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Abstract

Human-mediated introductions of species crossing oceans and continents gain
increasing scientific and public attention as a major biological consequence
of globalisation. Marine ecosystems are facing particularly high numbers of
biological invasions. Gaining knowledge about factors promoting invasion
success and how they interact with each other is crucial to assess impacts of
invasions, as well as future invasion events and range extensions. The first
study in this thesis gives an introductory overview on this topic, highlighting
the importance of vectors, species traits, interactions and invasion history as
promoting factors.
The scope of this thesis is an investigation of such promoting factors and

their effects in a recent marine invasion in Europe, the notable case of the
northwestern Pacific crabsHemigrapsus takanoi andH. sanguineus. To gain an
in-depth understanding of the investigated factors, a comprehensive approach,
combining observational, experimental and genetic data, is used.
The second and third study of this thesis are dedicated to the most recent

range extension of H. takanoi into the Baltic Sea. The second study contains
the first Baltic Sea record of H. takanoi which was made in summer 2014. As a
follow-up, the third study aimed to clarify the ability ofH. takanoi to reproduce
in the Baltic Sea, being a crucial step in an invasion process. The study contains
a reconstruction of the full larval cycle of H. takanoi as derived from plankton
samples, thus confirming successful reproduction. It further contains the first
morphological descriptions of this species’ larval stages, as well as data on the
distribution of the larvae in Kiel Fjord. The observed spatial patterns indicate
small-scale migrations to optimise salinity conditions for larval development.
These results ultimately show the ability of H. takanoi to very rapidly adapt to
new environmental conditions.

The fourth and fifth study broaden the scope from a specific invasion event
to general factors contributing to the invasion success of Hemigrapsus spp.
in Europe. Adopting different methods, namely experimental ecology and
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population genetics, allowed to gain deeper insights into two previously un-
derrepresented aspects of the invasion biology of the two species. The fourth
study, concentrating on early life-history traits between native and invasive
crabs in the northern Wadden Sea, highlighted two mechanisms promoting
a successful establishment despite the presence of a native competitor, the
European shore crab (Carcinus maenas). Results of a two-year survey revealed
a pronounced temporal shift in recruitment of juveniles, reducing competition
between native and invasive crabs in a crucial phase of their life cycle. Inter-
action experiments further revealed interactions by which Hemigrapsus spp.
enhanced the recruitment success of conspecific juveniles while at the same
time impairing recruitment success of their native competitor.

The fifth study consists of a genetic analysis of European H. takanoi popula-
tions, including the most recently established populations in the Baltic Sea. It
revealed a weak, but significant structuring based on genetic differentiation
between populations in different regions, indicating that H. takanoi was at
least twice independently introduced to Europe. It further shows that the
recent invasion of the Baltic Sea results from a secondary introduction from
the neighbouring North Sea, highlighting the importance of regional vectors
for range extensions of invasive species after initial introductions.

Overall, this thesis shows the invasion of Hemigrapsus spp. in Europe to be
a still dynamic and ongoing process, illustrated by the reported introduction
and establishment of H. takanoi in the Baltic Sea. It furthermore shows that
combinations of different aspects of a species’ biology, in this case ecological
adaptations and interactions as well as invasion history, jointly contribute to
invasion success in marine species.
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Zusammenfassung

Durch menschliche Aktivitäten verursachte Einschleppungen von Arten über
die Grenzen von Kontinenten und Ozeanen hinweg erhalten zunehmend wis-
senschaftliche und öffentliche Aufmerksamkeit als biologische Folge der Glob-
alisierung. Insbesondere marine Ökosysteme sind einer großen Zahl biologis-
cher Invasionen ausgesetzt. Um die Auswirkungen und das Ausweitungspoten-
zial biologischer Invasionen, ist ein gutes Verständnis all jener Faktorenwichtig,
die eine erfolgreiche Invasion ausmachen. Diese Erkenntnisse helfen außer-
dem, mögliche zukünftige Invasionen abzuschätzen. Eine tiefer gehende Ein-
leitung in die Thematik gibt die erste Studie dieser Arbeit. Darin wird insbeson-
dere auf die Bedeutung von Vektoren, Merkmalen und Wechselwirkungen
invasiver Arten, sowie der Invasionsgeschichte als förderliche Faktoren erfol-
greicher Invasionen eingegangen.
Im Fokus dieser Arbeit liegt die Untersuchung solcher Faktoren und ihrer

Effekte am Beispiel einer aktuellen marinen Invasion in Europa, dem be-
merkenswerten Fall der nordwestpazifischen Krabben Hemigrapsus taka-
noi und H. sanguineus. Mit einem umfassenden methodischen Ansatz, der
Beobachtungs-, ökologische und gentische Daten kombiniert, soll ein detail-
liertes Verständnis der untersuchten Faktoren erreicht werden.
Die zweite und dritte Studie dieser Arbeit widmen sich der jüngsten Habi-

tatausweitung von H. takanoi in den Ostseeraum. Die zweite Studie dokumen-
tiert den ersten Fund von H. takanoi in der Ostsee im Sommer 2014. Die daran
anschließende dritte Studie verdeutlicht die Fähigkeit vonH. takanoi, sich lokal
zu reproduzieren, was einen entscheidenden Schritt im Etablierungsprozess
darstellt. Auf der Basis von Planktonprobenwird der vollständige Larvalzyklus
von H. takanoi rekonstruiert, und so die Fähigkeit zu erfolgreicher Reproduk-
tion bestätigt. Die Studie beschreibt darüber hinaus erstmals die Morphologie
der Larvenstadien dieser Art, sowie ihre Verbreitung in der Kieler Förde. Weit-
erhin werden kleinskalige Migrationsbewegungen nachgewiesen, mit denen
die Larven optimale Salinitätsbedingungen für ihre Entwicklung erreichen.
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Diese Beobachtungen belegen die Fähigkeit von H. takanoi, sich innerhalb
kürzester Zeit an neue Umweltbedingungen anzupassen.
Die vierte und fünfte Studie bilden einen Übergang von einem spezifis-

chen Invasionsereignis zu allgemeingültigeren Faktoren, die den Invasionser-
folg von Hemigrapsus spp. in Europa begründen. Die gewählten Methoden
der experimentellen Ökologie und der Populationsgenetik gewähren tiefere
Einblicke in zwei bisher wenig untersuchte Aspekte der Invasionsbiologie
dieser beiden Arten. Die vierte Studie konzentriert sich dabei auf Interak-
tionen in frühen Lebensstadien der einheimischen und invasiven Krabben
im nördlichen Wattenmeer. Sie belegt die Existenz zweier Mechanismen, die
die erfolgreiche Ansiedlung trotz direkter Konkurrenz durch die einheimis-
che Europäische Strandkrabbe Carcinus maenas ermöglicht. Die Daten einer
zweijährigen Feldstudie zeigen eine deutliche zeitliche Verschiebung der An-
siedlungsperioden juveniler Krabben, was die interspezifische Konkurrenz
zwischen einheimischen und invasiven Arten in einer kritischen Phase ihres
Lebenszyklus verringert. Interaktionsexperimente verdeutlichen weiterhin
einen Mechanismus, mit Hilfe dessen Hemigrapsus spp. die Ansiedlung juve-
niler Artgenossen verstärkt, während die Ansiedlung artfremder, einheimis-
cher Individuen vermindert wird.
Die fünfte Studie beinhaltet eine genetische Analyse der europäischen H.

takanoi Populationen, einschließlich der kürzlich etablierten Populationen
in der Ostsee. Es zeigen sich schwache, aber signifikante genetische Unter-
schiede zwischen den Populationen unterschiedlicher Regionen. Diese Un-
terschiede deuten auf mindestens zwei unabhängige Einschleppungen nach
Europa hin. Sie belegen weiterhin, dass die aktuelle Invasion in den Ostseer-
aum auf einen Sekundäreintrag aus der benachtbarten Nordsee zurückgeht,
und verdeutlicht damit die große Bedeutung regionaler Transportvektoren
für die Habitatausweitung von invasiven Arten nach deren ursprünglicher
Einschleppung.
Insgesamt zeigen die Ergebnisse dieser Arbeit, dass die Ausbreitung und

Etablierung von Hemigrapsus spp. in Europa ein weiterhin dynamischer, an-
dauernder Prozess ist. Besonders verdeutlichen dies die Erstfunde und die
Etablierung einer fortpflanzungsfähigen Population von H. takanoi in der Ost-
see. Sie zeigt weiterhin, dass die Kombinationen unterschiedlicher artpspezi-
fischer Aspekte, konkret die Anpassung, Interaktion und Invasionsgeschichte,
gemeinsam zum Erfolg mariner Neozoen beitragen.
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Background

Since humans travel the seas, they transfermarine organisms from their native
ranges to foreign coasts, across oceans, and even to different continents. For
centuries, this used to be the occasional transport and release of rather few
individuals attached to, or dwelled into wooden ship’s hulls, hidden between
rocks used as ballast, or carried along as live supplies on long-distance cruises
(e.g. Brawley et al. 2009). During the last 130 years, however, increasing trade
and global traffic turned introductions of non-native marine species into a
world-wide mass phenomenon, which is now considered a major consequence
of global change (Carlton 1999, Ruiz et al. 2000, Occhipinti-Ambrogi 2007,
Simberloff et al. 2013).

