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Abstract The round goby Neogobius melanostomus
has successfully invaded much of the Baltic Sea.
However, very little is known about the feeding habits
of the species in this newly invaded environment. Our
laboratory experiment showed that the round goby is
able to effectively consume a diverse variety of prey
when given the choice between dominant benthic
invertebrates: bivalves (Macoma balthica, Mytilus
trossulus, Cerastoderma glaucum) and amphipods
(Gammarus spp.). In contrast consumption of the
gastropod (Theodoxus fluviatilis) was very low in all
provided combinations. Nevertheless, the round goby
had no statistically significant preference towards any
of the prey taxa. The round goby exhibited size-
specific consumption of M. trossulus, with smaller
individuals being consumed at least 25% more than
larger size classes. In addition elevated prey density
resulted in higher consumption of prey by the fish. The
broad diet suggests that shifting densities of benthic
invertebrate prey has little influence on the further
dispersal of the round goby in the Baltic Sea as the
species is potentially able to switch between several
native invertebrate taxa. This opportunistic feeding
behaviour has likely favoured this invasion and
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ensured success of the species in the invaded
ecosystem.
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Introduction

In recent decades, growing numbers of non-indige-
nous species have significantly influenced biodiversity
and dominance structure of benthic communities in
coastal habitats (Olenin & Leppikoski, 1999; Leppi-
koski & Olenin, 2000; Bax et al., 2003; Strayer et al.,
2006). Non-indigenous species may alter food web
dynamics and functioning in the local ecosystem
through intensified predation pressure on native
species, or by targeting different prey items than
native predators (Zavaleta et al., 2001; Laxson et al.,
2003). The success and impact of non-native species
are partly determined by their feeding strategy and
selectivity. A generalist feeding strategy is less
affected by shifting prey availability while a specialist
feeding strategy could result in fluctuating population
abundance of the predator when preferred prey
abundance varies (Volterra, 1928). In conditions
where prey biomass is not a limiting factor and top
predators are absent, a generalist predator could have a
more severe effect on communities that they prey upon
(Schreiber, 1997).
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In the brackish waters of the north-eastern Baltic
Sea, predatory pressure on benthic communities is
rather weak (Kautsky, 1981), represented by a few
molluscivorous benthic fishes such as flounder
Platichthysflesus (Linnaeus, 1758) and viviparous
eelpout.

Zoarces viviparous (Linnaeus, 1758) (Ojaveer
et al., 2010). The invasion of the round goby
Neogobius melanostomus (Pallas 1811) in the early
2000s changed the situation dramatically through
notable intensification of top-down control of benthic
invertebrates (Jarv et al., 2011). High feeding rates and
increasing abundance potentially allows the round
goby to substantially change the richness and domi-
nance structure of benthic communities (Lederer et al.,
2008; Raby et al., 2010; Kornis et al., 2012; Rakauskas
et al., 2013).

