful invasion is
often followed by a decline in abundances of native
fish and a reduction in diversity and number of
invertebrates (Borcherding et al. 2011; Cerwenka et al.
2018). Hence, knowledge of dispersal mechanisms,
their establishment and how this influences the
invasion progress are important for the affected river
and of high interest for riverine management. For large
river systems, four dispersal patterns can be observed,
which distinctly differ in the resulting dispersal speed.
(1) A jumpy distribution to new river sections that can
lead to colonization far from the original population
(Brownscombe et al. 2012). This type of invasion is
predominately human-mediated, especially via boats,
ballast water, or intentional releases (Roche et al.
2013). (2) Downstream dispersal, which is faster than
upstream migration (Janac et al. 2013; Borcherding
et al. 2016). (3) Active upstream migration, which is
usually slow (Brownscombe and Fox 2012), and (4)
Lateral migration via shipping canals, which connect
naturally isolated river catchments. This invasion path
may result in highly connected “super-catchments”
(Leuven et al. 2009).

To understand the role and interplay of these
dispersal modes in colonizing new river ecosystems
requires the consideration of early invasion phases.
Here, we studied the early invasion dynamics of N.
melanostomus in the Elbe River (Germany) and
analyzed the invasion front and reconstructed the
dispersal processes by means of a comprehensive
literature survey and a detailed field sampling of
gobies along a 517 km free-flowing river stretch. In
addition to electrofishing, we used environmental
DNA (eDNA) as a powerful emerging tool allowing
the detection and tracking of less abundant species.
We therefore combined both monitoring methods in
our field-survey, enabling a comparison of conven-
tional fish sampling results by electrofishing with
eDNA detection of N. melanostomus along the river
course.

Materials and methods
Study area
The Elbe River is an 8th order lowland river with a

total length of about 1092 km and a catchment area of
148,268 km?. The spring region is in the Krkonose
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Mountains (Giant Mountains), Czech Republic. After
364 km, the river passes the Czech—German border,
where the German river kilometrage starts with river
kilometer (rkm) “0” (Hofmann et al. 2005). We
studied the free-flowing German river section from
rkm 66 to rkm 582.7 (Fig. 1, Online Resource 1). A
further sampling site was located in the Mulde River
(1.5 Mulde km upstream of the mouth), a 314 km long
non-navigable tributary that flows into the Elbe River
at km 259 (Fig. 1, Online Resource 2). With no
positive goby detection until now, we expected this
site to be a non-invaded reference. Such reference sites
may be of great interest as little is known about the
small-scaled dispersal and the behavior of N. melanos-
tomus into hitherto uninvaded water bodies (éla-
pansky et al. 2020). At Elbe km 333, the Midland
Canal over crosses the Elbe and joins the river via its
connecting canals (Fig. 1). It is the longest artificial
waterway in Germany and strongly used for naviga-
tion (Matteikat et al. 2016).

Literature study

We conducted a thorough literature review consider-
ing published documents from May 2008 (first doc-
umented goby occurrence in Elbe River) up to January
2020. The considered topic related keywords are given
in Online Resource 1. Furthermore, we interviewed
anglers, local fishing associations and related
authorities.

Sampling

Sampling was carried out in October 2018 by means of
electrofishing in the morning along 12 equidistantly
(60 rkm) located sampling site along the Elbe River.
An additional sampling site was in the Mulde River
(Fig. 1, Online Resource 3). We considered the most
common near-shore habitats present in the Elbe River,
i.e. rip-rap and groynes (Brabender et al. 2016) that
provide a preferred habitat of gobies (Borcherding
et al. 2011). Fish sampling was carried out by point
abundance electrofishing (electrofishing generator
EFGI 650 at rkm 66, and electrofishing generator
DEKA 7000, DEKA Geritebau Marsberg, Germany at
all other sites) along 450 m near-shore stretches at
each sampling site. All caught fish were identified to
species, counted and total body length was measured
to the nearest mm. Gobies were weighted to the
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Fig. 1 Map indicating the course of the Elbe River, the Mulde
River and the Midland Canal (blue lines). Sampling sites of the
present study are marked with crosses and numbers for river km.
The records from the literature are marked with dots and letters.
The inlet shows the Midland Canal and its connecting canals to

nearest mg (Sartorius GL3202i-1CEU, Germany) and
removed from the water body. All other fish species
were released. The age composition of N. melanosto-
mus was estimated by using a length-frequency
distribution analysis. Ages were classified according
to peaks in the distribution (Duemler et al. 2016).
According to the size classes, N. melanostomus was
classified into four age groups, ranging from “0 + ”

tO 663 + ”.
eDNA sampling and analysis

In order to provide a seamless comparison of results by
established methods in biomonitoring (such as elec-
trofishing) and eDNA sampling, we collected data
with both methods in the present study. Prior to
electrofishing, triplicate samples of near shore water
(2500 ml each) were taken from downstream to
upstream from each sampling site following the

the Elbe River: RCC (Rothenseer connecting canal, rkm 333.6),
NCC (Niegripper connecting canal, tkm 343.7) and PCC
(Pareyer connecting canal, tkm 371.5). Additional data on
sampling sites and literature records are given in Online