Today, evenmedium-sized container vessels and bulk carriers exchange tens
of thousands of cubic meters of ballast water between their ports of origin and
destination – including the organisms living in this water (Comittee on Ships’
Ballast Operations et al. 1996), and offer several thousands of square meters of
underwater hull surface – prone to the establishment of species-rich fouling
communities (Gollasch 2002). Up to 10’000 different species are estimated to
be transferred over biogeographic boundaries in any 24 hour period this way,
making ship traffic themost important vector formarine species’ introductions
(Carlton 1999). Intentional and unintentional introductions of aquaculture
organisms and associated organisms by intensified global exchange of cultured
seafood organisms, and artificial waterways, shortening ship travel times
and opening new migration routes, further contribute to continuously rising
numbers of introduction events (Ruiz et al. 2000, Naylor et al. 2001, Galil 2009,
Katsanevakis et al. 2013). Out of the numerous species initially introduced,
only a fraction manages to establish in their new habitats, and again a fraction
of these undergoes strong population growth and spreads further beyond
their initial site of introduction. This last group of non-native species, which
significantly impacts the recipient system, is consequently termed ‘invasive
species’ (compare e.g. Bax et al. 2003, Colautti & MacIsaac 2004).
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I. General Introduction

Identifying factors that promote a species’ successful establishment and
spread is crucial to understand what turns an introduced into an invasive
species, to assess its potential for further range extensions and its impact on
the invaded ecosystem. Furthermore, knowledge of such factors from a variety
of non-native species allows to infer more general patterns, which is crucial
for risk assessments and management tools concerning species’ invasions
(Bremner 2008, Williams & Grosholz 2008). From a purely scientific point of
view, successful (and failed) invasions offer unique opportunities to study
plastic and evolutionary adaptations of species to a new environment, the
development of novel interactions between native and introduced species,
and functional community ecology in response to biological perturbations (e.g.
Sakai et al. 2001, Facon et al. 2006, Zenni & Nuñez 2013, Papacostas et al. 2017).
Among marine non-native species, crustaceans, especially amphipods and

decapods, are a particularly prominent group, in terms of species numbers as
well as distribution and impacts (Brockerhoff & McLay 2011, Hänfling et al.
2011). They appear as one of the most species-rich groups in many invasion
inventories and studies of invasion vectors from different biogeographic re-
gions (Carlton & Geller 1993, Gollasch 2006, Galil 2009, Buschbaum et al. 2012,
de Castro et al. 2017). Many biological characteristics that have generally been
attributed to high invasion potential can be observed in invasive decapods.
These are, for example, their high diversity, tolerance and adaptability to-
wards changing environmental conditions (biotically and abiotically), and
an r-selected reproduction strategy with short generation times, early ma-
turity and high fecundity (Hänfling et al. 2011). The last point in particular
favours high propagule pressure during initial introduction and subsequent
establishment, an important factor for successful invasions (Hollebone & Hay
2007, Lockwood et al. 2009). In connection with their planktonic larval phase,
lasting up to a month in many species, it furthermore makes decapods prone
to ballast water transport (Brockerhoff & McLay 2011, Hänfling et al. 2011).

The true crabs (Decapoda, Brachyura), with currently over 70 recorded non-
native representatives globally (Brockerhoff & McLay 2011), bear some of the
most important invasive species in coastal marine ecosystems. Crabs often
take key roles in benthic communities, as they can reach high abundances
and, often being opportunistic omnivores, can affect the population dynamics
of numerous species in these communities (examples in Grosholz et al. 2000,
Jensen et al. 2002, Griffen & Byers 2009, Forsström et al. 2015). One of the
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most striking cases is the European shore crab Carcinus maenas, today a
global invader occurring on all continents (Carlton & Cohen 2003), which for
example strongly affected clam andmussel populations in some invaded areas
(Walton et al. 2002, Miron et al. 2005). Similarly strong effects on native benthic
communities were also described for the Chinesemitten crab Eriocheir sinensis
in its invaded ranges in Europe and California (Rudnick et al. 2005, Ojaveer
et al. 2007), this species as well being infamous for causing losses in fisheries
and damaging dykes and river banks by its burrowing activities (Panning 1938,
Rudnick et al. 2005, and references therein). Both, C. maenas and E. sinensis
have consequently been listed among the ‘100 of the world’s worst invasive
species’ (Lowe et al. 2004). It is for this great potential for successful invasions,
widespread dispersal and significant impacts, that novel introductions of crab
species regularly raise high awareness and scientific interest.

In this thesis, I investigate the most recent establishment of non-native crab
species in Europe, the notable double-invasion of the ‘Brush-clawed shore
crab’ Hemigrapsus takanoi Asakura & Watanabe, 2005 and the ‘Asian shore
crab’ Hemigrapsus sanguineus (De Haan, 1835) . Geographically, this work fo-
cuses on the Wadden Sea/southeastern North Sea, and the southwestern Baltic
Sea, which are the current northern limits of continuous Hemigrapsus spp.
distribution in Europe. In this area, their case offers a unique opportunity
to study a highly dynamic, early-phase invasion process and its underlying
promoters and biological mechanisms. The first discovery of H. takanoi in the
Baltic Sea in 2014 especially highlighted these dynamics and consequently put
the main focus of my work on this species.

The invasion record ofH. takanoi in the Baltic Sea is included in part II of the
thesis, together with a follow-up study reconstructing the full larval cycle of
H. takanoi in Kiel Fjord and indicating rapid larval adaptations to the specific
salinity conditions prevailing in this area. Part III of the thesis is dedicated
to a broader investigation of factors contributing to the invasion success,
consisting of an ecological study of recruitment processes and interactions of
Hemigrapsus spp. and native C. maenas in the Wadden Sea, and a population
genetics study on the invasion history and population structure of H. takanoi
across Europe.
As a more detailed introduction to the general topic, a review of current

concepts for understanding marine invasions, as well as their consequences
and implications for management is given in the following chapter.
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Abstract

From the depths of the oceans to the shallow estuaries and wetlands of our
coasts, organisms of the marine environment are teeming with unique adap-
tations to cope with a multitude of varying environmental conditions. With
millions of years and a vast volume of water to call their home, they have
become quite adept at developing specialised and unique techniques for sur-
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I. General Introduction

vival and – given increasing human mediated transport – biological invasions.
A growing world human population and a global economy drives the trans-
portation of goods across the oceans and with them invasive species via ballast
water. In any given 24-hour period, there are 10’000 species being transported
across different biogeographic regions. If any of them manage to take hold
and establish a range in an exotic habitat, the implications for local ecosystem
can be costly. This review on marine invasions highlights trends among suc-
cessful non-indigenous species (NIS), from vectors of transport to ecological
and physiological plasticity. Apart from summarizing patterns of successful
invasions, it discusses the implications of how successfully established NIS
have an impact on the local environment, economy and human health. Finally,
it looks to the future and discusses what questions need to be addressed and
what models can tell us about what the outlook on future marine invasions is.
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1.1. Introduction

The continuously rising numbers and extending ranges of non-indigenous
species (NIS) are todaywidely seen as amajor biological aspect of global change,
affecting invaded ecosystems, economy and even human health (Vitousek et
al. 1996, Ruiz et al. 2000, Simberloff et al. 2013). Marine species have been
anthropogenically introduced into new habitats since humans travel overseas,
but it is only since about 150 years, and especially in the second half of the 20th
century, that technical advances and the extreme increase in global marine
trade led to the exponential increase of marine species introductions (Carlton
& Geller 1993, Bax et al. 2003).

Of the hundreds of species that get introduced to habitats out of their native
range, only a small fraction actually establishes permanently in their new
environment, and an even smaller fraction reaches high population densities
and/or successfully disperses over wider ranges with adverse impacts on the
recipient system – consequently termed ‘invasive species’ (Sakai et al. 2001,
Colautti & MacIsaac 2004). The increasing field of invasion biology uses vari-
ous approaches, e.g. ecology, physiology, evolution and genetics, to investigate
mechanisms and consequences of the establishment of NIS. Finding answers
to the questions what makes certain species successful invaders and how inva-
sion processes actually happen, is amain focus of invasion biology. These often
include aspects that also allow to predict impacts of invasive species on the
invaded communities and may disclose starting points for possible manage-
ment strategies (e.g. Bremner 2008, Williams & Grosholz 2008). Furthermore,
the study of biological invasions offers model systems to better understand
general biological processes such as species interactions, physiological and
ecological adaptations, and evolutionary processes (Ruiz et al. 2000, Stachow-
icz et al. 2002, Facon et al. 2006). While marine systems globally belong to
the most heavily invaded ones, they have long been underrepresented in in-
vasion biology studies compared to terrestrial and limnic systems, but this
discrepancy is reduced by a quickly growing body of literature in recent years
(Grosholz & Ruiz 1996, Ruiz et al. 2000, Chan & Briski 2017).

Even though it is difficult to identify universal factors and traits that lead
to high invasion success due to their apparent dependency on the individual
conditions of each invasion event (Sakai et al. 2001), some general patterns
regularly occur in this context. These include for example common invasion
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pathways and vectors (Katsanevakis et al. 2013), anthropogenic alterations
or perturbations of recipient habitats (Bax et al. 2000, Briggs 2012, Mineur
et al. 2012), high ecological and physiological plasticity of successful invaders
(Hänfling et al. 2011, Parker et al. 2013, Tepolt & Somero 2014), and the gen-
eral nature of interactions between native and non-native as well as among
non-native species (Snyder & Evans 2006, Johnson et al. 2009, Briggs 2010).
This review aims to give an introductory overview of important aspects of
successful marine invasions, including human impacts, species’ traits and
interactions, and invasion genetics. The second part of this review copes with
ecological and socio-economic consequences of marine invasions and their
implications for policy and management and closes with an outlook on future
developments of the phenomenon under the perspectives of ongoing global
(esp. climate) change.

1.2. Promoters of Successful Spread and Establishment

1.2.1. Vectors, Pathways and Altered Habitats – Human Impacts

Anthropogenic impacts are by definition major prerequisites for the occur-
rence of marine NIS, as only they allow species to reach regions beyond their
natural range and dispersal limits. Besides obvious examples of direct species
transportation, either intentional or unintentional, human impacts on ma-
rine habitats can also indirectly act as strong promoters of the spread and
establishment of marine NIS.

