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Trophic Interactions and Impacts of Non-indigenous 
Species in Baltic Sea Coastal Ecosystems

Riikka Puntila
University of Helsinki, Faculty of Biological and Environmental Sciences, 
Academic dissertation in Environmental Sciences 2016

Translocation of non-indigenous species is a global threat to the structure and func-
tioning of coastal ecosystems. Coastal ecosystems and estuaries are particularly prone 
for invasions due to impacts from a variety of anthropogenic stressors and frequent 
propagule pressure, notably from shipping. In addition, species poor environments, 
especially when already impacted by multiple anthropogenic stressors, such as the Baltic 
Sea, are thought to be particularly susceptible to invasions. In the Baltic Sea, to date 
more than 130 non-indigenous species have been reported and about 80 have been able 
to become established. Few have become invasive, spreading rapidly and/or begun to 
impact the native ecosystem. In this thesis the aim was to study how invasive benthic 
non- indigenous species, specifically the Harris mud crab (Rhithropanopeus harrisii) and 
round goby (Neogobius melanostomus) have settled in their new environment, how they 
have affected the ecosystem and how this information of the species can in future be used 
in management practices (e.g., risk assessments) in the Baltic Sea. The results show that 
the interactions between the two non-indigenous species and the environment are highly 
complex and may involve both generic and strictly context-specific components. The 
native predators and parasites in the area have begun to exploit the new species, although 
they are currently unable to control the growing mud crab and round goby populations. 
Furthermore, the FISK (Fish Invasiveness Scoring Kit) risk assessment exercise for the 
southern coastal areas of Finland showed that many non-indigenous fish species, some 
of which have already established, do have potential for becoming pests in the area. 
However, the continuously changing environment (incl. due to climate change) modi-
fies both the non-indigenous and invasive biota in the area as well as may alter the nature 
and magnitude of ecosystem changes caused by the non-indigenous species. The infor-
mation gathered in the thesis can be used in further risk assessments and aiding future 
management decisions.

Keywords: bioinvasions, trophic relationships, metazoan parasites, Rhithropanopeus 
harrisii, Neogobius melanostomus, risk assessment

ABSTRACT
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distributes them to new areas (Carlton 
and Geller 1993). Additionally, near-
shore areas are already highly disturbed 
environments due to a variety of other 
anthropogenic stressors, making them 
potentially more prone for invasions 
(Ruiz et al. 1999). 

Highly spatially variable environ-
ments and relatively young and species 
poor biota in the Baltic Sea provide 
hospitable environments for a vari-
ety of alien species (Leppäkoski et al. 
2002, Paavola et al. 2005). In addition, 
the Baltic Sea is subject to heavy mari-
time transport (HELCOM 2010) and 
therefore encounters an ever increas-
ing load of non-indigenous species. 
Currently, there are 132 species of 
non-indigenous origin identified from 
the Baltic Sea basins (Ojaveer et al. 
2016), of which 31 are present in the 
coastal areas of Finland (Ljungberg 
et al. 2011). However, quite little is 
known about how non-indigenous or 
even invasive species, affect the area 
(but see Zaiko et al. 2011 and Ojaveer 
and Kotta 2015), or how these impacts 
change as an invasion progresses.

Defining the stage of invasion and 
the impacts of non-indigenous species 
is not only important to science. 
Understanding basic biological inter-
actions and biological constraints of 
non-indigenous species in their new 
environment is needed to conduct 
reliable risk assessments to aid manag-
ers in decision-making. Determining 

1. INTRODUCTION AND BACKGROUND

Scientists and conservationists alike 
agree that translocations of non- 
indigenous species (NIS) are a global 
threat to the structure and function-
ing of the coastal ecosystems (Carlton 
and Geller 1993, Cohen and Carl-
ton 1998, Ricciardi and Rasmussen 
1998). Invasive species, those NIS 
who become harmful and/or may 
spread prolifically (see Colautti and 
MacIsaac 2004, Olenin et al. 2010), 
do have great potential to negatively 
impact ecosystem functions, econ-
omy and/or human health (Shine et al. 
2010). Scientific evidence of large scale 
ecosystem impacts, such as extinctions 
or replacement of natives by invasive 
species, remain rare, largely anecdotal, 
and both limited and controversial 
(Davis 2003, Gurevitch and Padilla 
2004, Sax and Gaines 2008). 

Aquatic or marine invasions are 
of great concern since coasts and estu-
aries are globally among the most 
invaded habitats (Cohen and Carlton 
1998, Ruiz et al. 2000). These habi-
tats also provide several ecosystem 
services, many of commercial impor-
tance (Beck et al. 2003). Near shore 
ecosystems suffer a high potential for 
invasions due to continuous propagule 
pressure, i.e., from shipping, aquacul-
ture or aquarium releases (Williams 
and Grosholz 2008). In particu-
lar ballast water, released from ships 
in port when loading cargo, carries 
many non-indigenous organisms and 
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the various impacts of invasive alien 
species has been listed as high prior-
ity in the Finnish national strategy for 
invasive species (Ministry of Agricul-
ture and Forestry in Finland 2012) and 
implementation of EU Marine Strat-
egy Framework Directive (MSFD) also 
requires information about non-in-
digenous species abundance and 
distribution, as well as, their role and 
potential impacts in the ecosystem 
(European Parliament Council 2008). 
A good example of legislation requiring 
basic biological and ecological infor-
mation on non-indigenous species 
is the EU Regulation 1143/2014 on 
Invasive Alien Species (European Parlia-
ment and the council of the European 
Union 2014), which requires evaluating 
the potential harms of NIS. Legislative 
restrictions are then directed towards 
the most harmful NIS.

1.1  General ecology of the 
Baltic Sea

The Baltic Sea is a relatively young 
(10  000 years) brackish water semi- 
enclosed sea, formed after the last ice 
age. It has undergone several distinct 
phases since, characterized by vary-
ing salinity and temperature regimes 
(Alhonen 1966). The biota is therefore 
a mixture of marine species tolerating 
low salinities, freshwater species toler-
ating mild salinities, few brackish water 
species, and glacial relict species requir-
ing cold oxygenated water year round 
(Segerstrale 1949) with very few of the 

species endemic (e.g., Ojaveer et al. 
2010). The Baltic has strong horizontal 
and vertical gradients in both salinity 
and temperature, with the peculiar 
coastal morphology creating spatial 
heterogeneity and impacting heavily 
on the regional species assemblages 
(Ojaveer et al. 2010). The salinities 
range from freshwater (< 2 psu) in the 
North and East to brackish and marine 
conditions (18–25 psu) in the Danish 
straits. The coastal systems in the Baltic 
Sea, that create much of the observed 
spatial heterogeneity, develop based on 
available substrate (rocky, mud, sand), 
exposure, and other prevailing abiotic 
conditions (Munsterhjelm 1997). All 
these have impact in the species assem-
blages in the different habitats. 

The Baltic Sea experiences signifi-
cant anthropogenic influence. There are 
85 million people in the coastal states, 
which subjects the sea to many human 
influences, including intense fishing and 
eutrophication (Bonsdorff et al. 1997). 
It is also naturally species poor, likely 
due to the intermediate salinity condi-
tions, known to impact species richness 
(Remane 1971). The Baltic Sea is also 
a subject for heavy shipping, which 
contributes to the invasions greatly 
(Leppäkoski et al. 2002, Gollasch 2007). 

1.2  Bioinvasions in the Baltic 
Sea

Invasions in the Baltic Sea have been 
increasing over the past few centu-
ries, likely due to increased shipping 
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et al. 2009) and in the Baltic Sea 
(HELCOM 2012) as is the case for the 
round goby in the Baltic Sea (Kotta 
et al. 2016). However, the individual 
traits of the invading species ultimately 
determine whether the invasion is 
successful or not (see section 1.4.).

1.3  From basic ecology to 
assessment of ecosystem 
alterations

Understanding how invasive species 
affect their respective ecosystems 
requires an extensive understanding of 
the species’ basic ecology in the new 
environment (Ricciardi and Rasmussen 
1998). Therefore, a majority of research 
on invasive species’ effects on ecosys-
tems is about identifying and measuring 
basic ecological interactions between the 
non-indigenous and native species; such 
as determining their prey species, as well 
as, their potential predators and para-
sites (manuscripts I–IV). In most cases, 
deriving these information from studies 
conducted in the native area or previous 
areas of invasion is the only option, espe-
cially prior to the species arrival to the 
new area (Ruesink et al. 1995, Reichard 
2001). However, this research can suffer 
from a high level of uncertainty (e.g., 
Grosholz and Ruiz 1996, Ricciardi et 
al. 1996), as successful invasive species 
tend to be very plastic and capable of 
tolerating the abiotic conditions as well 
as exploiting the local in the new range 
(Williamson and Fitter 1996, Kolar and 
Lodge 2001, 2002). 