In order to be a successful invader, a species must
be able to adapt to novel environmental conditions that
include the available prey. Based on diet studies, the
round goby feeds excessively on bivalves, when
present, but can also consume other types of food,
with a great flexibility in terms of prey species
(Corkum et al., 2004; Barton et al., 2005; Kornis
et al., 2012). In its native range, in the Ponto-Caspian
region, the round goby mainly preys on bivalves
(Cerastoderma spp., Mya spp., Mytilus spp.), but
gastropods (Hydrobia spp.), worms, Gammaridae, fish
(sprat Sprattus sprattus (Linnaeus, 1758)) and detritus
also play an important role in their diet throughout the
year (Skazhkina & Kostyuchenko, 1968). In invaded
North American rivers, the goby feeds extensively on
non-native dreissenid mussels (Dreissena polymor-
pha (Pallas, 1771) and Dreissena bugensis (Andrusov,
1897)) when these mussels are present (Raby et al.,
2010). Dreissenids are absent from many North
American rivers invaded by goby (Carman et al.,
2006; Kornis & Vander Zanden, 2010), and in such
systems gobies feed primarily on a variety of insect
larvae species, but not on native bivalves (Ghedotti
et al., 1995; Carman et al., 2006; Kornis et al., 2012).
In some Baltic Sea areas, the round goby feeds
primarily on Mytilus trossulus Gould, 1850 (Skora &
Rzeznik, 2001), while in others decapods dominate in
the diet (Azour, 2011). In the northern Baltic Sea
bivalves serve as the main food source of the round
goby and are the dominant benthic invertebrate taxa in
the coastal sea (Norling & Kautsky, 2008; Jérv et al.,
2011).
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Obtaining information on species dietary prefer-
ence is important because selectivity toward some
prey species may cause an uneven predatory pressure
within a benthic community, and could ultimately
modify both community size structure and species
composition (Post & Cucin, 1984). The round goby
has already shown in other invaded areas that it can
significantly lower abundances of dominant prey
species (Lederer et al., 2008; Raby et al., 2010).
Knowing the consumption rates and preferences of
different prey species is key in assessing the impact of
the round goby on the size and distribution range of
prey species populations. In addition, feeding exper-
iments provide understanding on the round goby’s
plasticity in terms of prey consumption and therefore
assist in evaluating its likely impacts on invaded
habitats. Most of the knowledge about the diet of
round goby has been obtained from gut analyses (Ray
& Corkum, 1997; Skora & Rzeznik, 2001), which may
reflect more on prey availability than preference
towards particular prey species (Underwood et al.,
2004). Estimating prey preference from stomach
content analysis is only possible when fine-scale prey
availability and predator abundance in the area is
known. In the north-eastern Baltic Sea only estimates
on average prey density are available for very
heterogeneous areas and there are no published values
of round goby density. Thus, feeding experiments can
offer the opportunity to determine prey preference
under controlled conditions. In North America, several
studies on the size selection of dreissenid mussels by
the round goby showed that the consumption of
different-sized mussels is related to the size of the
round goby with larger gobies preferring larger
mussels (Ghedotti et al., 1995; Andraso et al., 2011).
Similar studies have not been conducted in the north-
eastern Baltic Sea.

The primary aim of the current study was to
experimentally demonstrate whether the round goby
has a selective feeding preference among several taxa
of locally dominating benthic invertebrates in the
north-eastern Baltic Sea. In determining the dietary
preference of the species, the following secondary
research questions were addressed: (1) are some prey
types and sizes consumed more than others, and (2) are
prey taxa consumed at a higher rate when provided at
higher densities? In addition the used densities reflect
naturally low and naturally high prey density and
therefore show if the round goby is able to impact
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benthic invertebrate communities even at seasonal
abundance peaks.

Materials and methods
Study area

The indoor laboratory experiment was conducted in
August 2014 at Koiguste field station, located in the
north-eastern Baltic Sea, in Estonia, on the northern
shore of Gulf of Riga (58°22/23.5”N; 22°58'56.3"E).
In the laboratory experiment, we created environmen-
tal conditions and prey density similar to those in this
region of the Baltic Sea. Generally the area is quite
shallow with prevailing depths between 1 and 4 metres
and a low salinity of 4.0-6.5 psu. The prevailing
substrate type is a thin layer of slightly silted sand
mixed with pebbles, gravel and boulders. The area has
high nutrient levels and habitat diversity, providing
abundant algal and invertebrate communities (Kotta
et al., 2008). In order to create similar conditions in all
aquaria, the complexity of habitat was reduced.
Artificial plants provided shelter for amphipods and
gastropods, a hollow artificial structure provided
shelter for round goby and was an attachment substrate
for mussels, and sand provided natural habitat for
clams.

Test organisms

All prey animals were collected adjacent to the field
station by a landing net or by a scuba diver, and let to
acclimate for 12 h in the aquaria before the experi-
ment. Five key invertebrate taxa typical for the north-
eastern Baltic Sea (Lauringson & Kotta, 2006) were
used as prey: the bivalves Mytilus trossulus, Macoma
balthica (Linnaeus, 1758) and Cerastoderma glaucum
(Bruguiére, 1789); the gastropod Theodoxus fluviatilis
(Linnaeus, 1758); and gammarid amphipods (mainly
Gammarus tigrinus Sexton, 1939, Gammarus salinus
Spooner, 1947, Gammarus zaddachi Sexton, 1912,
Gammarus oceanicus Segerstrale, 1947). Because of
their significant size variation in space and time,
M. balthica and M. trossulus were divided into
different size classes. Invertebrate densities (Table 1)
reflected their natural densities in the area. Two
density levels were used in various treatments to
replicate summer (high) and spring (low) density

conditions (Kotta et al., 2008; Veber et al., 2009;
Martin et al., 2013).