Ship traffic is themost important vector of species’ introductions. Ships act as
vectors in twoways. First, their hulls provide a habitat for fouling communities
of sessile species, which are transported between ports andmay eventually get
removed or detached, or release offspring into a new environment (Ruiz et al.
1997, Gollasch 2002). If the fouling layer is thick enough, also mobile species
can survive transoceanic transport in sheltered cavities, as for example the
Asian crab Hemigrapsus takanoi, which was first recorded in Europe in 1994
on a ship’s hull (Gollasch 1999, then identified as H. penicillatus). Second, and
even more important, the exchange of huge amounts of ballast water holds
the potential for all species with (at least temporal) planktonic or swimming
lifestyle to be taken up in one port and be released in another. Since the 1880s,
when seawater started to replace solid ballast, the number of marine NIS and
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the frequency of introductions are constantly increasing (Carlton & Geller
1993, Ruiz et al. 1997, Ruiz & Smith 2005, Wolff 2005). The ongoing trend to
ever more and bigger – increasing ballast water volume and thus the number
of transported organisms – and faster – increasing the survival probability of
transported organisms – vessels, further fuels this trend. The importance of
international ship traffic for the dispersal of marine NIS is also underlined by
the fact that especially international ports and their surroundings have often
turned into hot-spots for exotic species, and that the dispersal routes of many
species follow the main transoceanic shipping routes (Briggs 2012, Seebens
et al. 2013). While the big container vessels and other large trading ships
account to a large extent for primary species introductions across continents,
regional traffic of smaller ships is an important vector for the secondary spread
of marine NIS. Recent studies showed that especially recreational boating is
an important driver of regional dispersal of non-native species (e.g. Clarke
Murray et al. 2011, Hänfling et al. 2011).
Aquaculture is another important vector for marine NIS, which as well

accounts for a rising number of introductions parallel to the global growth of
this economy during the last decades (Naylor et al. 2001). Organisms with a
planktonic larval stage are especially prone to ‘spill over’ from their culture
areas into the surrounding habitats. This introduction pathway led for example
to the invasion of the Pacific oyster Magallana gigas (formerly Crassostrea
gigas) along the southeastern coast of the European North Sea. A series of
warm summers following the introduction of M. gigas (which was initially
believed to not be able to reproduce in the cold climate of the North Sea)
promoted their dispersal, highlighting how a combination of human actions,
environmental changes and species’ traits can lead to a successful invasion
(Diederich et al. 2005, Smaal et al. 2009). Aquaculture is not only a vector for the
cultured target species, but often also unintentionally introduces organisms
which are associated with them if they are not vigorously cleaned before
transportation. This is particularly true for invasive ecosystem-engineers like
reef-buildingmollusks, which, once established, provide favourable conditions
for the species they brought along, eventually resulting in profound shifts
towards NIS-dominated communities (e.g. Ruiz et al. 2000).
Floating (plastic) litter is a vector recently gaining attention. While the

marine litter problem is mostly discussed under the aspect of pollution and
the hazardous effects of microplastic accumulation, larger pieces of litter are
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also a possible habitat for fouling organisms, which might then be transported
over large distances by oceanic currents. Recent studies found a variety of
species from different taxonomic groups (including bryozoans, barnacles and
mollusks) settling on macroplastic, with a considerable proportion of marine
NIS among them (Barnes & Milner 2005, Gregory 2009, Gil & Pfaller 2016).
While driftwood and other debrismay already historically have played a role in
the cosmopolitan distribution of species like Teredo navalis (Bivalvia, Myoida)
or Lepas anatifera (Crustacea, Pedunculata), the recent extreme increase in
amounts ofmarine littermay to lead to a future increase in numbers onmarine
NIS dispersed by this vector (Gregory 2009).
Even though being no ‘classical’ vector, canals are a major introduction

pathway for marine NIS. The best known example is the Suez Canal, connect-
ing the Mediterranean Sea to the Red Sea and Indian Ocean, which accounts
for the vast majority of species invasions to the Mediterranean by migration
through the canal (Lessepsian migration) (Galil 2009). The Baltic Sea, as an-
other example, was invaded by numerous ponto-caspian species since it is
connected to the Black Sea by a system of canals and rivers (Leppäkoski et al.
2002, Katsanevakis et al. 2013). Additionally, the Kiel Canal provides a shortcut
route between the southwestern Baltic and the southeastern North Sea. It
likely served as invasion pathway for numerous species native or invasive to
the Atlantic, like the crabs Rhithropanopeus harrisii and H. takanoi (Fowler
et al. 2013, Geburzi et al. 2015). An interesting case in this context is the
shrimp Palaemon elegans, of which an Atlantic type invaded the Baltic Sea
from the west, and a Mediterranean/Black Sea-type invaded from the south-
east (Reuschel et al. 2010). Besides opening routes for the active migration or
natural (e.g. larval) dispersal processes, canals also increase the probability
for successful ship-mediated introductions, as they shorten transportation
times, thus increasing survival probabilities e.g. for organisms in ballast water
tanks.

Besides human-mediated transportation or migration, anthropogenic habi-
tat changes are another type of human environmental impacts which can facil-
itate the establishment of marine NIS. The construction of harbors and coastal
defense structures such as groines or seawalls on sedimentary coasts or in
estuaries for example adds artificial rocky habitats to naturally soft-bottomed
environments. Such new habitats are often rapidly colonized by non-native
species as native species are less adapted to their conditions (Mineur et al.
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2012). They may also serve as ‘stepping stones’ for the dispersal of rocky-shore
species (Landschoff et al. 2013), a function which is also currently investigated
with regard to the increasing number of offshore wind farms (Petersen &
Malm 2006). Water pollution and eutrophication are discussed as additional
anthropogenic impacts which lead to disturbances of marine ecosystems and
communities, making them more receptive to invasions (Reise et al. 2006,
Briggs 2007).

1.2.2. Life History, Ecology and Physiology – Species’ Traits

Of the high numbers of transported and introduced species, only a small
proportion successfully establishes and becomes invasive. Several ecological
and life-history traits regularly occur inmarine invasive species from different
taxa and can therefore be associated with their success. Overall, the following
traits and examples show that plasticity, for example in life-history strategies,
behavior and physiology, is a key feature of successful invaders.
Many of these traits are associated with reproduction, as in the end repro-

ductive success is the one factor determining whether a species successfully
establishes and spreads. Invaders are often characterized by an r-selected
breeding strategy (early maturity, short generation time, high fecundity, rapid
growth rates) or the ability to switch between r- and K-selected strategies
(reviewed in Sakai et al. 2001), enabling them to develop a high propagule
pressure even from small founder populations. The ability of females to pro-
duce several broods per season when environmental conditions allow for
it has as well been often observed (Hines 1986, Anderson & Epifanio 2010,
van den Brink et al. 2013). For crabs in particular, Zeng et al. (2014) also discuss
the ability to switch between two strategies of resource allocation – capital
and income breeding – as a potential promoter of invasiveness. In some cases,
also seasonality seems to have facilitated the establishment of NIS. Tempo-
rally shifted breeding periods are for example believed to reduce competition
between early juveniles of native crabs and the invasive Carcinus maenas in
Australia (Garside et al. 2015).

Having a planktonic larval stage is a common feature of many marine taxa,
but it provides particular benefits for establishing NIS by increasing their
dispersal abilities. This trait mostly affects the secondary regional spread
after the initial introduction of a species. Some marine NIS possess a signifi-

13



I. General Introduction

cantly longer duration of larval development compared to native species of
the same taxonomic group, which is regarded as a mean of further enhancing
the dispersal potential (Roman & Palumbi 2004, Viard et al. 2006, Delaney et al.
2012, Katsanevakis et al. 2013). The choice of recruitment sites by the last
larval stages is often positively influenced by chemical signals released by con-
specifics. For some successful invaders, however, cues from suitable habitat
act as strong as recruitment enhancers as conspecific cues, a mechanism that
enhances a species’ ability to colonize new habitats (O’Connor 2007, Anderson
& Epifanio 2009).

Resource utilization and food preference is another set of traits where suc-
cessful invaders often show high levels of plasticity. Omnivory (in animals)
and the ability to quickly adapt to a changed food supply is often observed (e.g.
Blasi & O’Connor 2016) and allows NIS to avoid food competition with native
species of the same guild. On the other hand, newly arrived species can also
cause dietary shifts in native species, being both beneficial for themselves, but
detrimental for the native competitor (Griffen et al. 2011).

Species physiology is an important component in determining its ability to
take hold in a new habitat. Temperature and salinity are two factors highly
regarded in limiting an organism’s ability to expand its range as a NIS, as is
the case in Mytilus studies (Pickens 1965, Helm & Trueman 1967, Coleman
& Trueman 1971, Stickle & Sabourin 1979, Nicholson 2002, Braby & Somero
2006b). Mytilus trossulus is native to the North Pacific, however, it has been
replaced along the California coastline from the Mexican border to Monterey
Bay after the introduction ofMytilus galloprovincialis, a Mediterranean native,
to Southern California via shipping in the 1900s (McDonald & Koehn 1988,
Geller 1999). A habitat mosaic exists in San Francisco and Monterey Bay,
which are both characterised by varying abiotic environmental conditions
(Braby & Somero 2006a). While the invasive mussel (M. galloprovincialis) is
genetically inclined to high temperature thermal tolerance, M. trossulus is
well adapted to areas achieving a critical salinity level, making the matrix of
habitats in Monterey and San Francisco Bay a mixed mosaic, where otherwise
M. galloprovincialis had displaced it along the southern coast given its thermal
tolerance acclimation advantage (Braby & Somero 2006b).
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1.2.3. Competition, Facilitation and Parasitism – Species’
Interactions

Wherever NIS are introduced, they develop interactions with both native and
other non-native species in their new habitat. At the same time, important
interactions with species in their native range may fall away. Either way, shifts
in the interaction regimes of NIS during the invasion process are probably
among the most important factors determining the long-term potential for a
successful establishment after initial introduction.
Many invasive species are known as strong competitors, having negative

effects on native species occupying the same niche, which in turn facilitates
their own or their offspring’s establishment. Common mechanisms are superi-
ority in the competition for food and shelter, or for optimal settlement space
in the case of sessile animals and plants, respectively (Ruiz et al. 1999, Jensen
et al. 2002, Levin et al. 2002, van den Brink et al. 2012, Katsanevakis et al.
2013). Several studies also reported direct predation pressure by invaders on
native species within the same guild (Ruiz et al. 1999, and references therein).
Some authors (Briggs 2010) relate the strong competitiveness of many NIS
to a regularly observed biogeographical pattern of marine invasions: They
often originate from regions with high biodiversity and are therefore well
adapted to strong competition. This makes them superior over native species
of their recipient regions which are often characterized by lower biodiversity.
This pattern is also addressed as ‘enemy-release-hypothesis’ (Bax et al. 2001,
Brockerhoff & McLay 2011), and assumed to significantly contribute to the
observation that successful invaders often ‘perform better’ (grow bigger, re-
produce more) in their invaded compared to their native ranges (Parker et al.
2013).