(Nikolaev 1951, Leppäkoski 1984, 
2005, Leppäkoski et al. 2002, 
HELCOM 2012). The Baltic Sea has 
been previously thought to be partic-
ularly sensitive to invasions due many 
reasons. It has been suggested that 
invasibility of a system, in general, is 
determined by the native diversity 
(Stachowicz and Tilman 2005, Paavola 
et al. 2005) and/or resource fluctua-
tions, especially sudden increases in 
the available resources (Davis et al. 
2000). Byers and Noonburg (2014) 
showed that factors impacting invasi-
bility are largely scale dependent and 
both theories mentioned previously 
can be simultaneously true. The Baltic 
Sea is a naturally species poor environ-
ment; therefore, theoretically prone 
for invasions due to the low diversity 
(Stachowicz and Tilman 2005, Paavola 
et al. 2005). It is also very much a 
fluctuating and stochastic environ-
ment experiencing natural seasons and 
frequent anthropogenic disturbance 
resulting in resource fluctuations. In 
addition, no environment is prone to 
invasions without frequent propagule 
pressure (release of reproductive units), 
which is directly related to invasion 
success in many cases (Wonham et al. 
2013). The Baltic Sea has several large 
harbors, and shipping is an important 
means of transport for both passen-
gers and cargo (HELCOM 2010) and 
non-indigenous species (Carlton and 
Geller 1993). A large fraction of inva-
sions are directly attributed to shipping 
both globally (Ruiz et al. 2000, Hewitt 
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studies to basin wide processes has 
significant weaknesses. 

1.4  Why are some non-
indigenous species successful?

Successful NIS, especially ones who 
become invasive, often share certain 
traits (Williamson and Fitter 1996, 
Kolar and Lodge 2001, Copp et al. 
2005). They have wide geographi-
cal ranges (Ricciardi and Rasmussen 
1998), are frequently very tolerant to 
a variety of abiotic conditions, have 
high reproduce potential (Lodge 
1993, Reise et al. 2006), and high 
dispersal abilities (Cardeccia et al. 
2016). They are also typically flexible 
in their resource use (i.e., their diets) 
and omnivory is common (Moyle and 
Light 1996). These traits make them 
“jack of all traits” (sensu Richards et al. 
2006), good competitors under many 
conditions. Furthermore, numerous 
species have been able to shed many 
of their enemies including parasites 
and diseases, which can contribute to a 
competition advantage, especially early 
in the invasion (e.g., Keane and Craw-
ley 2002, Torchin et al. 2003). 

1.5  Management of the non-
indigenous species

Management options of NIS in marine 
ecosystems are much more limited 
than in the terrestrial realm (Lehti-
niemi et al. 2015). Overall, eradication 
of established non-indigenous species 

Following a successful arrival into a 
new area, a population undergoes estab-
lishment, expansion, and adjustment 
phases (Reise et al. 2006, Blackburn et 
al. 2011). As the new species enters the 
system, the primary goal is to find suit-
able food and habitat. When the species 
succeeds, the population growth may be 
very intense, secondary spread occurs 
and local impacts more severe. As the 
invasion continues, population char-
acteristics such as sex and age ratios, as 
well as, growth and fitness of individ-
uals undergo simultaneous changes 
(Sakai et al. 2001). In time the native 
predators and parasites begin to adapt 
to the new species and can potentially 
begin to control their populations (e.g., 
DeRivera et al. 2005).

1.3.1 Scale of the processes

A majority of ecological processes, 
including the impacts of invasive 
species, are scale dependent (Levin 
1992) and context specific (de Moura 
Queirós et al. 2011). Many studies 
have been conducted on local scales, 
but expanding the scale of studies to 
cover multiple habitats and many 
trophic levels is important to obtain a 
comprehensive view on the invasions. 
In manuscripts III and IV, I compared 
how round goby feeding, population 
characteristics and parasite assemblages 
vary between different locations in the 
Baltic Sea. Many of these aspects were 
highly location specific emphasizing 
that extrapolating results from local 
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on the species and the area in question. 
Assessment tools have been created to 
assist managers in this task. A good 
example of such a risk assessment tool 
is FISK, Freshwater Fish Invasiveness 
Screening Kit (manuscript V), which 
aims at quantifying the risk associated 
with each assessed non-indigenous fish 
species through 49 detailed questions 
ranging from the species biogeogra-
phy/history and the presence of certain 
undesirable traits to species basic biol-
ogy and ecology (Copp et al. 2005). 
The risk assessments become more 
reliable the more information there 
is about the species, which increases 
the likelihood of identifying the most 
harmful species.

1.6  Study species

1.6.1 Harris mud crab 
(Rhithropanopeus harrisii)

The Harris mud crab originates from 
the Atlantic coast of North America 
where its native range extends from 
the Gulf of St. Lawrence, Canada to 
Veracuz, Mexico (Williams 1984). It is 
the most globally wide-spread brachy-
ran crab species, and has invaded at 
least 20 countries (Roche and Torchin 
2007). The impressive invasion success 
and its large native range imply robust 
tolerance towards a variety of abiotic 
conditions.

The Harris mud crab has estab-
lished in the Baltic Sea, where they 
have a rather long history. They arrived 

is very expensive and requires contin-
uous effort, even in terrestrial systems 
(Williams et al. 2010). Eradication of 
species from aquatic systems is close to 
impossible due to three-dimensional 
habitat and high interconnectivity. 
In marine bio-invasion management, 
preventing invasions has been accepted 
as the most cost efficient method 
for non-indigenous species control 
(Hyytiäinen et al. 2013, but see 
Ojaveer et al. 2015). 

There are many international legis - 
lative instruments directed toward 
control of bio-invasions, especially 
aimed at preventing them from enter-
ing. One of the most significant 
vectors, ballast water, will be controlled 
after the International Convention for 
the Control and Management of Ships’ 
Ballast Water and Sediments (BWM 
Convention) enters into force (IMO 
2004). Similarly, the European Union 
has adopted its first legislative tool for 
controlling invasions, EU Regulation 
1143/2014 on Invasive Alien Species, 
in force since the beginning of 2015 
(European Parliament and the coun-
cil of the European Union 2014). 
Although these instruments will likely 
slow the rate of new invasions, they are 
unlikely to stop them completely.

Invasions, especially their manage-
ment, can be costly (Williams et al. 
2010) and limited resources need to be 
allocated to management of the most 
harmful species. Determining the risks 
that each species poses is a difficult 
task and requires extensive knowledge 
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occupy (Czerniejewski and Rybczyk 
2008, Hegele-Drywa and Normant 
2009). In the native area, they are 
mostly scavengers and predation on 
crustaceans is more common among 
the small crabs (Odum and Heald 
1972). In the Archipelago Sea they 
have been reported to impact gastro-
pod abundance (Forsström et al. 2015, 
Jormalainen et al. 2016) and their 
stable isotope ratio places them among 
second degree consumers (Aarnio et 
al. 2015). In the Baltic Sea the crab 
has invaded many locations with 
submerged aquatic vegetation and rich 
associated grazer communities (Nurkse 
et al. 2015). 

in the Kiel channel in 1936 (Schubert 
1936) and to the Baltic Sea in the early 
50’s (Demel 1953). The observations 
from new areas came in the 2000’s 
when the species was observed in Lithu-
ania (2001) (Bacevicius and Gasiunaite 
2008), Finland (2009) (Karhilahti 
2010) and Estonia (2009) (Kotta and 
Ojaveer 2012). Currently, in Finland 
they have been observed only in the 
Archipelago Sea and southern Bothnian 
Sea, where their range has been growing 
rapidly (Fig. 1). 

The Harris mud crab is highly 
omnivorous, feeding on detritus and 
plant material, as well as, mobile crus-
taceans depending on the habitat they 

Figure 1 The invasion of the Harris mud crab in the Baltic Sea and the range expansion 
in the Archipelago Sea, Finland.
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2013). The predation pressure is likely 
impacted by the native predatory 
fauna present at each location. 