Round goby (33 individuals) were collected live
from a local fishermen’s basket trap (5 m depth) on
2nd of August 2014, adjacent to the field station, and
were kept in separate gently aerated aquaria with no
food for 24 h before both runs (see sections below) of
the experiment. The goby varied in size (mean total
length 131 mm, range 104-177 mm) and sex (67%
male). The selected fish represented a similar size
frequency distribution to adult round goby in the field,
except that juveniles were not used, as the round goby
undertakes an ontogenetic shift in its diet (Ray &
Corkum, 1997, 2001). Spawning behaviour likely did
not affect food consumption of goby during the
experiment as only males stop feeding when guarding
nests (Corkum et al., 1998), and nests were not present
in the aquaria.

Experimental setup

The experiment was conducted in thirty-three 50 1
aquaria (bottom surface area 0.11 m?) in a tempera-
ture-controlled room (21°C). The bottom of each
aquarium was covered with a 30 mm layer of sand and
filled with 40 I of seawater. An empty medium-sized
flower pot  (Tpotom = 50 mm,  rop = 35 mm,
h = 100 mm) and a plastic plant (external surface
area 0.06 mz), together with an aerator tube were
placed in each aquarium. Sand and seawater were
collected adjacent to the experimental site. In order to
remove excessive animal and plant material, sand was
sundried for 3 days and then sieved through a 1 mm
mesh net prior to the experiment. Light intensity
(17:7 h L:D) and photoperiod were similar to the local
ambient environment in August.

The design of the experiment follows the sugges-
tions of Underwood & Clarke (2005) and subsequent
amendments by others (Manly, 2006; Underwood &
Clarke, 2006, 2007; Taplin, 2007). As our aim was to
determine the feeding rates of the round goby under
conditions resembling the field values, the studied
prey taxa had different initial densities (Table 1). The
design included two stages for prey preference calcu-
lations (Table 1): each prey taxon separately at high
density conditions (hereafter no choice high density)
and all prey taxa together at low density conditions
(hereafter choice). Prey preference is indicated when
the relative consumption of prey taxon is significantly
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Table 1 Counts of prey taxa used in different experimental treatments in a 40 1 aquarium: 1-5 no choice high density (stage 1), 6
choice (stage 2), and 7-11 no choice low density (stage 3)

Stage 1 1 1 1 1 2 3 3 3 3 3
Treatment no 1 2 3 4 5 6 7 8 9 10 11
Taxon*
M. trossulus total 124 40 40

Small 3 < -+ < 12) 79 24 24

Medium (12 < --- < 20) 39 12 12

Large (20 < --- < 30) 6 4 4
M. balthica total 110 24 24

Small 3 < - <7) 39 15 15

Medium (7 < - < 12) 65 7 7

Large (12 < .- < 16) 6
C. glaucum (7 < - < 12) 90 5 5
T. fluviatilis (5 < --- < 7) 920 25 25
Gammarus spp. (5 < - <8) 90 30 30
No of replicates 4 6 6 6 6 6 6 6 6 6 6

Each treatment used different 40 1 aquaria. Numbers in brackets represent the total length (TL) of individuals in mm. Half of the
replicates for all treatments were conducted during the first run and half during the second run

* Bivalves Mytilus trossulus, Macoma balthica, Cerastoderma glaucum, gastropod Theodoxus fluviatilis and amphipods Gammarus
Spp
** Numbers in bold represent total counts per taxon