On the other hand, also positive interactions may enhance invasion success
of marine NIS. They have been described to occur among species invading the
same region, where the establishment of a first species (often an ecosystem-
engineer, see above) facilitates subsequent invasions of further species (Fridley
et al. 2007, Altieri & Irving 2017). The initial invader might either provide di-
rectly beneficial effects for subsequent invaders (e.g. habitat or food) or exert
detrimental effects for native competitors of subsequent invaders (e.g. preda-
tion, pathogens, structural habitat changes). Such cascading effects have led
to the assumption that increasingly invaded systems become more susceptible
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to further introductions, cumulating in ‘invasional meltdown’ scenarios (Sim-
berloff & Von Holle 1999, Grosholz 2005). Empirical evidence for ‘invasional
meltdown’ is however scarce (Simberloff 2006, Briggs 2012). At the same time,
an increasing number of studies report both negative interactions between
NIS (Lohrer & Whitlatch 2002, Griffen et al. 2008, Griffen 2016) and positive
effects of NIS on native species (Rodriguez 2006, and references therein). In
summary, these studies underline the complexity of species interactions in
the context of NIS establishment, making predictions on general interaction
patterns and long-term invasion success extremely difficult.

Parasitism is another type of species’ interactionswith the potential to strong-
ly affect invasion success. Just like being released from enemies, a release
from parasites often occurs during the translocation process of many species,
resulting in a much lower parasite load of introduced compared to native
populations (Snyder & Evans 2006, McDermott 2011, Fowler et al. 2013). Di-
rect positive effects of reduced parasite load include for example increased
survival and fecundity (especially when released from sterilising parasites).
Even more important are the indirect effects by the reduced need to invest
in parasite defense, allowing organisms to reallocate those resources to traits
like growth or reproduction (Goedknegt et al. 2016). Reduced investment in
parasite defense however results in higher susceptibility to parasite infections,
which may in turn negatively impact establishment success (Keogh et al. 2016).
Introduced non-native parasites on the other hand can reach extreme invasion
success when they are able to infect native species which are closely related
to their original host, but have only weak defensive traits due to the lack of
coevolution (examples in Ruiz et al. 1999, Feis et al. 2016). This could theo-
retically even promote the invasion success of the original host, which may
gain competitive advantages over its native relative by being better adapted
to infections.

1.2.4. Selection, Multiple Introductions and Hybridisation –
Invasion Genetics

Species introductions have the potential to trigger rapid evolutionary changes
and adaptation processes acting on the genetic level. Invasion genetics there-
fore play an important role in determining long-term success of species in-
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troductions and their evolutionary consequences for the respective species
(Holland 2000, Geller et al. 2010).

Usually, introduction and colonisation processes of species into new habitats
are associated with a considerable reduction of genetic diversity by strong
genetic drift or bottleneck effects. One would therefore expect to regularly
observe negative effects of genetic depletion in newly establishing populations,
especially a reduced ability to adapt to changing environmental conditions.
This seems, however, often not to be the case (examples in Tsutsui et al. 2000,
Hänfling 2007). Possible reasons are for example co-segregation of fixed loci
or changes in frequencies of rare (recessive) alleles caused by the reduction
of population size, leading to an actual increase in additive genetic diversity
(Hänfling 2007, Facon et al. 2008, and references therein). If, by chance events,
advantageous genotypes develop under these conditions, they can rapidly
become fixed in a small founder population due to the strong selective forces.
Multiple introductions of the same species can further mitigate possibly nega-
tive effects of small founder populations. They will often be not recognised as
long as no genetic studies are performed (‘cryptic invasions’), but are likely to
occur in many introduced species. If repeated introductions originate from
different source populations, this leads to an admixture of genotypes, hold-
ing the potential to strongly increase the adaptive abilities of the species by
novel combination of alleles (Hänfling 2007, Herborg et al. 2007, Chan & Briski
2017). This is believed to considerably contribute to the invasiveness of global
invaders like the European shore crab Carcinus maenas (Geller et al. 1997,
Roman 2006).
Hybridisation between native species and NIS regularly occurs in animals

with external fertilisation likemollusks and fish, and especially in plants. From
the invader’s perspective, it increases the chances to successfully establish
despite small founder population sizes either by introgression of native alleles
which enhance adaptive evolution, or by the development of new hybrid
lineages combining beneficial traits from both parental lineages (Sakai et al.
2001, Hänfling 2007). The latter can occasionally lead to hybrid superiority
and eventually result in the displacement of native species by newly evolved
hybrids. This has been for example observed for cordgrass, Spartina sp., in
Great Britain and North America, where hybrids between native and invasive
species disperse more successfully than their parent species (Huxel 1999,
Williams & Grosholz 2008, and references therein).
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1.3. Why Does It Matter?

1.3.1. Ecological Impacts

The evidence is overwhelming that NIS invasions are a significant stressor to
marine communities and has been observed in invasions by plants, fish, crabs,
snails, clams, mussels, bryozoans and nudibranchs (Ruiz et al. 1999). Invasive
species are the second greatest cause of extinction in world fish (Clavero &
García-Berthou 2005). Furthermore, anthropogenic derived disturbances and
the introduction of new species are skewing food webs towards a loss of higher
trophic groups and a gain in lower order consumers, the effects of which are
not yet fully understood (Byrnes et al. 2007). Species most responsible for
dramatic ecosystem alterations are NIS that act as ecosystem engineers.

An ecosystem engineer is an organism that alters the availability of resources
to other species. Jones et al. (1994) described ecosystem engineers as falling
into two categories, autogenic and allogenic. Autogenic engineers change
the environment through their own physical structure. Coral for example,
provides a habitat formany reef dwelling species. Allogenic engineers alter the
environment by transforming living or non-living materials between physical
states, as is the case for sea urchins that alter the environment by eating kelp,
which would otherwise be providing a habitat for organisms as autogenic
engineers (Jones et al. 1994). Broadly speaking, NIS as ecosystem engineers
can provide both positive and negative impacts on their environments.

Pacific oysters (Magallana gigas) have been introduced globally for aquacul-
ture purposes and have in some cases established wild oyster beds among its
introduced ranges (Lejart & Hily 2011). The impact of Pacific oysters has varied
from displacement of Sabellaria reefs, a species of conservation importance, to
increases in sessile invertebrate diversity via secondary settlement on oyster
shells (Olyarnik et al. 2009, Herbert et al. 2016).
Apart from the introduction of ecosystem engineers themselves, the in-

troduction of pathogens can indirectly cause a significant alteration to the
physical environment by infecting ecosystem engineers. The introduced pro-
tistan pathogens Haplosporidium nelsoni and Perkinsus marinus were partly
responsible for the decline of the Virginia oyster (Crassostrea virginica) (Crooks
2002), historically an important ecosystem engineer in the Chesapeake Bay.
The Chesapeake Bay has seen a decrease in over 90% of its oyster population
in the last century and the pathogen introduction has been recorded as a dom-
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inant factor of mortality. Additionally, results of the pathogen introduction
have limited the physical structure of oysters as a habitat and as a filter feeder,
thus altering the benthic and planktonic food webs (Ruiz et al. 1999).

1.3.2. The Economy and Human Health

Social and economic impacts are linked to invasive species altering fisheries,
aquaculture, tourism and marine infrastructure activities. Human health
is also impacted when the consequence of these alterations results in lost
revenue and potentially, a direct decrease in human health (Bax et al. 2001).
The economy drives the exchange of goods across the globe via shipping

routes and trade and with it come new NIS. In some instances, NIS wreak
economic havoc at home by altering ecosystems and reducing exportable fish
and shellfish markets through competition and disease. Few studies focus on
the economic impacts of aquatic species alone and even fewer separate out
marine from freshwater species impacts. Marine invasions pose an additional
challenge because of the widely dispersing planktonic larvae of many marine
species.
The European green crab Carcinus maenas, ranked in the IUCN list of the

world’s worst invasive alien species (Lowe et al. 2004) has had quite an eco-
nomic impact on the North Atlantic since emerging from its native European
range over 200 years ago (Carlton & Cohen 2003). The estimated annual losses
to shellfisheries on the East Coast of the United States due to predation alone
range from US$14.7 to US$18.7 million a year and up to US$805.9 million
during the period from 1975 to 2005 (Abt Associates Inc. 2008). In addition
to loss of profit from shellfish sales, green crabs are also responsible for the
loss of eelgrass in restoration projects through bioturbation activities such as
foraging and burrowing (Davis et al. 1998). The associated costs from these
activities range from US$60’150 to US$ 77’433 as an estimate for the year 2006
(Abt Associates Inc. 2008). Apart from the costs associated with direct shellfish
predation and eelgrass restoration projects there are also projected costs for
handling further losses from the NIS. Expenditures for a proposed monitoring
and control program to the US Environmental Protection Agency would cost
US$ 285’000 per year (Abt Associates Inc. 2008). The European green crab is just
one NIS, in one country and calculations are based on only the known impacts.
In any given 24 hour period 10’000 different species are being transported
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across bio-geographic zones (Carlton 1999) and as demonstrated by the green
crab, the economic cost of a single NIS can be quite significant, highlighting
the need for effective control and management implementation.