1.6.2 Round goby (Neogobius 
melanostomus)

The round goby originates from the 
Ponto-Caspian area and has spread 
to the Baltic Sea through the channel 
system in Europe (Panov et al. 2007), 
likely using ship traffic as a vector 
(Moskalkova 1996). The round goby 
was first observed in the Baltic Sea in 
the Gulf of Gdansk, Poland in 1991 
(Skora and Stolarski 1993) and in the 
last few years it has invaded even the 

In their native area, the Harris 
mud crab are controlled by the 
parasitic barnacle (rhizocephalan) 
Loxothylacus panopei (Gissler, 1884), 
which has impacts mainly through 
disruption of reproduction (Hines et 
al. 1997). The crabs have, however 
been able to shed the parasite when 
entering the invasive range (Fowler 
et al. 2013), which likely contrib-
utes to their success. The Harris mud 
crabs had rarely been detected in fish 
stomachs in the Baltic Sea in the older 
invasive range (Hegele-Drywa and 
Normant 2009), but recently in the 
Archipelago Sea fishermen have been 
reporting finding them (Fowler et al. 

<	  1999	   <	  2004	  

<	  2009	   <	  2014	  

Figure 2 Distribution of the round goby in the Baltic Sea (data from Kotta et al. 2016 
and references therein).
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Based on previous studies, the 
round goby is a generalist predator 
reported to feed primarily on bivalves 
when available (Skora and Rzeznik 
2001, Karlson et al. 2007, Rakaus-
kas et al. 2008, Raby et al. 2010, Järv 
et al. 2011). They can compete with 
economically important fish species 
such as flounder in regions where they 
are abundant, as indicated by resource 
overlap (Karlson et al. 2007, Ustups 
et al. 2016). Furthermore, in regions 
where round gobies have become 
abundant, such as the Great Lakes 
and Gulf of Gdansk, they have them-
selves become important prey items to 
both avian and fish predators (Jakubas 
2004, Dietrich et al. 2006, Almqvist 
et al. 2010) and introduced a new 
link to the food web (Almqvist et al. 
2010). 

northernmost parts of the Baltic Sea 
(Fig. 2; Kotta et al. 2016).

Round goby is an aggressive, terri-
torial, and voracious benthivorous fish 
(Charlebois et al. 1997) observed to 
have profound impacts on the ecosys-
tems especially where numerous (e.g. 
Laurentian Great Lakes and Gulf of 
Gdansk, Poland)(Dubs and Corkum 
1996, Lauer et al. 2004, Balshine et 
al. 2005, Lederer et al. 2006, Almqvist 
et al. 2010). The round goby is one 
of the most successful invasive species 
globally and is also considered poten-
tially one of the top invasive species 
in the Baltic Sea (Ojaveer and Kotta 
2015). Furthermore, round gobies in 
the southern Baltic Sea are very large 
compared to the native areas indicating 
that they have adapted very well to the 
Baltic Sea (Sokołowska and Fey 2011).

2. OUTLINE AND AIMS OF THESIS

2.1  Aims of the research

In my research, I aimed to illustrate the 
basic ecology of two coastal benthic 
non-indigenous species, round goby 
Neogobius melanostomus and Harris mud 
crab Rhithropanopeus harrisii, in their 
invaded environment and how they 
potentially affect their respective demer-
sal ecosystems both in terms of prey use 
and how the native species behave (i.e., 
potentially acclimate) to their pres-
ence. Furthermore, I aimed to show, 
using non-native fish as an example, 

how these data are used in management 
through species risk assessments. 

2.1.1 Feeding, prey selection and 
potential trophic impacts (I, IV)

Due to the importance of predation 
in modifying coastal communities 
(Paine 1966, 2002) and since many of 
the impacts of non-indigenous species 
occur through direct predation (Elton 
1958, Mack et al. 2000, Gurevitch and 
Padilla 2004, Cox and Lima 2006), 
information about non-indigenous 
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also successful due to prey naivety 
(Cox and Lima 2006). The impacts 
of predatory non-indigenous species 
vary and depend on many biotic inter-
actions, including prey behavior and 
predator’s selectivity (Lehtiniemi and 
Lindén 2006). In any case, estimating 
the impacts of non-indigenous species 

diets and prey preferences are import-
ant for forecasting potential impacts. 
Successful non-indigenous species are 
often generalist predators or omnivores 
(Moyle and Light 1996) and preda-
tors tend to have very strong impacts 
on their prey (Paine 1966, 2002). 
Many non-indigenous predators are 

Figure 3 Study sites. The grey dots indicate current Harris mud crab range in the 
Archipelago Sea.
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of the field collected fish and compar-
ing them to the available prey in each 
location. 

2.1.2 Predatory and parasitory 
pressure and acclimation of the 
ecosystem to invasions (II, III)

Very few animals in nature escape 
predation completely and most 
non-indigenous species (excluding 
non-palatable ones) end up eventually 
being prey for native predators (Ruiz 
et al. 2011, Ojaveer and Kotta 2015). 
However, this requires time for the 
native predators to adapt and learn to 
prey upon them. Native predators have 
been shown to contribute to the control 
of invasive populations (DeRivera et 
al. 2005) but whether they become 
effective predators, depends in part on 
the combination of innate behaviors 
and behaviors learned through direct 
experience or social learning (Warbur-
ton 2003). Also, increased predation 
towards NIS can contribute to better 
fitness of the predators (Crane et al. 
2015) and via that even to increased 
predator populations resulting in 
increased predation towards native 
species (Noonburg and Byers 2005).

Because the management of 
non-indigenous species, especially the 
ones that become invasive, is costly 
and often impossible, this natural resil-
iency of a system as top down control 
may be one of the few management 
options. These processes were studied 
by 1) estimating the predation on the 

may have in their new ecosystem, their 
prey preference in the invasive range 
should be known. The most significant 
issue is that predators often undergo 
shifts in their prey use both spatially 
and temporally (e.g., Viherluoto and 
Viitasalo 2001) and generalizations 
using existing information may be 
difficult.

The diet of an animal is always a 
result of available prey and potentially 
selective feeding. Stomach contents 
cannot reveal information on what 
was available, only what was selected 
and only on prey that are not rapidly 
digested or easily macerated (e.g., 
Lehtiniemi et al. 2009). Therefore to 
estimate any selectivity or preference 
in feeding, availability of different 
potential prey items must be known. 
(Manly et al. 1993). An experimental 
approach reveals more direct informa-
tion on predators’ selectivity, but is 
always limited by available prey and 
introduces multiple artifacts of inter-
vention (Kraufvelin 1999). Despite of 
the limitations in both approaches, 
they can reveal important informa-
tion on how predators choose their 
prey.

The feeding and prey preference 
of the two non-indigenous species 
was studied through both mesocosm 
experiments and field surveys. The prey 
preference of 1) the Harris mud crab 
was studied in experimental conditions 
by offering them a choice of abundant 
invertebrate species and 2) the round 
goby by sampling stomach contents 
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towards the most harmful NIS, risk 
assessment tools become useful. FISK, 
Fish Invasiveness Screening Kit, is an 
example of a method that can be used 
for quantifying risks that different 
species may pose to certain area. In the 
study V the risks of several non-indig-
enous fish species were assessed with 
this tool for southern coastal Finland). 
The accuracy of the risk assessments 
increases, the more information about 
the species ecology and tolerances there 
is. Information about the species’ basic 
trophic ecology (such as described 
above) is an important component for 
the assessments.

Harris mud crab by sampling local fish 
and analyzing their stomach contents 
in the Archipelago Sea and 2) survey-
ing the stage of parasite assemblages of 
the round goby in different locations 
throughout the Baltic Sea. 

2.1.3 Management relevance (V)

Due to scarcity of cost effective and 
effective management options for 
aquatic non-indigenous species, 
prevention of new invasions is 
considered the only viable solution 
(Lehtiniemi et al. 2015, Ojaveer et al. 
2015). To aid management decisions 

3. MATERIAL AND METHODS

3.1  Study sites

All research was conducted in the 
Baltic Sea, located roughly between 
53° to 66° N. The Harris mud crab was 
mainly studied in their current range 
in Finland, in the Archipelago Sea. The 
Harris mud crab prey preference exper-
iment was conducted in the Tvärminne 
Zoological Station. The round goby 
populations were sampled and stud-
ied in different locations throughout 
their range in the Baltic Sea (Fig. 2). 
In addition, the FISK, Fish Invasive-
ness Screening exercise was conducted 
as southern Finland (including river 
deltas, coastal ponds and coastal areas) 
as the assessment area. 