Resources 2 and 3

protocol of Adrian-Kalchhauser and Burkhardt-Holm
(2016). Samples were stored in portable fridges and
filtered in the laboratory within 24 h after collection.
DNA from water samples and contamination-controls
was extracted using the Qiagen DNeasy PowerWater
Kit (Germany). We modified the manufacturers’
guidelines and increased the buffer volume PW1 to
1.2 ml, because of the use of glass fiber filters
(Whatman, GF/F grade, 07 um) that have a higher
capacity to absorb liquids compared to other filter
types (e.g. polyethersulfone or cellulose). Recovery of
PWI1 after the lysis step was further improved by
squeezing the filter with a 200 pl pipette tip while
transferring the PW1 supernatant to a clean 2 ml

collection tube.
PCR amplification followed the touchdown PCR

protocol with bovine serum albumin (BSA) as a
supplement according to Adrian-Kalchhauser and

Burkhardt-Holm  (2016), using primer pair
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SL_eDNA_NM_FI1/R1 that have been specifically
designed for N. melanostomus. From each filter (water
samples and contamination controls), three PCR
reactions were performed as technical replicates in a
total volume of 10 pl each, using the GoTaq® G2 Hot
Start Colorless Master Mix (Promega, Germany), and
3 ul DNA extract. Technical replicates were per-
formed independently; positive and negative controls
with N. melanostomus DNA (10 pg pl™') or nuclease-
free water as template, respectively, were included.
DNA extraction and PCR reaction setup were exe-
cuted by the use of a UV PCR workbench to avoid
contamination risks. Pre- and post-PCR processing
was performed in separate laboratory rooms. Pipettes
and tube holders were regularly decontaminated under
UV-treatment and all other lab equipment (forceps,
scissors, etc.) and surfaces were regularly decontam-
inated using chlorine bleach solution (3.6% sodium
hypochlorite) and ethanol before the analyses.

Results

The literature survey showed that the first record of NV.
melanostomus was made in May 2008 in the tidal Elbe
River near the city of Hamburg and further records
between 2011 and 2013 in surrounding river reaches

Germany

(Fig. 2, Online Resource 2). In August 2015, a single
record of N. melanostomus was documented in the
upper Elbe River near the city of Usti nad Labem,
Czech Republic, 622 km upstream from the initial
location. In September 2016, N. melanostomus was
documented for the first time in the German Elbe reach
around rkm 11. In 2017 a single individual was
recorded further downstream (Figs. 1, 2, Online
Resource 2). We did not find any published or
unpublished goby record (based on literature docu-
mentation and pers. comm. with fishermen and related
authorities) for almost the entire middle Elbe.
Between the years 2012 and 2014, two subpopulations
of round gobies were observed in the Midland Canal
(Fig. 2, Online Resource 2), indicating the probability
of N. melanostomus to enter the Elbe River through its
connecting canals (Fig. 1).

In our field sampling, a total of 3211 individuals
from 21 species subdivided into nine predatory- and
12 non-predatory fish species were caught (Online
Resource 4). The sampling revealed the progression of
N. melanostomus since the latest detection in 2017
(Fig. 2). We recorded 986 N. melanostomus individ-
uals at the 12 sampling sites along the Elbe River, with
the highest abundances found at km 66 (Fig. 3).
Abundances decreased with increasing rkm until tkm
268, where no goby was detected. We found a second

Czech Repbulic
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connecting canals I Mulde ! ' Usti nad
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distribution history ~ 05/2008- 06/2016 08/2015- 2017
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Fig. 2 Progression of N. melanostomus distribution along the
Elbe River, based on a literature survey and compared with this
recent field study. See Online Resources 1 and 2 for details on
the literature search. The rkm refers to the official German
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kilometrage, which starts with tkm O at the Czech-German
border. The asterisk at rkm -36 for Usti nad Labem indicates the
distance from the German border, which is 328 km from the
source of the Elbe in the Czech Republic
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Fig. 3 Abundance (N. melanostomus ind. 450 m ) and
biomass (total biomass in wet weight g/450 m) distribution of
N. melanostomus in October 2018 in the Elbe and Mulde River.
The arrow indicates the location of the junction between the