higher in choice conditions compared to no choice randomly reassigned to aquaria and no goby was used
high density conditions. We also included a third stage for the same treatment twice. The two runs were
with all prey taxa provided separately and at low conducted 24 h apart. Before the second run the
density (hereafter no choice low density). When aquaria were set up with new seawater, sediment,
combined with no choice high density (Stage 1), plastic plant, flower pot and prey species.
Stage 3 allowed us to assess if the predation of round The experiment was run for 16 h from 10 pm until
goby depends on the density of its prey. 2 pm, allowing the fish to forage during total darkness
A combination of 5 taxa and 3 stages resulted in 11 and at dawn, a period when round goby typically feed
different treatments (Table 1): no choice high density (Karlson et al., 2007 and references therein). In
(altogether 5 treatments, one for each taxon), choice (1 addition, five control aquaria without the round goby
treatment including all taxa), and no choice low were established; in all five aquaria all the prey
density (altogether 5 treatments, one for each taxon). animals were retrieved alive after the experiment.
All treatments were replicated 6 times. As an excep-
tion, the M. trossulus treatment under no choice high Post experimental invertebrate and fish handling
density had only 4 replicates. A separate one-way
permutational ANOVA analysis showed that the size After the experiment, the round goby’s total length
of the fish did not significantly differ among experi- was measured to the nearest 0.01 mm and sex was
mental treatments (Fjo53 = 1.658; P = 0.1158). determined through the shape of the urogenital papilla
Most aquaria were used twice. Half of the replicate (Charlebois et al., 1997). Sediment with invertebrates
aquaria of each treatment (see also section above and was kept in a freezer at —20°C and the remaining prey
Table 1) were used in the first run (3 replicates x 11 animals were separated under a binocular microscope
treatments = 33) and the other half were used in the from the sediment in the laboratory. Invertebrates
second run (31). One round goby was used per were determined to a species level, counted, and their
aquarium. Before the second run, fish specimens were dry weight (dw) was measured to the nearest 0.0001 g

@ Springer



Hydrobiologia (2016) 777:271-281

275

after 48 h in a 60°C drying oven. All prey individuals
were measured before and after the experiment with an
electronic calliper to the nearest 0.01 mm. An addi-
tional 20 prey individuals for each taxon and size class
served as control to obtain the taxon-specific length-
weight relationships and these regression equations
were used to calculate the dry weights of consumed
prey individuals.

Data analyses
Statistical model

Permutational tests for factorial ANOVA/ANCOVA
design were used in order to compare absolute prey
consumption, to assess prey preferences and to
investigate size-specific predation of bivalves among
the studied factors and treatment levels as well as to
assess if predation by the round goby is density
dependent (see below sections). Permutational
ANOVA/ANCOVA does not assume the data to have
any specific distributions. In order to investigate
differences between treatment levels, pair-wise com-
parisons among all pairs of levels of a given factors of
interest were obtained by using pseudo-t statistic, a
multivariate analogue of the univariate-t statistic.
Package Vegan (Oksanen et al., 2015) in the R
environment was used for the analyses and all analyses
were based on Euclidean distances of the original raw
data.

We initially assumed that fish size had significant
effects on various metrics of prey consumption and
therefore our initial statistical design involved permu-
tational ANCOVA analyses (covariate: fish total
length). However, as the effect of the covariate was
not statistically significant in any of the statistical tests
(all P > 0.20), permutational ANOVA analyses with-
out covariate were run and thereby only these results
are reported below.

Prey taxa preference

Permutational ANOVA/ANCOVA analyses were
used to investigate prey preferences by the round
goby. Dependent variables were the relative consump-
tions of prey in count and in biomass, with prey taxa
(M. trossulus, M. balthica, C. glaucum, T. fluviatilis
and Gammarus spp.) and choice (no choice high

density, choice) as factors. Relative consumptions
were calculated according to Taplin (2007):

k k
pi:ai+2a and qliblfz s

i=1 i=1
where p; is the ratio of consumptions of each prey
taxon (i = 1, ..., 5) in no choice high density stage (a;)
to total prey consumption in no choice high density
stage; and ¢; is the ratio of consumptions of each prey
taxon (i = 1, ...,5) in the choice stage (b;) to total prey
consumption in choice stage. In choice conditions, a
taxon’s relative consumption was calculated on the
basis of one aquarium (replicated 6 times).Since in no
choice high density conditions all species were offered
separately, relative consumption was calculated on a
basis of randomly assigned groups of all 5 taxa
(replicated 6 times).

Size-specific consumption

Permutational ANOVA/ANCOVA analyses were
used to investigate size-specific predation of bivalves
by the round goby with prey availability (no choice
low density, no choice high density and choice) and
size (small, medium, large) as factors. The dependent
variables included consumed relative count and rela-
tive biomass of each of the common bivalves
(M. trossulus or M. balthica). The relative consump-
tion refers to the proportions of consumed prey size to
the availability of prey in the same size. Calculations
were done for each prey taxon size in no choice low
density, no choice high density and choice stage.