3.2  Methodology

Methods used in the dissertation 
sections ranged from experimental 
approach (manuscript I) to field collec-
tions with a variety of sampling 
equipment (manuscripts II–IV). Ex- 
periments always introduce an arti-
fact of inference (Kraufvelin 1999) 
and the adaptability of the results can 
be limited. Therefore field verification 
of the results, at least discussing them 
in the light of available information, is 
necessary. Experiments are, however, 
the only option for revealing causality.

Even if sampling from the field 
resembles the natural conditions better, 
it allows less intervention and the 
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Mud crabs were collected from 
the Archipelago Sea using habitat traps 
(Fowler et al. 2013) and transported to 
Tvärminne Zoological Station (Fig. 3). 
Both males and females were used in 
the experiments and the mean size 
(carapace width, mm) of the crabs 
used in the trials was 13.19 ± 4.16 
mm (n = 84). Crabs were starved for 
24 hours prior to the start of the exper-
iments to standardize hunger level. 
Otherwise crabs were fed with frozen 
chironomid larvae twice a day. 

Collecting fish stomachs and crabs 
from the Archipelago Sea (II)

Annual Coastal Fish Monitoring in 
Kaitvesi along with additional fish 
sampling throughout the Harris mud 
crab’s range was performed in Septem-
ber 9 – November 8, 2013 at eight sites 
in the Archipelago Sea, Finland (Fig. 3). 
The annual monitoring in Kaitvesi was 
supplemented with additional sampling 
to obtain more fish from a larger 
geographical area. One fishing site was 
outside the current range of the Harris 
mud crab occurrence, and since no crabs 
were detected from the fish stomachs or 
from the habitat traps in this area, these 
data were excluded from the further 
analyses. In Kaitvesi, 45 Nordic Coastal 
survey nets (multi mesh size 10–60 
mm) were used. Additional fish samples 
were obtained with bottom gillnets, 
5–15 nets per site (30 m long, 1,5–3 m 
high, mesh size 30–80 mm). All fish 
caught were collected and transported 

resulting data is often more variable 
and at best correlative. In addition, field 
surveys tend to be very labor intensive. 
Therefore, combination of these two 
approaches is usually the most powerful. 

Statistical methods used in the 
dissertation sections range from para-
metric and multivariate analyses to 
specific feeding selectivity and parasi-
tology analyses. In addition, in FISK 
Freshwater Fish Invasiveness Screening, 
diagnostic analyses were used to evalu-
ate the performance of the tool for the 
specific conditions in southern Finland. 

3.2.1 Material collection

Collecting Harris mud crabs and 
their prey for the experiments (I)

Prey and predators for the mesocosm 
experiment were collected from either 
the Harris mud crab’s range in the 
Archipelago Sea or from the vicinity 
of Tvärminne Zoological station (the 
prey). The four taxa of prey used in the 
experiments were isopod Idotea baltica, 
amphipod Gammarus sp., gastropod 
Theodoxus fluviatilis and mussel Mytilus 
trossulus. All species are very common 
invertebrates in the coastal vegetated 
zone of the mud crab occurrence area. 
Prey items were collected using hand 
nets and by collecting and sorting 
through loose Fucus and filamentous 
algae. The prey were placed in aquaria 
where they were kept at maximum 
24 hours prior to assigning them into 
the experimental treatments. 
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at maximum 24 h intervals. Fishing 
continued at least three days, until a 
satisfactory sample (at least 50 fish) of 
round gobies had been obtained. All fish 
were identified and counted, and round 
gobies were placed in labeled plastic bags 
in a cooler on ice and were frozen (mini-
mum −20°C) as soon as possible. 

The sampling was repeated in 
similar manner both when collecting 
stomach samples in August-September 
2014 and when collecting fish for the 
parasite survey in June 2015. 

3.2.2 Prey preference of the Harris 
mud crab – experimental approach (I)

The prey preference of the Harris mud 
crab was studied using an experimen-
tal approach. Experiment was run in 
climate-controlled conditions, with 
close to ambient light and tempera-
ture regime in 35 L aquaria, with were 
decorated with sandy substrate and 
vegetation. The experimental treat-
ments (total N = 36) were control (0 
crabs), two crabs (one female and one 
male) and five crabs (two males and 
three females). The crabs were measured 
at the end of the trials to disturb them 
as little as possible before trials. 

Four species of prey were used in 
the experiments: isopod Idotea baltica, 
amphipod Gammarus sp., gastropod 
Theodoxus fluviatilis and mussel Myti-
lus trossulus, all common species in the 
vegetated coastal habitats. Four indi-
viduals of each prey species were used 
in each aquarium and each prey item 

to the laboratory on ice. They were then 
measured (TL, mm), weighed (g) and 
their stomach contents were inspected 
carefully for any crab remains. All iden-
tifiable crabs were measured (carapace 
width, mm) using calipers. 

Habitat traps (Fowler et al. 2013) 
were used to obtain a sample of the avail-
able Harris mud crabs in the area. Traps 
were deployed for at least 4 days at each 
site and all crabs retrieved from the traps 
were measured (carapace width, mm) 
and counted. The traps do not provide 
a reliable crab abundance measure but 
can give an estimate of their presence/
absence and the relative abundance of 
different crab sizes in the area.

Collecting round gobies in different 
locations of the Baltic Sea (III, IV)

Fish were collected in all locations 
(Fig. 3) using three types of passive gear 
(5 minnow traps, 10 collapsible crayfish 
traps and 3 eel traps). This combina-
tion was used to provide a better size 
range of catch than any one trap type 
used alone. They also represent both 
baited and unbaited methods, there-
fore resulting in a more representative 
sample of the population. The smallest 
trap, minnow trap, had 0.6 mm mesh 
size making them more suitable for 
catching small individuals. The traps 
were placed approximately 10 m apart 
in 1–2 m depth in haphazard order and 
active traps (minnow and crab traps) 
were baited with locally abundant fish 
(e.g., herring). All traps were checked 
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their invasive range in the Baltic Sea 
(Fig. 3) in August–September 2014. 
They were stored frozen until analysis. 
Fish were processed in a laboratory 
where they were thawed, measured 
(mm), weighed (g) and their sex 
determined. A sub sample of the fish 
(23 from Guldborgsund (Denmark), 
51 from Hel (Poland) and 40 from 
Mariehamn (Åland Islands)) was 
randomly selected for the stomach 
content analyses. Their whole diges-
tive track was removed and analysed 
under dissecting microscope (using 
methods described by Hyslop 1980). 
All items were identified to the lowest 
taxonomic level possible and their 
contributions to the contents were 
estimated as per cent of the contents 
by volume (N%) (Cortés 1997) and 
numerical frequency (%FF) (how 
many individuals of each prey item in 
the stomach). 

To estimate selectivity in feeding, 
the availability of different prey species 
in the benthos, a frequent source of 
round goby prey, was quantified by 
taking three benthic grab samples at 
each location with Wildco Petit Ponar 
benthic grab. The samples were sieved 
with 1 mm mesh and the samples 
were stored frozen (minimum −20°C). 
In the laboratory, the samples were 
thawed, all organisms extracted, iden-
tified and counted. 

Due to known ontogenetic shifts 
in the round goby diets (Kornis et al. 
2012), fish were assigned into four size 
classes (< 10 cm, 10–15 cm, 15–20 cm 

was weighed, prior to assigning them 
to treatments. Each aquarium included 
two small and two large individuals 
of each species; each either naturally 
dark, light or speckled in color, allow-
ing unique identification of the prey 
individual based on the species, natural 
color patterns (e.g., light or dark, speck-
led, striped) and size (large or small). 
This allowed us to follow their fate and 
position during the experiment.