abundance peak at rkm 370 (Fig. 3) near the conflu-
ence of the Midland Canal (Fig. 1). Abundances
decreased from there to rkm 427 and below (Fig. 3).
The body lengths of N. melanostomus ranged from 30
to150 mm and differed significantly between sampling
sites (Kruskal-Wallis xz =453.4, P <0.001). The
smallest individuals (30—40 mm) were captured in the
upstream reach, followed by individuals with body
lengths between 50-110 mm in the middle sec-
tion. The largest individuals (120-150 mm) were
captured from rkm 420 and below (Fig. 4). The
upstream sites at rkm 66 and 124.3 exhibited all age
classes and showed the highest shares of smaller and
thus younger individuals along the sampling sites
(Fig. 4). During sampling at rkm 582.7, we recorded
two specimens of P. kessleri with total lengths of
150 mm and 155 mm.

In order to support the electrofishing, N. melanos-
tomus was additionally detected through highly

Midland Canal and the Elbe at tkm 333. Data from the Mulde
River, which is connected to the Elbe at rkm 259, are shown
through the interruption of the x-axis

sensitive PCR-based eDNA sampling. Generally,
PCR amplification success as a measure of goby
presence was not systematically related to goby
abundance as detected via electrofishing. For example,
amplification success was highest at sites where N.
melanostomus dominated the fish community (Fig. 5)
but also at sites where native fish were dominant (rkm
472, 582.7, Fig. 5). At sites having N. melanostomus
abundances of < 6ind. 450 m~', eDNA amplification
indicated round goby presence but not throughout all
replicates. The water samples from the Mulde River
showed only a very weak band for one out of nine PCR
replicates on agarose gels, which is indicative of low
eDNA concentrations, resulting in the sampling site
with the lowest amplification success (Fig. 5).

@ Springer
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Fig. 4 Length distribution of N. melanostomus in October
2018, based on the size classes in (cm) and related age groups
from “0 4 ” to “3 + 7. The arrow indicates the location of the
junction between the Midland Canal and the Elbe at rkm 333.

Discussion

We could show that N. melanostomus had a bimodal
distribution in the studied section of the River Elbe,
with no records in the intermediate section. The age
structure changed longitudinally from age groups
0 + and 1 + , to downstream, with mostly adult N.
melanostomus, belonging to the age groups 2 + and
3 + , indicating size-related movement patterns. Sla-
pansky et al. (2020), Janac et al. (2013, 2019) or Roche
et al. (2013) described similar findings of round goby
movement in their studies. They observed different
age classes being responsible for the invasion process,
i.e., adults undertake mainly upstream movement, and
younger individuals disperse rapidly downstream.
Our findings together with the invasion history
deduced from the literature survey indicate at least four
different dispersal modes: (1) a human-mediated
dispersal via the ballast water of ships explains the
initial goby records in the lower Elbe, as well as the
records in the Czech Republic (Fig. 1, Online

@ Springer

Numbers above the bars indicate the total number of captured
gobies. Data from the Mulde River, which is connected to the
Elbe at rkm 259, are shown through the interruption of the x-axis

Resource 2). This outcome supports and confirms the
assumption of Roche et al. (2015), Bufic et al. (2015),
and Janac et al. (2013) that consider the transport of N.
melanostomus in ballast waters via shipping or human-
driven goby release near Usti nad Labem as the most
probable way of N. melanostomus occurrence in the
upper Elbe region. However, genetic analysis is needed
to clarify whether the observed populations in the
upper and lower Elbe River belong to the same or to
two distinct invasion lineages. Moreover, further
genetic research is needed to track the invasion route
of gobies into the Elbe River (Janac et al. 2017). (2)
Downstream migration of especially early life stages,
probably explains the population spread in the upper
Elbe (Fig. 4). The dominance of 1 + fish at tkm 165
and 217.4 downstream of the first abundance peak
suggest such a fast downstream dispersal of young fish.
Our results match with previous studies that showed
that downstream drift facilitated the dispersal of
especially small-sized, juvenile fishes, indicating a
recently colonized river section (Janacé et al.
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Fig.5 Contribution of N. melanostomus to total fish community
from electrofishing and amplification success for eDNA. The
left y-axis gives the electrofishing survey abundance (%) of all
captured fish. The total fish abundance is given on top of each
bar. The right y-axis gives the eDNA detection success of N.
melanostomus (given by number of positive amplifications of
the PCR triplicates per each of the three water samples analyzed
per sampling site: max. 9; min. 0). The asterisk at rkm 66