Keller et al. (2011) highlights the possibility that there may be economic ben-
efits in some cases. The release of the Red king crab Paralithodes camtschaticus
into the Barents Sea and subsequent expansion into the Norwegian coast pro-
vided an income of over 9 million EUR for fisherman (Galil 2009). While the
Red king crab represents one lone example of economic benefit, it is heavily
outweighed by the estimated annual 2.2 billion EUR per year that aquatic NIS
cost Europe (Kettunen et al. 2008). While known impacts of NIS can be calcu-
lated to the dollar, other factors may not have a monetary label, especially
those concerning human health. Lafferty & Kuris (1996) describe the risk that
the Chinese mitten crab Eriocheir sinensis in California presents as a second
intermediate host for the Oriental lung fluke (Paragonimus westermani) which
can cause paralysis in humans. If the mitten crab becomes widely abundant,
it may serve as a suitable host for the native North American lung flukes and
increase the potential for infection in humans (Lafferty & Kuris 1996). Another
example of NIS posing a risk to human health include the establishment of
the Zebra mussel (Dreissena polymorpha) and the Quagga mussel (Dreissna
bugensis) in Lake Erie. The non-natives provide a link between contaminants
bound to sediment in the water column up trophic levels to top predators
including smallmouth bassMicropterus dolomieui and humans (Hogan et al.
2007).

1.3.3. Management and Policy

As Thresher & Kuris (2004) summarise, there are management efforts in out-
breaks across the globe. From the marine alga Caulerpa taxifolia in California,
the Mediterranean Sea and Australia (Meinesz et al. 2001, Cheshire et al. 2002,
Williams & Grosholz 2002), to the Asian whelk Rapana venosa in the Chesa-
peake Bay (Mann & Harding 2000), to the Asian mussel Perna viridis in Cairns,
Australia (Thresher & Kuris 2004), marine invasions are truly a global chal-
lenge. In meeting this challenge, the study highlights four key differences
between management in marine and terrestrial invasion approaches. The
first is that the ocean is perceived as an open system and that due to global
patterns of circulation, pelagic larvae and large-scale migrations, local eradi-
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cation efforts are futile. The open nature of the ocean establishes a defeatist
attitude among public managers. Another challenge to marine invasions is
who should bear the burden of cost. The benefits of management actions can
be widespread and therefore which parties should be involved in paying for
them can become convoluted. Furthermore, the public perceives the ocean
and open coastline to be pristine, allowing invasions to go largely unnoticed
by the public. Finally, scientific literature on the biology of most marine taxa is
limited, making decisions and predicting outcomes of management practices
difficult to predict (Thresher & Kuris 2004). Despite these additional challenges
in managing marine invasions, there have been approaches developed which
have produced mixed results.
Lovell et al. (2006) highlight some of the policies developed to limit the

spread of NIS. Twomain approaches to international policy have been to focus
on shipping vectors as a means of distribution and by limiting the amount
of imports via quarantine bans or tariffs (Lovell et al. 2006). Despite regu-
lations, trade among the North Atlantic Free Trade Area (NAFTA) countries
spreads invasive species that were introduced as a result of trade with coun-
tries outside of NAFTA (Perrault et al. 2003). It is in this manner that NIS can
be introduced and widely distributed among trade partners who themselves
adhere to stringent treaty regulations.

Secord (2003) highlights the options that a mere handful of marine focused
studies of bioinvasions have recommended. Recommendations are centred
around prevention and control. The least disturbing to the environment
is the prevention of invasions in the first place. This may be manifested
through public education and outreach programs, ballast water exchange and
treatment options, and regulation in the aquaculture industry (Secord 2003).
Second, is the eradication of small invasive populations while they are still
susceptible to localised chemical or mechanical control methods. This may
take form through shading algal species, chlorine treatment of marinas, or
the physical smashing of individual snail hosts of an invasive parasite (Bax
1999, Culver & Kuris 2000, Dalton 2000). Invasions can further be augmented
through biocontrol using native species. The advantage of this method is that
it introduces no further NIS however, the implications for affected community
dynamics may be put at risk. Finally, the most risky method to local ecosystem
dynamics is through the introduction of other NIS to eat, parasitise, infect or
compete with the invader (Secord 2003).
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Returning to the example of C. maenas, one considered bioinvasion control
for this specieswas the introduction of the castrating barnacle Sacculina carcini.
After infiltrating the crab body, the parasite castrates both male and females,
effectively prohibiting its victims from reproducing (Lafferty & Kuris 1996).
The danger in this form of bioinvasion control is how it would impact native
as well as commercially valuable crabs or shrimp (Secord 2003).

1.3.4. Future Implications in light of Climate Change

Future studies should consider marine invasions in light of changing climate
conditions. As sea level rises, howwill it influence the expansion of NIS ranges?
If bodies of water are connected by larger channels and increased water flow,
howwill this impact the spread of future invasions? Will prone to acclimatizing
NIS thrive when new areas of land sink beneath the rising oceans?
Educating the public on marine NIS is an important step towards keeping

invasions in check. The ocean is large and peering out at it from on land, it
can seem undisturbed and peaceful. Beneath the surface, however, NIS are
thriving under rocks and floating through the water column as microscopic
plankton. Using molecular genetic techniques, we can first study the past and
use it to understand how established NIS came to be. Through public education
and supporting research, we can monitor ongoing invasions and implement
management actions. Finally, by carefully predicting climatic conditions of the
future, we can hypothesize about the course of future marine invasions and
begin to plan future management campaigns in light of global climate change.
Climate change is expected to impact aquatic invasions by warming water

temperatures, altering water flow patterns and increasing storm events (Poff
et al. 2002). Aquatic systems that are naturally saline will likely increase in
salinity, though whether this will necessarily allow marine species to invade
inland waters is still largely unknown (Rahel & Olden 2008). Climate change
will also result in physiological changes, which will become apparent at the
population level and as seen by shifts in abundance, timing of annually recur-
ring events and distribution and dispersion of organisms (Doney et al. 2012).
As Occhipinti-Ambrogi (2007) highlights, the range expansions of populations
of NIS has already been observed to be coupled with increasing water tem-
peratures. The Mediterranean Sea has witnessed the establishment of alien
microalgae species, an increase that is largely attributed to increased water

22



1 | How do they do it? – Understanding the success of marine invasive species

temperatures (Gómez & Claustre 2003). Other microalgae whose spread is also
thought to be linked to increasing water temperatures has impacted human
health. The NIS Ostreopsis armata, which bloomed in the Ligurian sea, caused
respiratory illness in tourists exposed to it (Occhipinti-Ambrogi 2007).
One of the most comprehensive models for predicting the fate of marine

invasions found that overall, there would be a high species turnover rate
attributed to invasions and extinctions by the mid 21st century. In considering
the distributional ranges of 1’066 marine fish and invertebrates for 2050 in a
bioclimate envelope model, Cheung et al. (2009) found that patterns of species
invasion as well as turnover (accounting for invading and locally extinct
species) were predicted in high latitude regions of the Arctic and Southern
Ocean and that combined with global extinctions, invasions and extinctions
will amount to a turnover of 60% of the present biodiversity. The potential
disruptions in ecosystem services in the future based on this model remain
yet to be known. With a growing world population and in light of a changing
global climate, studies are needed to better understand how marine invasions
will further impact our environment and economy, and how managers can
better prepare for future invasions.
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Hemigrapsus takanoi Asakura & Watanabe, 2005 and Hemigrapsus sanguineus
(De Haan, 1835) are classified within the familiy Varunidae (H. Milne Edwards,
1853), superfamily Grapsoidea of the true crabs (Brachyura) (Ng et al. 2008).
The genus Hemigrapsus (Dana, 1851) currently comprises 13 living species
(Davie & Türkay 2017), all of which are native to coastal regions around the
Pacific Ocean. To date, H. takanoi and H. sanguineus are the only represen-
tatives of this genus that have been reported as non-native species. In the
following, I will briefly describe the two species’ main characteristics and give
an overview of their invasion history.

Hemigrapsus takanoi

Hemigrapsus takanoi, the ‘Brush-clawed shore crab’ is a small to medium-
sized crab, males growing to maximally 30mm carapace width (CW) and
about 20mm on average, females growing to maximally 20mm CW and about
15mm on average (Noël et al. 1997, Gothland et al. 2014, own observations).
It has a rectangular carapace shape with three anterolateral teeth on either
side, a character which it shares with the other Hemigrapsus species. By this,
they can easily be distinguished from all coastal crab species in its northern
European range (Fig. I.1).

The carapace coloration of H. takanoi is usually brown, sometimes greenish
or greyish or even almost black, often with two white dorsal spots of varying
size and shape. The infraorbital ridge, running along the front below the eyes
is interrupted twice on its distal end, which is the most reliable character to
discriminateH. takanoi fromH. sanguineus in both sexes and all ages (compare
Breton et al. 2002). A further distinct character inmale crabs are the prominent
patches of soft setae in their chelar joints (Fig. I.2A and B).
Hemigrapsus takanoi was only in 2005 separated from H. penicillatus (De

Haan, 1835) and described as own species, based on molecular evidence
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Fig. I.1. Comparison of carapace shapes of Hemigrapsus spp. (A), and the most commonEuropean coastal crab, the shore crab C. maenas (B); scale bar 10mm.