The total duration of the exper-
iment was 40 hours, of which crabs 
were able to forage for total of 36 
hours. All trials (total of 3) were set 
at 20:00 by releasing prey items to 
the aquaria allowing them to settle 
for four hours. Crabs were then added 
at midnight (24:00), and the exper-
iment started. The mortality of the 
prey was observed at 12 h intervals 
(9:00, 19:00, 9:00 next day and at the 
end of the experiment at 12:00), the 
first observation occurring 9 hours 
after the experiment started. The fate 
(alive/dead) as well as the location of 
each animal in the tank were recorded 
at each observation. At the end of the 
experiment all remaining organisms 
were removed and the water as well 
as the substrate and vegetation in the 
tanks were carefully sieved to collect 
any prey remains. 

3.2.3 Prey preference of the round 
goby – field surveys (III)

Samples of round gobies were 
collected from different locations in 
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inner and outer intestinal surfaces. 
The gut contents were first removed 
and the digestive tract inspected care-
fully for parasites. After the removal of 
intestines, the body cavity and organs 
(spleen, kidney, gonads, liver and 
mesenteries) were inspected for para-
sites or abnormalities (potential cysts). 
All parasites were tallied and identified 
to the lowest possible taxonomic level. 
Many nematode species, especially 
larval stages, are difficult to identify 
morphologically to species level (H-P 
Fagerholm personal comment) and 
therefore some taxa were recorded at 
family level.

3.2.5 Risk assessment (V)

Risk assessments are often used to 
aid managers in decision-making and 
to allocate limited resources to most 
harmful issues, because they allow for 
comparisons of different issues on the 
same scale before the occasion is at 
hand. Multiple risk assessment tools 
are available for detecting the most 
harmful non-indigenous species. They 
range from very qualitative (based on 
few broad questions, answered based 
on expert knowledge) to quantitative. 
Generally, the more quantitative the 
assessment, less subjective the result is. 
FISK, Fish Invasiveness Screening Kit is 
semi-quantitative, relying on both expert 
knowledge and quantifiable answers. 
Similar screening tools are available for 
marine fish and invertebrates (Tricarico 
et al. 2010, Cefas 2016).

and > 20 cm) based on their TL, which 
were then used in the further analyses. 

3.2.4 Parasite identification (IV)

Samples of round gobies for the para-
site study were collected from four 
different locations in their invasive 
range in the Baltic Sea (Fig. 3) in June 
2015. Many ectoparasites (on skin, 
fins or gills) leave their host immedi-
ately at host death and therefore are 
not often found on frozen samples 
(H-P Fagerholm, personal comment). 
Our sampling design required preser-
vation of the samples for transport and 
therefore they may be skewed towards 
endoparasites. Nevertheless, the skin, 
fins and gills were carefully examined 
visually in case of signs of any parasites 
and all anomalies in the fishes’ appear-
ance were noted. All of our samples 
were preserved in a similar manner 
and, therefore, were comparable to 
each other, which was our main aim in 
order to compare results over range of 
Baltic Sea areas. 

Opaque eyes can be a sign of eye 
infecting parasite and they have been 
found in previous studies as one of the 
most abundant parasites of the round 
goby in the Gulf of Gdansk (Kvach 
and Skóra 2006, Rolbiecki 2006). The 
eyes that appeared opaque were there-
fore dissected and inspected carefully 
under a microscope. Furthermore, 
the entire intestinal tract was removed 
from all inspected fish in order to allow 
inspection of endoparasites on both 
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3.3  Statistical analyses and 
index calculations

3.3.1 Modelling the risk to be con-
sumed and inferring preference (I)

We knowingly chose to measure the 
predation in more natural setting, 
hence requiring more complicated 
analyses. In nature, predators expe-
rience an array of prey items in a 
structured habitat, similar to what we 
mimicked in the experiment. However, 
the approach does create dependence 
issues that needed to be taken into 
account in the analyses. 

The fate of each prey item relative 
to other species and to the number of 
crabs (treatment) was modeled using 
generalized linear mixed model with 
binary response variable (probability 
to die or stay alive). The experimen-
tal setup allowed studying the relative 
mortality of the prey items, since the 
identity of all prey items was known. 
As the fate of each prey item within an 
aquarium was dependent on the other 
prey items available in the aquarium, 
the interdependency of the individuals 
was included in the models by includ-
ing aquaria as a random factor. 

Since prey mortality was recorded 
as a function of time, survival analyses 
could be used in assessing preference 
towards different prey species. Logrank 
based Kaplan-Meier analysis was used 
to evaluate the average survival times of 
different prey species in different treat-
ments. Due to limitations in logrank 

The FISK is based on the Weed 
Risk Assessment kit (WRA), devel-
oped for pre-screening of potentially 
harmful terrestrial plants (Pheloung 
et al. 1999). Like the WRA, FISK 
scores species based on answers to 
49 questions that range from species 
biogeography, invasion history and 
the presence of certain undesirable 
traits to species specific biology and 
ecology. Based on the scores, non-na-
tive fishes can then be classified 
according to the potential risk they 
pose of being (or becoming) inva-
sive in the risk assessment (RA) area. 
Species scores can range from −15 
to 57; the higher the score the more 
invasive the species is. 

Both WRA and FISK (and similar 
toolkits) have proven to be effective in 
detecting species invasibility (Copp et 
al. 2009, Mastitsky et al. 2010, Tricar-
ico et al. 2010, Lawson et al. 2012). 
The variability in high-risk thresholds 
shows that calibrations to different 
areas representing different latitudes 
and climates are important. Therefore, 
in the FISK assessment an additional 
calibration step was performed when 
assessing invasibility of different 
non-native fish species to southern 
coasts of Finland. 

In the assessment altogether 36 
non-native fish species either pres-
ent in the Baltic Sea or had ever been 
introduced in the Baltic Sea region. 
The information about the species was 
mainly collected from published litera-
ture using literature search engines. 
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Whether the prey was located in Fucus 
habitat or elsewhere, or in Phragmites or 
elsewhere, or on sand or elsewhere. T. 
fluviatilis were also frequently observed 
on the tank walls, and for them also their 
occurrence on tank wall or elsewhere 
was analyzed. Analyses were conducted 
using generalized linear mixed models 
allowing us to control for the possible 
interdependency of the location of the 
consumed prey items within an aquar-
ium, which were noted throughout the 
experiment.

The generalized linear mixed 
model and location analyses were 
conducted in SAS 9.4 package (SAS 
Institute Inc. 2013a), and the propor-
tional hazards in JMP (SAS Institute 
Inc. 2013b). 

3.3.2 Estimating selection from 
stomach contents and available 
prey (II, IV)

Stomach contents alone do not provide 
information on selectivity of the preda-
tor. The prevalence of prey items in the 
stomach contents must be compared 
to the prevalence of prey items avail-
able in nature. 

Selectivity towards certain prey 
types was calculated using the Manly’s 
selectivity index α (Manly 1974):

based analysis, proportional hazards 
regression model (Cox regression (Cox 
1972)) was used to evaluate the impacts 
of treatments and species to the survival 
times of the prey. Model provides an 
estimate of the treatment effect (0, 2 or 
5 crabs) on the survival time of the prey. 
In addition, it provides estimates of the 
risk of death for a prey individual based 
on their prognostic variables (species: 
isopod, gammarid, gastropod or mussel) 
as Risk Ratios. Prior to the analysis, the 
survived individuals are “censored” from 
the data, since their survival time cannot 
be determined (they survived longer 
than the experiment’s duration). 

Also, the prey species may show 
anti-predator behaviour that can be 
detected from their position in the 
aquarium. The antipredator responses 
of the prey items were studied with two 
hypotheses. 1) Whether the presence 
of the mud crab in the same aquarium 
would impact the habitat selection of the 
prey species (Fucus, Phragmites or sand). 
This was obtained by transforming the 
treatments into a two-level variable: 
control (control aquaria) vs crab pres-
ent (2 and 5 crab treatments pooled). 
2) Whether the prey would react to 
the presence of the predator (crab) in 
the same habitat by assessing whether 
having a crab in the same habitat would 
impact the prey’s habitat choice. This 
was done by creating a new binary vari-
able, indicating presence or absence of 
a crab in the same habitat. The habitat 
preference was analyzed by transform-
ing the locations into binary response: 
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site), mean intensity (MI) and median 
intensity (mean and median number 
of parasites in infected fish). Their 
ranges were defined as confidence 
limits obtained by bootstrapping 
(Rózsa et al., 2000) with the Quan-
titative Parasitology 3.0 software 
(Reiczigel and Rózsa 2005). The differ-
ences in parasite prevalences between 
the sampling locations and sexes were 
analyzed using Fisher’s exact test and 
the mean intensities between the loca-
tions and sexes were analyzed using the 
non-parametric Wilcoxon’s test due 
to the skewed nature of the infection 
intensity data. Multiple compari-
sons (post-hoc tests) were conducted 
using the non-parametric Steel-Dwass 
method (Critchlow and Fligner 1991). 
In addition, the differences in para-
site assemblages between the locations 
were analyzed using analysis of similar-
ities (ANOSIM) and taxa contributing 
the most to the observed differences 
were determined by similarity percent-
age analysis (SIMPER) in Primer 6 
software (PRIMER-E ltd. 2009).