2013, 2019; Borcherding et al. 2016; Ramler et al.
2016). It is noticeable that no young-of-the-year fish
(0 +) was recorded at rkm 165 and 217.4, suggesting
that live time was too short for such a long dispersal
from the first abundance peak. (3) Upward migration
from the first records in the tidal Elbe does hardly play
any role for the lower parts of the Elbe as only very few
individuals, belonging all to the age-group “2 + ” and
“3 4 ” were observed in this part. Therefore, an active
upward migration can be excluded as a quantitative
important dispersal mechanism as we identify a lack of
goby occurrence along the sampling sites. (4) Lateral
immigration via the Midland canal and its tributaries
was probably responsible for the observed abundance
and biomass peak at rkm 370 (Fig. 3). Closely
upstream to this peak, a distinctly lower abundance
(6 individuals) was detected, and further downstream
to the peak a slightly elevated number of individuals.
Both confirm a stronger downstream and slower

&

indicates a complete failure of amplification from one out of
three water samples, while all other PCR replicates indicate a
rather high eDNA concentration of N. melanostomus. The arrow
indicates the location of the junction between the Midland Canal
and the Elbe at rkm 333. Data from the Mulde River, which is
connected to the Elbe at rkm 259, are shown through the
interruption of the x-axis

upstream dispersal, as discussed above for the upper
Elbe. Concerning P. kessleri, only two specimens were
detected in the lower Elbe. This indicates a rather slow
dispersal movement after the first detection in 2015 at
the same lower Elbe region (Thiel et al. 2017). For the
largeriver system Elbe, P. kessleri can not be described
as an established population. Further population
establishment and range expansion requires future
long-term studies.

The analysis of eDNA represents a powerful tool
for biomonitoring and real-time detection of aquatic
macroorganisms in areas of low abundance, including
invasive species. Our results indicate a tendency of
density-dependent N. melanostomus detection via
eDNA. While we were not able to detect N. melanos-
tomus eDNA in all water samples or PCR replicates
derived from sites with rather low abundances (< 6
ind. 450 m™"), analyzing water samples from sites
with high N. melanostomus densities (> 40 ind.

@ Springer
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450 m~") generally resulted in an extensive amplifi-
cation success. At the Mulde River, our non-invaded
reference, only one PCR reaction out of nine replicates
showed a very weak band on agarose gels. This is
either suggestive for very low concentrations of N.
melanostomus eDNA in the water sample or indicates
a stochastic effect during PCR amplification that is not
N. melanostomus dependable. According to Veldhoen
et al. (2016), we determine that case as a negative
detection. On the other hand, positive eDNA detection
at rkm 268, where no N. melanostomus was detected
by electrofishing, could either be due to very low
abundances below the detection level for electrofish-
ing or due to downstream drift of eDNA.

It should be noted that the data need to be
interpreted cautiously as very few molecules can
produce rather strong signals. Furthermore, the flow
velocity in lotic systems can significantly affect the
transport of eDNA particles due to variation in
sedimentation, remobilization, and dilution (Jane
et al. 2015). While some studies could show eDNA
transport of only a few meters downstream (e.g.,
Pilliod et al. 2014), others reported efficient transport
with no significant decrease in eDNA concentrations
over several hundred meters in streams (e.g., Wacker
et al. 2019) or even detection distances of more than
100 km in large rivers (e.g., Pont et al. 2018). Taking
reported data on release, decay rates and depositional
velocities of eDNA under natural conditions into
account (reviewed in, e.g., Harrison et al. 2019 or in
Evans et al. 2017 for experimental studies), the
detection of far downstream transported eDNA parti-
cles seems unlikely but cannot be entirely excluded.

In summary, our eDNA data indicate a generally
high sensitivity even at rather low round goby
abundance levels (< 6 ind. 450 m_l) with a density-
dependent variation in detection-success (see Fig. 5).
Therefore, the eDNA approach seems to be ideal as an
early detection method of a recent invasion of N.
melanostomus already at low abundances. Neverthe-
less, further studies that compare the detection
efficiency of electrofishing and eDNA for populations
with low goby abundances are needed.

Traditional field survey techniques such as elec-
trofishing are still required to differentiate abundance
levels and biomass (but see Jane et al. 2015 and Yates
et al. 2019 for positive correlations of eDNA concen-
trations and population abundance) and especially the

@ Springer

age structure of invasive gobies under natural
conditions.

The presented study captures the early invasion
process of a large river ecosystem before continuous
establishment along the river stretch is completed. The
spatially explicit sampling of both density and age
structure along the river stretch plus early reports of
occurrence allows a reconstruction of the major
dispersal patterns and their effects on the population
composition. Particularly the location of the initial
occurrence strongly determines the colonization pro-
gress of the total river system due to distinctly different
upstream versus downstream migration speeds.
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