(Asakura & Watanabe 2005). Though initially doubted (Sakai 2007), further
molecular studies confirmed the separation (Mingkid et al. 2006, Asakura et al.
2008, Yamasaki et al. 2011, Markert et al. 2014) and the status of H. takanoi as
separate species is now widely accepted. However, morphological character-
istics proposed to distinguish the two sibling species (including relative size
of the chelar setal patch in males, pigmentation patterns, and gonopod mor-
phology) show some overlap or are missing in some individuals, and are thus
not fully reliable (Mingkid et al. 2006, Markert et al. 2014, Makino et al. 2015).
All European samples of H.penicillatus /H. takanoi that have been included
in molecular investigations have been identified as H. takanoi, which is thus
assumed to be the only of these two species invasive in Europe (Asakura &
Watanabe 2005, Markert et al. 2014, Makino et al. 2017).

Due to its only recent description and its great morphological similarity
with H. penicillatus, distribution data of H. takanoi in its native range are
still incomplete. Data on its ecology in the native range are as well scarce,
but may be assumed to be similar to H. penicillatus. Its currently reported
distribution includes the Pacific coast of southern Russia, the Korean Penin-
sula, northern China and the whole Japanese archipelago, as well as Taiwan
(Asakura & Watanabe 2005, Lee et al. 2013, Marin 2013, Makino et al. 2017)
(Fig. I.3A). Hemigrapsus takanoi inhabits the mid to lower intertidal zone and
shallow subtidal areas and shows high tolerance towards brackish conditions,
occurring in bays and estuaries at salinities as low as 7PSU (Mingkid et al.
2006). Compared to H. sanguineus, it prefers more sheltered areas with less
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wave exposure and muddier sediment (Mingkid et al. 2006, Dauvin et al. 2009,
own observations).

Aspects of the reproductive biology of H. takanoi have been studied by van
den Brink et al. (2013) in the invaded Dutch delta (Netherlands), who reported
a reproductive period of about five months (April–September), and the ability
of females to produce consecutive broods (up to four) after a single copulation.
These data are consistent with data on H. penicillatus in Japan (Pillay & Ono
1978, Fukui 1988).

Fig. I.2. Discrimination between Hemigrapsus spp.: H. takanoi, habitus with typical col-oration (A), andmale, frontal view, arrows indicating the distally interrupted infraorbitalridge and the chelar setal patch (B). H. sanguineus, habitus with typical coloration (C),and male, frontal view, arrows indicating the uninterrupted infraorbital ridge and thechelar vesicle (D). Scale bars 10mm.
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Hemigrapsus sanguineus

Hemigrapsus sanguineus, the ‘Asian shore crab’ growths slightly larger than
H. takanoi, the males reaching up to >40mm CW and about 25mm on av-
erage, the females reaching up to 30mm CW and about 20mm on average
(Epifanio 2013, own observations). Carapace shape and the presence of three
anterolateral carapace teeth are as in H. takanoi (Fig. I.1 B). The coloration of
H. sanguineus is typically dark greenish-brown or dark purple-brown, thewalk-
ing legs showing an alternating pattern of dark and brighter bands. Brighter,
reddish-brown and very dark colour morphs can also be found. The infraor-
bital ridge in H. sanguineus is distally uninterrupted and narrows out into a
thin line, thus being clearly distinct from H. takanoi. In contrast to H. takanoi
males, male H. sanguineus exhibit a fleshy, membranous vesicle in their chelar
joints (Fig. I.2 C and D, compare Breton et al. 2002).

The native range ofH. sanguineus encompasses the Pacific coasts of southern
Russia, the Korean peninsula, Japan, Taiwan and the Chinese mainland coast
as far south as Hong Kong (Epifanio 2013) (Fig. I.3A). Thus, it largely occurs
sympatrically with H. takanoi, a fact that most likely promoted their joint
invasion to Europe. Like its congener, it occurs from the mid inter- to the
shallow subtidal, but does prefer rockier areas with higher wave exposure
and coarser sediment structure (Lohrer et al. 2000, Dauvin et al. 2009).
For H. sanguineus data from both, native and invaded ranges report repro-

duction periods between three and eight months, depending on average sea-
sonal water temperatures (Pillay & Ono 1978, Fukui 1988, McDermott 1998b).
Females of H. sanguineus are as well capable of consecutive breeding and may
produce up to four consecutive broods per season, each one with up to 40’000
eggs (Fukui 1988, Anderson & Epifanio 2010, Epifanio 2013), which illustrates
the high reproductive potential of this species.

Invasion history of Hemigrapsus spp.

The first record of a Hemigrapsus spp. as non-native species was the discovery
of a single H. sanguineus at the mouth of the Delaware River, New Jersey, on
the Atlantic coast of the United States in 1988, followed by the discovery of
a breeding population at the same site in 1990 (McDermott 1991). During
the following years, H. sanguineus rapidly extended its invaded range north-

28



The studied species

and southwards, in 1993 already occurring from Virginia to Massachusetts
(Epifanio 2013). Its current range encompasses over 1’300km of coastline
from North Carolina to the Gulf of Maine (McDermott 1998a, Epifanio 2013,
Lord & Williams 2016) (Fig. I.3B). A recent study by Blakeslee et al. (2017)
identified the New York/Long Island region as a possible ‘hot spot’ of multiple
introductions of H. sanguineus to the northwestern Atlantic.
In Europe, H. takanoi was the first of the two species to be reported. In

1993, Gollasch (1999) found several individuals in the hull fouling of a ship
at Bremerhaven (Germany), and one year later, Noël et al. (1997) detected a
breeding population of H. takanoi close to La Rochelle on the French Atlantic
coast, which was suspected to originate from the above-mentioned vessel
(Gollasch 1999). By then, the crabs were identified as H. penicillatus, but
later reassigned to the newly described H. takanoi (see above). Within only
two years, H. takanoi occurred along the whole Bay of Biscay coast, from
southern Brittany to northern Spain (Noël et al. 1997). In 1999, H. takanoi and
H. sanguineus were simultaneously found at the port of Le Havre in northern
France, several sites along the French coast of the English channel, and in the
Dutch delta system (Breton et al. 2002, Wolff 2005, Kerckhof et al. 2007, Dauvin
et al. 2009). Between 2004 and 2006, both species reached the westernWadden
Sea (northern Netherlands) and continued their simultaneous northeasterly
spread into the North Sea, reaching the central Wadden Sea (Lower Saxony,
Germany) in 2007 (Obert et al. 2007), and the northernWadden Sea (Schleswig-
Holstein, Germany) and the island of Helgoland in the German Bight in 2008
(Landschoff et al. 2013, Jungblut et al. 2017).

After subsequent further spread following initial discoveries H. takanoi cur-
rently almost continuously occurs from Northern Spain to southern Denmark,
along more than 2’500km of coastline, and H. sanguineus from the Cotentin
peninsula in France to southern Denmark, along more than 1’500 km of coast-
line. Further single records of H. sanguineus exist from the Mediterranean
(Schubart 2003) and Black Seas (Micu et al. 2010). More recently, both species
have also been recorded at several sites in Great Britain (Seeley et al. 2015,
Wood et al. 2015, Ashelby et al. 2017), and there is anecdotal evidence for its
occurrence on the west coast of Sweden (M. Berggren, Sven Lovén Centre for
Marine Science, Kristineberg; cited in Jungblut et al. 2017) (Fig. I.3 C). The new
records of H. takanoi from the Baltic Sea included in this thesis, can be seen as
the ‘next step’ in the species’ invasion history.
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Fig. I.3. Global distribution of H. takanoi and H. sanguineus: Native Asian range (A),invaded North American (B) and European (C) ranges. Squares indicate site and yearof important new records, question marks indicate unsure establishment status. Forreferences, see text.
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Geographically, this work focuses on the establishment and spread of Hemi-
grapsus spp. in German coastal waters. These are to the west the Wadden
Sea, as part of the southeastern North Sea, and to the east the southwestern
Baltic Sea. Despite their different and unique hydrographic and ecological
characteristics, both ecosystems show parallels in terms of natural history and
being geologically very young systems, a fact with direct implications for their
receptivity for species’ invasions. Their main characteristics will be shortly
described in the following.

The Wadden Sea

The Wadden Sea, located in the southeastern North Sea along the coasts of the
Netherlands, Germany and Denmark, is the largest uninterrupted intertidal
ecosystem in the world. Stretching out between the mainland coast and a
chain of islands and sand banks over a length of c. 500km, it comprises about
4’700 km2 of intertidal sand and mud flats (Reise et al. 2010). Due to its unique
character, large parts of the Wadden Sea are protected as national parks
and have further been declared a UNESCO world natural heritage in 2008.
Acknowledging this uniqueness, the three states bordering the Wadden Sea
commonly develop and follow concepts for the protection, management and
sustainable use of this ecosystem (CWSS 2010).
Geologically, the Wadden Sea is a young ecosystem, which only formed

about 8’000 years ago, after the last glaciation period. During this time, its
vast tidal flats developed as a consequence of a balance between sea level rise
and sedimentation processes (Reise et al. 2010). As a consequence of its young
age and high dynamics, as well as anthropogenic influences and frequent
perturbations throughout its history, the species communities of the Wadden
Sea have been subjected to constant changes, with extinctions, immigrations
and introductions being common phenomena (Reise et al. 1999, Lotze et al.
2005).
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Fig. I.4. Typical habitats of Hemigrapsus spp. in the Wadden Sea (observed at the islandof Sylt): Intertidal oyster-mussel-reef on a tidal flat, dominated by H. takanoi (A), andboulder revetment on an exposed shore, dominated by H. sanguineus (B).