3.3.4 Calibrating risk assessment 
to local conditions (V)

Many applications of FISK have used 
the U.K. threshold score (Copp et 
al. 2009), but the applicability of 
the threshold score to all geographic 
regions had not been examined prior 
to the exercise in Finland. Therefore, 
one of the aims of the manuscript V 
was to calibrate the high-risk threshold 

where ”i” is the prey type (taxa/class) 
in question, k is the number of avail-
able prey types, di is the proportion 
of prey type ”i” in the stomach and 
Ni is the proportion of prey type ”i” 
in the benthic samples. Manly’s α can 
take values between 0 and 1, where 0 
indicates avoidance (e.g., under-rep-
resentation of abundant prey type in 
stomachs) and 1 indicates heavy pref-
erence (over-representation of rare 
prey type in the stomachs). The thresh-
old level for α indicating selection is 
determined as 1/k (k = total available 
prey items); α > 1/k indicates selection 
towards the item and α < 1/k indicates 
avoidance towards the item. In case 
α = 1/k, there is no selection and the 
prey type is consumed proportionally 
to its availability in the environment. 
Since the number of prey types varied 
between locations, the threshold for 
selection was determined for each 
location separately. Only species/taxo-
nomic groups present in both stomachs 
and benthic samples were taken into 
account in the selectivity analysis.

3.3.3 Describing differences in 
parasite assemblages (III)

The differences in round goby parasites 
between the locations were analyzed 
using a combination of traditional 
parasitological methods and multivari-
ate analyses. The parasitological indices 
were calculated according to Rózsa et 
al. (2000) as: prevalence (proportion 
of fish infected of all fish examined/
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risk species was estimated with receiver 
operating characteristic (ROC) analy-
sis (Bewick et al. 2004). It measures the 
predictive ability of FISK to discrimi-
nate between invasive and non-invasive 
species (Copp et al. 2009). For the 
analysis each species was classified a 
priori as either invasive or non-inva-
sive based on information available 
from the Invasive Species Special-
ist Group Database (www.issg.org) 
and from FishBase (www.fishbase.org). 
The resulting measure of the accu-
racy is the area under the ROC curve 
(AUC). 

score to the northern latitudes. Calibra-
tion process includes defining the best 
FISK threshold score, that is, the cutoff 
value that maximizes the probability 
of correct classification of a species as 
invasive while minimizing of incor-
rect classification as non-invasive. The 
threshold score was determined using 
both Youden’s J-statistic and the point 
closest statistic. The methods should 
result in the average score, which would 
classify the species correctly between 
high risk or medium risk.

Also, the ability of FISK to separate 
the medium risk species from the high 

4. RESULTS AND DISCUSSION

4.1  Feeding, prey selection and 
potential trophic impacts (I, IV)

The Harris mud crab feeds selec-
tively on mobile invertebrates (I)

The results show clearly that crabs 
exerted significant predation pressure 
on the prey and that certain prey taxa 
were preferred. Surprisingly, the most 
preferred prey were not the slow moving 
prey items: (blue mussels Mytilus trossu-
lus and gastropods Theodoxus fluviatilis), 
but the motile isopod Idotea baltica. The 
probability of being predated was signifi-
cantly higher for isopods than for other 
prey species F(1,9) = 6.08, P = 0.021). 
I. baltica had significantly lower survival 
than the other species (compared to 

Gammarus sp. t = 3.0, df = 9, P = 0.015 
and to Mytilus = −2.92, df = 9, P = 0.017). 
Kaplan-Meier estimates show that the 
survival time of isopods were signifi-
cantly shorter (Fig  4). Similarly, the 
proportional hazards model showed that 
crabs had an impact on survival times of 
the prey (X2: 70.52, df = 2, p < 0.0001) 
and prey species had significant impact 
on their risk of being consumed 
(X2: 50.72, df = 3, p < 0.0001). The risk 
was the highest in five-crab treatment, 
but the difference between the two crab 
treatments was non-significant (RR: 
1.3255, P = 0.1372. Surprisingly, crabs 
had very little impact on the prey species 
location in the aquarium indicating lack 
of antipredator behavior towards this 
new predator.
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Recently, the mud crabs have been 
found in another key habitat, seagrass 
Zostera marina (Gagnon and Boström 
2016). Both of these habitats host 
important ecosystem services, includ-
ing fish production. Many of the 
invertebrates inhabiting the bladder 
wrack belt are also grazing on the fila-
mentous algae preventing them from 
overgrowing the host algae (Kotta et 
al. 2000, 2006, Korpinen et al. 2007). 
Increased predation by the Harris mud 
crabs may lead to cascading conse-
quences in the key habitat, Fucus 
belt, where grazers have an import-
ant role for grazing filamentous algae 
(Korpinen et al. 2007). Some indica-
tion of these impacts is already present 
in the Archipelago Sea (Jormalainen et 
al. 2016). These impacts may spread 
more widely as the Harris mud crab 
range increases.

The round goby feeds opportunisti-
cally on available prey (IV)

Overall, the round gobies had 
consumed a variety of prey organisms, 
whose prevalence varied between the 
locations. Their prey use showed onto-
genetic shifts from soft-bodied benthic 
organisms to larger shelled prey. Avail-
ability of the prey was also very different 
depending on the location, explaining 
the differences in round goby stomach 
contents. 

Results of the analysis of simi-
larities (ANOSIM) show that the 
stomach contents of the round goby 

Based on our observations as well 
as previous observations, the isopods 
appear naive to the crabs, which may 
explain why they had the highest prob-
ability for predation. Also, moving prey 
can increase the encounter rate with 
a slow moving predator, such as the 
crab, resulting in increased predation 
risk especially when the mobile prey is 
naive (Woodward and Hildrew 2001). 
In our study gammarids appeared to 
aggregate into the vegetation, which 
may have contributed to their low 
predation. They have, however, been 
found in the Harris mud crab stom-
achs (Hegele-Drywa and Normant 
2009) and also observed to decline in 
the crabs presence (Jormalainen et al. 
2016) indicating that crabs do prey 
on them in the nature. The decline of 
isopods in the Archipelago Sea follow-
ing the Harris mud crab invasion has 
also been recently noticed (Jormalainen 
et al. 2016) indicating that isopod 
predation may occur also in the nature. 
Despite the attempt to include gastro-
pods in the experiment, no impact on 
crab predation was observed, likely due 
to their climbing behavior. Further-
more, even if not obvious from the 
experiment’s results, gastropods are 
shown to decline in their presence in 
the Archipelago Sea (Forsström et al. 
2015, Jormalainen et al. 2016, Puntila 
et al. unpublished). 

The Harris mud crabs are 
frequently found in a key habitat Fucus 
vesiculosus in the Baltic Sea (Nurkse 
et al. 2015, Jormalainen et al. 2016). 
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In addition, the preference showed 
ontogenetic shifts (Fig  5). In Guld-
borgsund, Denmark the small (<  10 
cm) and medium (10–15 cm) round 
gobies showed positive selection 
towards Mytilus trossulus and large 
(>  15 cm) towards Parvicardium spp. 
Regardless of the high abundance of 
polychaetes in the benthic samples, all 
size classes avoided them. In the Gulf 
of Gdansk, prey preference also varied 
between size classes. Small round 
gobies (<  10cm) preferred gastropods 
and amphipods. The medium sized 
(10–15 cm) round gobies preferred 
mainly Cerastoderma claucum and the 
largest ones (> 15 cm) Mytilus trossulus. 
In Mariehamn, selection was strongest 

were significantly different across loca-
tions, (Global R = 0.381, p = 0.0001). 
The analysis of similarity percentages 
(SIMPER) showed that the differences 
between the locations were driven by 
presence of main prey items in the stom-
achs: in Guldborgsund (Denmark) the 
main prey was clam Parvicardium spp, 
in Hel (Poland) Mytilus trossulus and 
in Mariehamn (Åland Islands), gastro-
pods and Amphibalanus improvisus. 