Density-dependent predation

Permutational ANOVA/ANCOVA analyses were
used to assess if predation by the round goby depends
on prey density. In this analysis factors included prey
density (no choice low density, no choice high density)
and taxa (M. balthica, M. trossulus, C. glaucum,
Gammarus spp., T. fluviatilis). The dependent vari-
ables were absolute and relative consumption of either
count or biomass of prey. The relative consumption
refers to the proportions of consumed prey taxon to the
availability of the same prey taxon. Calculations were
done for each prey taxon in no choice low density and
no choice high density stage.
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Results

The round goby consumed all bivalve species (M.
trossulus, M. balthica, C. glaucum) and Gammarus
spp. The gastropod 7. fluviatilis was generally avoided
with their relative consumption by count remaining
below 3%. During the 16 h experimental period, each
round goby consumed on average 0.99 £ 0.22 g dw
when mixed diet was available and 2.28 + 0.81 g dw
when a single taxon at high density was available.

Prey taxa preference

The round goby showed no preference towards any of
the studied taxa, since relative consumptions of each
prey taxon did not differ between no choice (p;) and
choice (g;) conditions (Table 2). Although the round

goby showed no prey preference towards prey taxa,
there were differences in consumption between taxa,
with some taxa being consumed more than others
(Fig. 1; Table 2). The differences between taxa were
different under no choice conditions compared to
choice conditions, as reflected by the significant
interaction effect (Table 2).

Size-specific predation of bivalves

The size of bivalves affected the predation rate of round
goby and the responses were species specific. There was
no statistical evidence of size selection in the relative
consumption of M. balthica in count between no choice
high density, no choice low density or choice stages or
within stages (Table 2). In contrast, round goby con-
sumed more small-sized M. trossulus over medium-

Table 2 Statistics from

. Analysis Dependent variable Factors df F P
Permutational ANOVA
analyses for prey Prey taxa preference
;‘;ﬁi‘lmf’“"“ by the round Relative count Choice 1,50 001 091
Taxon 4,50 18.85 0.001
Choice x taxon 4,50 6.82 0.001
Relative biomass Choice 1,50 0.001 0.99
Taxon 4,50 30.71 0.001
Choice x taxon 4,50 9.52  0.001
Size-specific predation of bivalves
Relative count of M. balthica  Prey availability 2,45 0.70 047
Prey size 2,45 153 0.23
Prey availability x density 4,45 0.50 0.77
Relative count of M. trossulus Prey availability 2,39 075 051
Prey size 2,39 19.12  0.001

Density-dependent predation
Absolute count

Absolute biomass

Relative count

Relative biomass
* Numbers in bold represent
statistically significant
p-values

Prey availability x density 4,39 1.13  0.37

Prey density 1,48 3940 0.001
Prey taxon 4,48 10.16 0.001
Density x taxon 4, 48 3.89 0.01
Prey density 1,48 68.15 0.001
Prey taxon 4,48 2227 0.001
Density x taxon 4,48 16.63 0.001
Prey density 1,48 0.11 0.76
Prey taxon 4,48 12.16 0.001
Density x taxon 4,48 0.69 0.63
Prey density 1,48 029 0.62
Prey taxon 4,48 1749  0.001
Density x taxon 4, 48 2.03 0.10
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Fig. 1 The relative

consumption of five prey c 0.6
taxa by the round goby in 2

terms of prey numbers g- ) 0.5
(a) and biomass (b) (g 3 g 04
during 16 h) (mean £ SE). g g 0.3
Relative consumption refers oc

the ratio of consumption of g 2 0.2
each prey taxon in no choice E 0.1
high density stage (or choice o 0.0

stage) to total prey
consumption in no choice
high density stage (or choice
stage) (Taplin, 2007). In
general, each treatment was
replicated 6 times

M. balthica
M. trossulus

sized M. trossulus in relative count under choice
conditions (P = 0.006) and more than large-sized M.
trossulus under no choice low density conditions
(P =0.007) and choice conditions (P = 0.006)
(Table 2).

Density-dependent predation
The round goby exhibited density-dependent con-

sumption on the investigated prey taxa. In general, the
absolute consumption of each prey group increased

(a)

absolute consumption
by numbers

M. balthica
M. trossulus
C. glaucum
T. fluviatilis

Gammarus spp.