Following the global trend, numerous non-native and invasive species have
established in and spread over theWadden Sea during the 20th century. Busch-
baum et al. (2012) recorded 66 nonnative macrobenthic species throughout
the Wadden Sea, and Gittenberger et al. (2010) reported 64 non-native plant
and animal species in the comparatively small Dutch part of the Wadden Sea
alone. Several factors are attributed to the high prevalence of species’ inva-
sions to the Wadden Sea: First, its location adjacent to one of the most heavily
shipped sea areas worldwide, in the vicinity of major European ports, which
guarantees a continuous supply of new species (Reise et al. 1999, Gollasch
2006). Second, its high productivity in combination with a relatively species-
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poor community, the latter being attributed to the young age of the Wadden
Sea and anthropogenic species depletions and extinctions. In combination,
these two factors are assumed to facilitate the establishment of additional
species and the ecosystem to sustain them (Reise et al. 1999, Lotze et al. 2005,
Buschbaum et al. 2012). Third, the effect of direct and indirect anthropogenic
habitat changes. These are large-scale introductions of artificial hard-bottom
substrate in the form of harbour facilities and coastal defence structures, re-
placing significant parts of the natural sedimentary habitats (Lotze et al. 2005,
Reise 2005); and the introduction and spread of the Pacific oysterMagallana
gigas Salvi & Mariottini, 2016 (formerly Crassostrea gigas [Thunberg, 1793])
which, as an ecosystem engineer, accounted for large-scale structural transfor-
mations of intertidal mussel beds, the only natural hard-bottom habitats in the
Wadden Sea (Markert et al. 2010, Reise et al. 2017). Such habitat changes are
believed to have paved the way for the introduction and establishment of high
numbers of hard-bottom species in the naturally soft-sediment dominated
Wadden Sea, Hemigrapsus spp. being a prominent example (Buschbaum et al.
2012, Landschoff et al. 2013).
Consequently, H. takanoi and H. sanguineus are observed in intertidal and

shallow subtidal (rarely) hard-bottom habitats throughout the Wadden Sea.
They occur sympatrically in principle, but at a given site, one species is usually
observed to be dominant according to hydrographic conditions as described
above (Landschoff et al. 2013, own observations) (Fig. I.4).

The Baltic Sea

Similar to the Wadden Sea, also the Baltic Sea is a geologically young system,
which began to develop at the end of the last glaciation, about 12’000 years
ago. Since then, it underwent several major transformations between limnic,
brackish and marine conditions. The current coastlines developed only about
7’000 years ago, when the connection to the Atlantic Ocean/North Sea via the
Kattegat and Belt Sea opened, and the current brackish conditions developed
as late as about 3’000–4’000 years ago (Rheinheimer & Nehring 1995, Bonsdorff
2006). Covering approx. 412’000km2, it is today one of the largest brackish
water bodies in the world (Jazdzewski & Grabowski 2011).

The ecological conditions of the Baltic Sea are dominated by two strong gradi-
ents, temperature and salinity, that occur from the southwest to the northeast,
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which to large parts determine species’ distributions in the Baltic Sea. The
climate of the southwestern Baltic Sea is temperate and under oceanic influ-
ence, while it becomes colder to the eastern and northern parts, which are
under continental and (sub)polar influence. Even more important for aquatic
organisms is the salinity gradient, reaching from almost fully marine condi-
tions (c. 25PSU) in the transition zone to the North Sea (Kattegat), over 9–7PSU
in the central Baltic Sea to almost limnic conditions (3–1PSU) in its northern-
and easternmost parts (Jazdzewski & Grabowski 2011). In the southwestern
Baltic Sea, the area under investigation in this thesis, the salinity ranges be-
tween about 7 and 20PSU, also showing some seasonal variation (Jazdzewski
& Grabowski 2011, Lennartz et al. 2014).
Even more than in the Wadden Sea, the species communities of the Baltic

Sea are shaped by a history of species’ immigrations and introductions as a
consequence of the biological transformations and – in more recent times –
human impacts (Leppäkoski et al. 2002, Bonsdorff 2006). The evolutionary very
recent stabilisation of the current ecological conditions and its characteristic of
being a largely enclosed body ofwater have left the Baltic Sea relatively species-
poor with many free functional and ecological niches being open for species’
invasions (Leppäkoski et al. 2002, Bonsdorff 2006). Concerning human impacts,
artificial waterways are of particular importance for invasions to the Baltic Sea.
To the west, the Kiel Canal, connecting the Kiel Fjord/southwestern Baltic Sea
with the Elbe estuary/southeastern North Sea, significantly shortens migration
and transport routes from an highly invaded area (see above) to the Baltic
Sea. To the east, a system of canals and rivers in eastern and central Europe
opens several pathways for the immigration and introduction of Ponto-Caspian
species (from the Black and Azov Sea region) to the southern and eastern Baltic
Sea (Leppäkoski et al. 2002, Jazdzewski & Grabowski 2011, Katsanevakis et al.
2013). These species are often well pre-adapted to the conditions in the Baltic
Sea, as their native ranges are as well characterised by brackish conditions
with varying salinities. Consequently, the bigger part of the approximately
100 non-native species occurring in the Baltic Sea is of Ponto-Caspian origin
(Leppäkoski et al. 2002, Gollasch 2006).

With about 20 species, crustaceans represent about one fifth of the Baltic
Seas’ total count of non-native species, amphipods, shrimp (Palaemonidae)
and crabs being the most numerous subgroups. Many of them are assumed
to impact food chains or having habitat-modifying abilities (e.g. Olenin &
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Fig. I.5.Marinas are typical habitats of H. takanoi in the soutwestern Baltic Sea. Thecrabs inhabit shallow near-shore areas with rocks andmussel clumps, as well as foulingcommunities on harbour facilities. (Strande harbour, Kiel Fjord; picture taken by N.Weiler.)

Leppäkoski 1999, Ojaveer et al. 2007, Jazdzewski & Grabowski 2011, Fowler
et al. 2013, Forsström et al. 2015). In the southwestern Baltic Sea, two intro-
duced crab species have been reported so far, the North American mud crab
Rhithropanopeus harrisii (Gould, 1841) and the Chinese mitten crab Eriocheir
sinensis H. Milne Edwards, 1853. Hemigrapsus takanoi is now reported as
the third brachyuran invader to this region (see chapter 2). As the Baltic Sea
is a non-tidal sea, H. takanoi here occurs in shallow near-shore waters. Up
until now, it has been exclusively found in harbours/marinas or their vicinity
(Fig. I.5).
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Aims of the thesis

The overarching research question of this thesis can be put very simply:
"How do they do it?"

Specifically, with this work, I investigate underlying factors andmechanisms
of the successful establishment and spread of the coastal crabs Hemigrapsus
takanoi and H. sanguineus in German coastal waters. Being one of the most
recent biological invasions of brachyuran species, their case offers a unique
opportunity to study an early-phase invasion process in this important group of
invasive species. While the introduction and subsequent spread of H. takanoi
and H. sanguineus along European coasts is well-documented, comparatively
few European studies have been investigating aspects of their biology with
regard to their high invasion success.
Therefore, I used a combination of ecological and genetic approaches to

jointly analyse reproductive traits, early life history and the genetic population
structure and diversity of Hemigrapsus spp., which are presumed crucial
factors during initial establishment processes. The research was conducted
along the following questions:

• Is H. takanoi able to establish a reproducing population and to further
spread into the Baltic Sea?

Following the first records of H. takanoi in the Baltic Sea (part II,
chapter 2), a plankton sampling study in Kiel Fjord aimed to mor-
phologically describe the larvae of H. takanoi and to reconstruct
its larval cycle in order to confirm or reject the species’ ability to
reproduce under the conditions of the Baltic Sea. The results of this
study are presented in part II, chapter 3.
To detect a possible spread of H. takanoi further into the Baltic
Sea, selected sites along the southwestern Baltic Sea coast were
monitored for the occurrence of the crab. The results are included
in part III, chapter 5.
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I. General Introduction

• Do temporal reproductive patterns and interactions during early life-
history contribute to the invasion success of Hemigrapsus spp.?

In the Wadden Sea, Hemigrapsus spp. rapidly established and now
maintains very dense populations, despite the presence of the na-
tive C. maenas, itself being an infamous global invader. A 2-year
sampling series was conducted in the northern Wadden Sea, inves-
tigating the timing of juvenile recruitment. Additional field and
laboratory experiments investigated interactions between native
and invasive crabs during their early life-history. These investiga-
tions aimed to clarify the hypothesised existence of mechanisms
reducing competition between native and invasive crabs, thus facili-
tating the invaders’ establishment. The results of these studies are
presented in part III, chapter 4.

• Is there genetic evidence for population structuring of H. takanoi, and
what can be inferred from it on invasion history in Europe and the recent
invasion of the Baltic Sea?

With these last two questions, the scope of research is broadened
from the individual to the population level, and set from establish-
ment processes to invasion dynamics and history. A genetic study,
using microsatellites on H. takanoi samples from across Europe,
aimed to reconstruct possible invasion events and pathways, with a
special focus on the origin of the Baltic Sea populations. This study
is presented in part III, chapter 5.