Contrary to the original hypoth-
esis about round gobies uniformly 
preferring bivalves, the selectiv-
ity analysis showed that the round 
gobies rarely show preference towards 
any prey or they show preference 
also towards other than bivalve prey. 
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Figure 4 Survival of different prey in the treatments as a function of time. Variance 
indicated as SD. Control with the dotted line, 2-crab treatment with solid line and 
5-crab treatment with dashed line.
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Palaemon sp. comprised a large propor-
tion of the round goby diet. In our 
study no shrimps were detected in 
the stomach contents or in the trap 
samples. The reason may be potential 
spatio-temporal mismatch between the 
predator (i.e., round goby) and prey 
(i.e., shrimp) or decline in the shrimps 
observed in the area (J. Behrens, 
personal comment). Our results show 
similar feeding preferences and stom-
ach contents than the previous studies 
(Skora and Rzeznik 2001, Karlson et 
al. 2007) in the in the Gulf of Gdansk 
(Poland), where Mytilus edulis remains 
to be the major component of the 
round goby diet. Where suitable prey 
is available throughout the year, the 
seasonal or year to year variation may 
be minor (see Karlson et al. 2007). 
The study was the first to investigate 
round goby feeding in in the North-
ern Baltic Sea, where the available prey 
is very different from other previously 
studied locations, especially in terms 
of availability of mussels. Amphibal-
anus improvisus, which is not a major 
component of the round goby diet else-
where, was the dominant prey species 
in round goby stomachs in Mariehamn 
(Åland Islands). In the nearest location 
to Mariehamn where the round goby 
diet has been studied (Muuga Bay; Järv 
et al. 2011), the most prevalent stom-
ach contents were bivalves. 

The results of the study highlight 
that the round goby has a high degree 
of plasticity in resource exploitation. 
Furthermore, they show how variable 

towards Amphibalanus improvisus in 
all size classes. Other prey types were 
either avoided or consumed relative to 
their abundance in the benthic samples 
(Fig 5). 

The round gobies do not, however, 
prey only on benthic infauna. They also 
equally forage on hard substrate organ-
isms, such as barnacles and mussels 
as well as many prey species occur-
ring among vegetation. The results of 
the prey selection analysis may, there-
fore, be biased to benthic infauna. 
Furthermore, the strong preference 
towards Amphibalanus improvisus in 
Mariehamn may have been a result of 
barnacles being underrepresented in 
the benthic grab samples. However, as 
seen from the stomach contents, they 
do also comprise a large fraction of the 
round goby diet in Mariehamn.

The overall fish condition varied 
between sites (F(2, 142)  =  33.84, 
p < 0.0001) and the round gobies in 
Hel, particularly the medium sized fish, 
were in better condition than in Guld-
borgsund and Mariehamn. This may 
have been due to the good availabil-
ity of Mytilus trossulus, which may be 
particularly suitable prey for the round 
gobies. However, based on growing 
populations in all locations, impact of 
the quality of prey is not very severe.

The findings are mostly in line 
with previous studies about round 
goby feeding in the study locations. 
The largest difference was observed 
in Guldborgsund (Denmark) where 
Azour (2011) found that shrimp 
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their potential impacts may be. They 
seem to be very able to forage on locally 
available prey and flourish even when 
their primary prey bivalves are not pres-
ent (see also MacInnis and Corkum 
2000, Brandner et al. 2013). Based on 
previous studies on the resource over-
lap with native species, the round goby 
may compete over food with at least 
flounder and turbot (Karlson et al. 
2007, Ustups et al. 2016), both with 
economic importance. Even though 
the round goby is flexible with their 
prey use, the native species may not be. 
There is already some indication that 
the flounder may begin foraging on a 
narrower prey range when the round 
goby is present (Järv et al. 2011). 

4.2  Predatory and parasitory 
pressure and acclimation of the 
ecosystem to invasions (II, III)

At first, populations of NIS can grow 
exponentially but eventually natu-
ral enemies adapt or evolve to utilize 
the new species and can even become 
capable of controlling them (e.g., Hunt 
and Yamada 2003, Jensen et al. 2007). 
Prey naivety towards invasive predators 
is well recognized (e.g., Sih et al. 2010, 
Martin 2014, Anton et al. 2015) and 
naivety is probably more pronounced 
when the predator species is novel to 
the system. But naivety can also occur 
towards new prey, especially if the 
species is novel, like Harris mud crab in 
the Archipelago Sea. Many predatory 
fish are, however, generalist predators 
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Figure 5 Manly’s selection indices in  
the sampled locations: a) Guldborgsund, 
b) Gulf of Gdansk and c) Mariehamn 



30      

high abundance in the area. However, 
based on the increase in crab abun-
dance and range in the Archipelago 
Sea, it appears that the current preda-
tion levels are unable to control their 
population growth.

Furthermore, the size range of 
crabs available in the area was much 
wider than what was found in the 
stomachs. Small crabs (1–6 mm in 
carapace width) comprised a large frac-
tion of the trap samples but only a few 
were found in the stomachs (Fig. 6). 
A possible explanation for this is that 
crabs of that size are quickly digested 
and, as indicated by our results, their 
main predators may be cyprinids, who 
grind their prey prior to digestion. The 
Harris mud crabs have been found to 
be a prevalent prey item for cyprinids 
elsewhere (Afraeibandpei et al. 2009). 

Crabs larger than 20 mm in cara-
pace width were also more abundant 
in the area than were found in the 
stomachs (Fig 6). It appears that larger 
crabs may not have effective predators 
in the Archipelago Sea, at least among 
fish, and they may not be subjected to 
significant predation pressure.

In their native range the Harris 
mud crabs are part of many fishes diet 
(e.g., oyster toadfish; Schwartz and 
Dutcher 1963, red drum; Boothby and 
Avault 1971) indicating that fish preda-
tion may be an important component 
in their natural control. In addition, in 
their native range the Harris mud crabs 
have a parasitic barnacle (rhizoceph-
alan) Loxothylacus panopaei impacting 

and capable of learning (Warburton 
2003 and references therein).

Parasites, like predators, are 
important biological regulators and 
occur as a natural part of any ecosys-
tem (e.g., Williams et al. 1992). They 
can also be seen as a good indicator of 
the ecosystem health (Hudson et al. 
2006), since their complex life cycles 
cannot be completed without suffi-
cient diversity and availability of hosts 
in the system. Quite like predators, 
parasites have to adapt to the presence 
of the new host and prevalence of para-
sitization often increases with time.

Predation on mud crabs is size 
limited

Harris mud crab has been present in 
the Archipelago Sea since 2009 and 
in the fish diets at least since 2011 
when the first reports were received 
from local fishermen (“Finnish Alien 
Species Database” 2016). Based on the 
experimental fishing in the Archipel-
ago Sea, at least six local fish species 
(four-horned sculpin Myoxocephalus 
quadricornis, perch Perca fluviati-
lis, roach Rutilus rutilus, white bream 
Blicca bjoerkna, ruffe Gymnocepha-
lus cernua and ide Leuciscus idus) have 
adopted crabs into their diet. The 
demersal four-horned sculpin had 
eaten the most crabs, although they 
were not the most numerous fish in the 
catch. Also predation pressure by perch 
and cyprinids (roach, white bream and 
ide) may be significant due to their 
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At the early stages of the invasion, the 
parasite prevalence appears to be low, 
but increases with time. For example in 
the Gulf of Gdansk, the parasite abun-
dance has increased from six species in 
the first studies (Rokicki and Rolbiecki 
2002) to at least 12 metazoan para-
site species by 2006 (Kvach and Skóra 
2006). Surprisingly the lowest parasite 
prevalence (both in terms of species 
richness and prevalence of infection) 
was observed in Palanga, where the 
round goby has been established since 
2002 (Rakauskas et al. 2008), longest 
of the locations sampled in this study. 
The most probable explanation is that 
gastropods, that are a frequent prey 
item for the round gobies elsewhere 
were absent from the round goby stom-
achs in Palanga. The most prevalent 

their reproduction (Hines et al. 1997). 
The crabs have been able to shed the 
parasite in their invasive range in the 
Baltic Sea (Fowler et al. 2013), which 
probably further improves their success.