Fig. 2 Absolute (a) or relative (b) consumption of five prey
taxa by the round goby (mean + SE) in terms of count (ind per
16 h) of prey. The relative consumption refers to the proportions
of consumed prey taxon to the availability of the same prey
taxon in the same aquarium (compared to Fig. 1a, where relative

C. glaucum

relative consumption

H choice
() 5 0.6 ® no choice high density
k= 0.5
£ (b)
gg 0.4
5.8 03
(She]
22 02
5 0.1
g
0.0
® S o ©
s 0 T & 3 S 8
S 3 s & ® = &
N : K
£ = © g
< 1]
I O

with increased prey density (Fig. 2). The absolute
consumption in both count and biomass depended on
prey density, prey taxon and the interaction between
prey taxon and density (Table 2). Doubling of prey
density led to an average twofold increase in the
feeding rate for the three bivalve species and an
average 1.5 times increase for Gammarus spp. No
such patterns were observed for the relative consump-
tion (Fig. 1). The relative consumption both in count
and in biomass depended only on prey taxon
(Table 2).

[0 no choice low density
H no choice high density

0.8 “’4
5
8 06
g
3 04
>
2 02
0 CE il

M. balthica

M. trossulus

C. glaucum

T. fluviatilis
Gammarus spp.

consumption is calculated according to Taplin, 2007). Calcu-
lations were done for each prey taxon in no choice low density
and no choice high density stage. In general, each treatment was
replicated 6 times
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Discussion

The key finding of the study is that the round goby does
not select for any of the studied key invertebrate taxa in
the north-eastern Baltic Sea. This result indicates that
this invasive non-indigenous species is a generalist in
its diet, as has been shown also in a previous study
(Karlson et al., 2007). The round goby consumed most
of the available native taxa, similar to results observed
in previous studies from North America (Brandner
etal., 2013). Together, these results suggest round goby
is a feeding generalist, a trait that should favour
successful invasion (Ribeiro et al., 2007; Brandner
et al., 2013). Earlier investigations indicated the round
goby preying more on some prey species than others
(Barton et al., 2005). Nevertheless, in the light of the
current study, this result cannot be attributed to
preference, as such, but rather to the consumption of
the dominant species in the benthic realm. This finding
has important ecological implications, as with the
removal of dominant benthic invertebrate species the
round goby may switch to subdominant taxa. Such prey
switching may ultimately affect a broad range of
benthic communities (including their functions), unless
the production of invertebrates exceeds consumption by
this invasive fish species, as has been seen in some areas
(Kornis et al., 2013).

Some benthic invertebrates such as the gastropod
T. fluviatilis, that was practically not consumed, could
benefit from the presence of round goby. Such
protected species may increase their abundance due
to declined competition for food resources and habitat.
Thus, the consequence of the invasion of the round
goby could be strictly context dependent, as evidenced
for other non-native species in other invaded ecosys-
tems (e.g. de Moura Queirds et al., 2011; Barrios
O’Neill et al., 2014).

The Baltic Sea provides suitable abiotic and biotic
conditions for the round goby (Sapota, 2004;
Sokotowska & Fey, 2011; Kornis et al., 2012). Our
results confirm that the round goby is a generalist
feeder capable of consuming a wide spectrum of
invertebrate prey, which increases its invasion poten-
tial to yet uncolonised areas in the Baltic Sea. The
intraspecific aggression previously observed in round
goby (Groen et al., 2012) may prevent total depletion
of prey as the larger territorial goby force smaller
individuals and juveniles to migrate out of good
feeding/sheltering grounds (Charlebois et al., 2001).
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This experimental study showed the round goby to
be a very effective predator and appeared to consume
diverse prey at high rates (up to 0.99 g dw per 16 h for
a mixed species diet). Since consumption rates of the
round goby have not previously been experimentally
investigated in the Baltic Sea (Ojaveer & Kotta, 2015),
comparisons can only be made with experiments from
other areas. Thus, all comparisons must be interpreted
with the assumption that the fish were provided with
different prey amounts and species and water temper-
ature and round goby size could be substantially
different. In general the consumption rates in this
study were higher than other areas. In the Laurentian
Great Lakes, the bivalve D. polymorpha was con-
sumed at arate of 1 g (max 6.5) wet weight (ww) daily
(Ray & Corkum, 1997) and D. polymorpha with
amphipods up to 0.022 g shell-free dw h™' (corre-
sponding to 0.62 g dw daily, according to Diggins
et al., 2002; Jurkiewicz-Karnkowska, 2005). More-
over, laboratory experiments showed that the round
goby consumes native clams of the Great Lakes even
at lower rates (an average of 4 times less than zebra
mussels) (Ghedotti et al., 1995). Taking into account
smaller size of the fish in North American populations
compared to the Baltic Sea (Sokotowska & Fey, 2011;
Kornis et al., 2012), these published values are still
considered several times lower than observed in the
current experiment.