4.3  Parasite assemblages of 
the round goby reflect the local 
conditions (III)

Based on the round goby samples from 
four locations throughout the Baltic 
Sea, the fish had not retained parasites 
from their native area, but rather had 
been colonized by local native para-
sites. Previous studies also indicate that 
same applies elsewhere in the Baltic Sea 
(Rokicki and Rolbiecki 2002, Rolbiecki 
2006, Rakauskas et al. 2008, Francová 
et al. 2011, Kvach and Winkler 2011). 
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Figure 6 Crabs found in fish stomachs compared to available crabs in the area. Values are 
expressed as proportions of each size class of all crabs found in each sample.
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scoring species were cyprinids includ-
ing the gibel carp Carassius gibelio, 
bighead carp Hypophthalmichthys nobi-
lis, topmouth gudgeon Pseudorasbora 
parva, and common carp Cyprinus 
carpio (Fig. 7). The latter is currently 
present in the risk assessment area 
mainly due to frequent stocking activ-
ities. The highest scoring species, the 
gibel carp, has a long history in aqua-
culture and was originally intentionally 
introduced into ponds in Estonia about 
a century ago. Gibel carp was first 
detected in the Baltic Sea (in the Curo-
nian Lagoon) already in the 15th–16th 
century (AquaNIS 2014), however it 
didn’t spread to the open Baltic Sea 
until later. It was recorded in Esto-
nia in 1985 and in the Helsinki area 
in 2005 (Vetemaa et al. 2005). The 
species has already securely established 
in the coastal areas and ponds in south-
ern Finland and will likely continue 
spreading further (ICES 2012). 

The FISK threshold score of 22.5, 
determined from calibration to the 
assessment area (southern Finland) 
distinguishes between “medium-risk” 
and “high-risk” species (Fig. 7). It 
was higher than found for two other 
temperate zone areas, i.e., the United 
Kingdom (threshold = 19) (Copp et al. 
2009) and southern Japan (threshold = 
19.8) (Onikura et al. 2011). The high 
threshold may be due to the north-
ern location and harsher climate of 
southern Finland, than in these other 
locations. Furthermore, recent FISK 
assessments show that southern areas 

parasite in other locations, Diplosto-
mum spathaceum, utilizes gastropods 
as vectors (Dogiel et al. 1961) and 
the lack of the vector likely causes the 
significant difference in the round goby 
parasite fauna in Palanga, Lithuania.

Contrary to our hypothesis of 
older populations being more parasit-
ized, prevalence of infection was rather 
similar throughout the locations and 
intensity of infections was not lower 
in the more recently invaded locations. 
This may indicate that parasites may be 
very fast to exploit and infect the new 
host species and there are other factors 
impacting the parasite assemblages 
more than the invasion age. Further-
more, the parasite infections did not 
seem to impact the round gobies over-
all condition indicating that their 
parasite load is not at a level that would 
impact the success of the populations. 

In addition, the round gobies in 
the invasive ranges appear to be gener-
ally less parasitized than in their native 
area (Özer 2007) or many native gobies 
in their current ranges (Gendron et al. 
2012). This indicates that the round 
goby may be enjoying from enemy 
release, at least for the time being.  

4.4  Invasibility of different fish 
species in coastal waters of 
finland (V)

The highest scoring species in the 
assessment were generally associated 
with aquaculture and have a history of 
invasiveness. Four of the five highest 
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Figure 7 Species scores received in FISK. The threshold is indicated with black line. 
VH = very high, H = high, MH = medium high, M = medium and L = low risk.

tend to obtain lover threshold scores 
for high risk species indicating that 
more species can potentially be inva-
sive (Lawson et al. 2012, Almeida et al. 
2013, Ferincz et al. 2016). 

The climatic conditions in southern 
Finland appear to at least hinder estab-
lishment of non-native fish species, given 
that only six fish species of non-indige-
nous origin have currently successfully 

established in southern Finland (Minis-
try of Agriculture and Forestry in Finland 
2012) despite of numerous introduction 
attempts. There are, however, several 
non-indigenous species that may pose 
risk with the ongoing global climate 
change and some of the species currently 
classified as “medium risk” may become 
“high risk” species.
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5. CONCLUSIONS AND SUMMARY

Non-native species are known to be 
generally tolerant and plastic, and the 
same appears to be true for the studied 
benthic species in the Baltic Sea. The 
Harris mud crab preys upon locally 
available invertebrate prey and shows 
clear preference to isopods in experi-
mental conditions (I). The preferred 
habitat of the Harris mud crab, bladder 
wrack Fucus vesiculosus is a key species in 
the Baltic Sea, providing many import-
ant ecosystem functions and hosting a 
diverse invertebrate fauna (Kautsky 
et al. 1992, Wikström and Kautsky 
2007). The combination of the Harris 
mud crab preferring the diverse habi-
tat in the Baltic Sea with the ability 
to prey on the key taxa in these habi-
tats can lead to substantial alterations 
in the ecosystem functioning (Jorma-
lainen et al. 2016). Furthermore, 
since the Harris mud crab appears to 
sustain populations even in low salin-
ity and low temperature conditions, 
the impacts may become more wide 
spread as the time progresses.

The round goby utilizes prey that 
is available and accessible in their envi-
ronments showing preference not to 
only bivalves, but towards a variety of 
prey. There is a significant degree of 
variability in round goby diets within 
the Baltic Sea (IV), mostly due to vari-
ability in prey availability. They do, 
however, show dietary overlap with 
native demersal fish (Karlson et al. 
2007, Järv et al. 2011, Ustups et al. 

2016), and thereby induce compe-
tition especially in conditions when 
food is limited.

Several predators and parasites 
appear to have acclimated to utilize 
these new species. The Harris mud crab 
is preyed on by at least six common fish 
species in the Archipelago Sea (II). The 
predation appears to concentrate on a 
rather narrow size range and very few 
large crabs were obtained from the fish 
stomachs. The seasonal patterns of the 
predation pressure are still unknown, 
but the increase in abundance and 
range indicate that predators do not, at 
least yet, exert significant control over 
them. 

The round goby have lost their 
native parasites when entering to the 
Baltic Sea. The parasite assemblages 
were unique to each of the sampled 
location and the surrounding ecosys-
tem and especially the availability of 
intermediate hosts impacted the para-
site assemblages significantly (III). 
Both round goby populations and 
ranges are currently still growing indi-
cating that its predators and parasites 
are unable to controlling them. 

Furthermore, the FISK assessment 
(V) revealed that many non-native fish 
species that are currently not observed 
in the area could become established 
and even invasive. Some of these species 
have or are been introduced to the area. 
Introducing any species of non-indig-
enous origin is a poor management 
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northern Baltic Sea is located in much 
lower salinity than they are normally 
found in their native range (Williams 
1984)). The round gobies are possibly 
even more plastic in their feeding than 
previously thought. Therefore, reliable 
risk assessments or forecasts of local 
impacts require more information on 
the different species basic ecology in 
many different ecosystems with vary-
ing abiotic and biotic conditions. 

decision, since even if they are not able 
to reproduce currently they may even-
tually become pests due to ongoing 
change in our climate. Change in the 
climatic conditions may also result in 
more species, currently classified as low 
or medium risk, becoming harmful.

Finally, the ecological interac-
tions of non-indigenous species are 
quite different from their native range 
and even other invasive ranges (i.e., 
the Harris mud crab range in the 

6. IMPLICATIONS AND FUTURE DIRECTIONS

Defining the trophic interactions 
between non-indigenous species is a 
necessary first step in estimating how 
non-indigenous species may potentially 
impact the structure and functions of 
the invaded ecosystem. The next is to 
measure the intensity of interactions 
and study the cascading impacts in the 
food webs. Modelling allows investiga-
tion of scenarios that do not yet occur 
in nature and also evaluation of the 
conditions at which natural control 
can occur, therefore resulting in direct 
management strategies.

Studying non-indigenous species 
does not differ from general ecol-
ogy. The process of invasion is a great 
model for studying basic ecological or 
(co-)evolutionary processes as well as 
trophic ecology. Invasion science is also 
very applicable and has high policy 
relevance. In the past and coming years 
international legislation requires an 

increasing amount of information for 
making educated decisions (i.e., risk 
assessments) about non-indigenous 
species and their management options. 
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