Round goby is a territorial fish with estimated home
range of 5 m? (Ray & Corkum, 2001). While densities
of this species are yet to be determined in the Baltic
Sea, the values range from 0.3 to 9 individuals m~2in
the Great Lakes (Ray & Corkum, 2001). If the round
goby achieves similar densities in the coastal area of
the Baltic Sea and prey consumption rates are similar
to those observed in our experiment, then providing an
average benthic biomass of 50 g dw m~~ (Kotta et al.,
2009), the round goby could deplete local benthic
invertebrate communities in a very short time (within
10 days). Since benthic biomass and fish densities are
patchy (Kotta et al. 2015, 2016), such depletions may
be localised. In a laboratory experiment the feeding
rates are expected to be significantly higher than in
nature due to easier foraging for prey, reduced
availability of refuges for prey, and reduced overall
habitat complexity. Furthermore, in the field during
breeding seasons feeding rates of round goby are
likely lower due to aggression among males and nest
guarding behaviour (Helfman, 1986; Ray & Corkum,
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2001; Belanger & Corkum, 2003). In addition, the
presence of other predatory fish may further reduce
feeding activity of the round goby (Marentette &
Balshine, 2012). Nevertheless, the consumed amounts
are still high enough to demonstrate that the estimated
predation rates of the round goby are much higher than
secondary productivity by benthic invertebrates (e.g.
Westerbom et al., 2002). Thus, the round goby has the
potential to affect benthic communities drastically.
However, such severe impacts have not yet been
documented in the Baltic Sea, partly because of a lack
of such impact studies (e.g. Ojaveer & Kotta, 2015)
and round goby may have much lower densities with
patchy distributions.

The current study indicated that the relative con-
sumption by the round goby did not vary among the
size classes of M. balthica; however, the relative
consumption of small M. trossulus individuals (aver-
age 46%) was higher than medium (average 17%) or
large (average 3%) individuals. In order to show true
size-specific preference, additional experiments with
consumption measured separately for each shell size
class, are needed (Underwood & Clarke, 2005; Taplin,
2007).

The round goby also exhibited density-dependent
feeding behaviour with elevated consumption rates at
no choice high prey densities. Such behaviour is also
common in other epibenthic species (Mansour &
Lipcius, 1991). The density-dependent functional
response could be a result of longer foraging time at
low prey densities (MacArthur & Pianka, 1966) in
which less prey are handled per unit time compared to
high prey densities. Alternatively, low abundance
allowed mobile prey species to find shelter, as
availability of shelter in boulders or gravel has shown
to decrease the consumption rates of amphipods by
predators even with low availability of shelter (Diehl,
1992; Diggins et al., 2002). Although the absolute
consumptions of prey taxa were higher at high prey
density, the relative consumptions were similar
between low and high prey density levels. Higher
absolute consumption shows that the more there is, the
more is eaten. The relative consumption rates, how-
ever, suggest similar impacts of the round goby to
community structure. In field foraging animals are
expected to distribute themselves among patches of
prey of varying density in a way that the average
foraging success for predators is equal in all patches
(Kacelnik et al., 1992).

In conclusion, our study suggests that the round
goby is capable of severely impacting native benthic
invertebrate populations and thereby causing multiple
impacts in the coastal ecosystems of the Baltic Sea. A
generalist feeding strategy, coupled with exception-
ally high consumption rates may result in the increase
of the round goby population until significant reduc-
tions in the abundance of prey populations take place.
Intraspecific competition for food and habitat, multi-
ple physical disturbances and predation by native fish
may potentially stabilise the abundance of the round
goby in future. In North America, in the Lake Erie
burbot Lotalota (Linnaeus, 1758) likely controls the
abundance of the round goby (Madenjian et al., 2011).
To date, however, in the Estonian coastal range (and
potentially elsewhere in the Baltic Sea) local predatory
fish (perch Perca fluviatilis Linnaeus, 1758, zander
Sander lucioperca (Linnaeus, 1758), northern pike
Esoxlucius Linnaeus, 1758) have not yet been shown
to significantly reduce the round goby population
(database of the Estonian Marine Institute).
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