Answering these questions allows for assessing possible impacts and the
potential of further spread of Hemigrapsus spp., and furthermore increases
our general understanding of brachyuran biological invasions.
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Abstract

Twenty years after its initial introduction to Europe, the Asian brush clawed
crabHemigrapsus takanoi is now a successful invader of the European Atlantic
and North Sea coasts from northern Spain to southern Denmark. In July 2014,
this species was recorded in the Baltic Sea for the first time, as eight individuals
were found in the inner Kiel Fjord, Schleswig-Holstein, Germany. To date, a
total number of 19 individuals have been collected. Findings of an ovigerous
female and of juvenile crabs among the collected individuals indicate that H.
takanoimost likely already reproduces successfully in the Baltic Sea.
Key words: Asian brush-clawed crab, Brachyura, Baltic Sea, invasive, non-
indigenous
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2.1. Introduction

Since the mid-1990s, the Asian brush-clawed crab Hemigrapsus takanoi Asaku-
ra & Watanabe, 2005, native to the Western Pacific, has been invading the
intertidal zone of the European Atlantic and North Sea coasts. Initially iden-
tified as H. penicillatus (DeHaan, 1835) (Gollasch 1999, Noël et al. 1997), the
invasive populations in Europe were later reassigned to a newly-described
sibling species ofH. penicillatus,H. takanoi (Asakura &Watanabe 2005). Recent
morphological and genetic studies confirmed the identification of H. takanoi
as the invasive brush-clawed crab in Europe (Asakura et al. 2008, Markert et al.
2014, Yamasaki et al. 2011).
The first record of H. takanoi in Europe was based on several individuals

found on a ship’s hull at Bremerhaven harbour (Germany) in 1993 (Gollasch
1999). A reproducing population of H. takanoi was found close to La Rochelle
(France) in 1994, from where it spread rapidly along the French and Spanish
Bay of Biscay coast (Noël et al. 1997), expanding as far north as the Morbihan
Gulf in southern Brittany (Noël & Gruet 2008). In 1999, the species was found
at Le Havre harbour (France) and in the Oosterschelde (Netherlands), together
with another invasive Asian crab, Hemigrapsus sanguineus (DeHaan, 1835)
(Breton et al. 2002, Gittenberger et al. 2010). Both species then almost simulta-
neously expanded their range along the French coast of the English Channel
and northeastwards into the North Sea. Hemigrapsus takanoi, in particular,
spread along the Bay of Seine coast to the eastern Cotentin peninsula and
further north towards the Belgian border, while only single individuals were
reported from the western Cotentin coast (Dauvin & Delhay 2010, Dauvin et al.
2009, Gothland et al. 2014). It reached Belgian waters in 2003 (Kerckhof et al.
2007), the DutchWadden Sea between 2004 and 2006 (Gittenberger et al. 2010),
the German Wadden Sea in 2007 (Obert et al. 2007), and finally the islands of
Rømø and Fanø (Denmark) in the northernmost part of the Wadden Sea in
2011/12 (K. Reise, Alfred-Wegener-Insititute List/Sylt, pers. comm. 2014). Thus,
the current distribution of H. takanoi in Europe includes the Atlantic coast
from northern Spain to southern Brittany, the continental English Channel
and southern North Sea coast from the Cotentin peninsula to the Dutch Delta,
and the whole Wadden Sea.
The Baltic is, as a geologically young sea that underwent several major hy-

drological conversions, strongly influenced by the immigration and establish-
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ment of species from adjacent water bodies (Leppäkoski et al. 2002). Human-
mediated introductions account for about 100 non-indigenous species that
have invaded the Baltic Sea since the 19th century (Leppäkoski et al. 2002).
Among these are two non-indigenous brachyuran crabs that developed inva-
sive populations in the Baltic Sea over several decades: The North American
mud crab Rhithropanopeus harrisii (Gould, 1841), initially found in the Kiel
Canal in 1936 (Schubert 1936), and the Vistula Lagoon in 1948 (Jazdzewski
& Grabowski 2011); and the Chinese mitten crab Eriocheir sinensis (H. Milne
Edwards, 1853), found for the first time in the Baltic Sea in 1926 (Jazdzewski &
Grabowski 2011). In this study, we report the first occurrence of H. takanoi as
a third invasive brachyuran crab in the Baltic Sea.

2.2. Methods

The first crab specimens were collected 8 July 2014 while sampling seafloor
and fouling communities on the quay walls and footbridge poles of a marina
in the innermost part of Kiel Fjord, Schleswig-Holstein, Germany (54°19.669 N,
10°08.847 E; Figure 1) with a scraping scoop (mesh size 0.5mm). Water depth
at this site was about 2m, and the seafloor consisted of fine sediment with
scattered small boulders and mussel clumps. The water temperature in the
inner Kiel Fjord ranges between 2.8 °C in February and 19.5 °C in July (1.5m
water depth, monthly average 2014; data provided by GEOMAR Helmholtz-
Centre for Ocean Research Kiel, Research Division 1, Marine Meteorology
2015). The salinity in this part of the Baltic Sea (measured at Boknis Eck time
series station) ranges between 13.5 in May and 19.2 in January and November
(1m water depth, 10-year average 2004 – 2014; Lennartz et al. 2014).

Additional sampling at the same site, as well as rapid assessment surveys
around the Kiel Canal sluices and at Strande and Laboe at the entrance of
Kiel Fjord, were performed in the following weeks (Figure 2.1; Appendix 2.1).
These surveys were conducted by one or two collectors, sampling each site for
40 minutes (one collector) or 20 minutes (two collectors), respectively. Samples
were taken from the seafloor, boulder revetments, and harbour buildings in
near-shore shallow water up to 2.5m depth, again using scraping scoops of
0.5mm mesh size.
The collected crabs were identified, sex determined, and their carapace

width (CW) was measured to the nearest 0.1mm. For species identification, the
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Fig. 2.1. Kiel Fjord sampling sites in summer 2014. Solid circle: H. takanoi present; opencircles: H. takanoi not present. Small map: situation of Kiel Fjord in the southwesternBaltic Sea.

characters given in Breton et al. (2002) and Asakura & Watanabe (2005) were
used, especially the presence of three lateral spines on the dorsal carapace
(Figure 2A), of an interrupted infraorbital ridge (both sexes; Figure 2B), and of
a chelar setal patch (only in males; Figure 2C). All individuals were fixed in
12% formalin solution and stored in 75% ethanol at the Zoological Museum
Kiel (catalogue numbers ZMK 3500 to ZMK 3503).

2.3. Results and Discussion

During the summer 2014, the first records of H. takanoi in the Baltic Sea were
made at a marina in the inner Kiel Fjord, 20 years after the species’ initial inva-
sion to Europe. Two individuals, an adult male (11.2mm CW; Figure 2.2 C) and
an ovigerous (egg-carrying) female (10.2mm CW; Figure 2.2D) were captured
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Fig. 2.2. Hemigrapsus takanoi collected in Kiel Fjord 8 July 2014: A) male, dorsal view,scale bar 5mm; B) male, detail of the cephalothorax, frontal view with interruptedsuborbital ridge (arrow), scale bar 1mm; C) male, ventral view with chelar setal patchvisible (arrow), scale bar 5mm; D) ovigerous female, ventral view, scale bar 5mm.Photographs by J. Geburzi.

on 8 July 2014. Seventeen other individuals were captured from the same spot
during subsequent samplings from July to early November. Among themwere
several juvenile crabs measuring less than 5mm CW (see Appendix 2.1 for
details). No H. takanoi were found during the snapshot-survey around the
Kiel Canal sluices and also none at Strande and Laboe at the entrance of Kiel
Fjord, even though these places offer suitable habitat with extensive boulder
revetments and other hard structures in the littoral and shallow sublittoral
zone.

In an earlier study, Noël et al. (1997) concluded that expansion of the distri-
bution of H. takanoi into the Baltic Sea was likely due to the species’ tolerance
of low salinity. The H. takanoi population in Tokyo Bay lives in waters with
salinity values as low as 7 (Mingkid et al. 2006), which is considerably lower
than the salinity of 16 recorded in the inner Kiel Fjord in July 2014 (monthly
average, data provided by GEOMAR Helmholtz-Centre for Ocean Research
Kiel, Research Division 3, Marine Ecology 2014). Thus, it can be assumed that
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H. takanoiwill be able to establish a reproducing population in the western
and southern Baltic Sea. The collection of an ovigerous female and of several
juveniles (< 10mm CW), the smallest measuring only 4.1mm CW, supports this
assumption. However, the further expansion of H. takanoi into the Baltic Sea
might be restricted by the salinity gradient occurring from the south-western
towards the northeastern part (Leppäkoski et al. 2002).

The Kiel Canal between Brunsbüttel on the Elbe estuary and Kiel, connecting
the North and Baltic Seas, formed most likely the invasion pathway of H.
takanoi. With more than 30’000 ships using the canal annually (WSD Nord
2012), it is one of the most frequented artificial waterways worldwide and
is assumed to be a major invasion pathway into the Baltic Sea (Leppäkoski
et al. 2002). There are three possible ways how H. takanoi could have crossed
the canal: First, crabs could have spread naturally along the canal from west
to east. This appears to be unlikely because we would have expected to find
H. takanoi around the sluices rather than in the innermost part of Kiel Fjord.
Likewise, Landschoff et al. (2013) found no H. takanoi at Brunsbüttel, on the
western entry to the canal. Second, crab larvae could have been transported
in ballast water of ships coming in from one of the North Sea or European
Atlantic ports. In such a case, the initial introduction would have happened in
2013 or earlier taking into account the findings of several adult and apparently
reproducing crabs. Third, adult crabs could have been transported as hull
fouling of a ship, probably a recreational boat or a cruise ship. We assume
this vector to be the most likely due to the fact that the only spot where H.
takanoi has been found to date is a marina in close proximity to cruise ship
terminals. Recreational ship traffic plays an important role in the short- and
medium-distance secondary spread of invasive crustaceans (Hänfling et al.
2011). During the summer months, the Kiel Canal is used extensively by
recreational boats travelling between the Wadden and Baltic Seas. The fact
that H. takanoiwas not reported from Kiel Fjord before summer 2014 suggests
a recent introduction, while at the same time the collection of different size
juvenile crabs indicates successful reproduction of H. takanoi for at least one
season. These observations point towards an extremely rapid establishment
of a reproducing population that was facilitated by the introduction of adult
individuals.
The first occurrence of H. takanoi in Kiel Fjord offers an opportunity to

study mechanisms and impacts of a crustacean invasion into a new ecosystem
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from its very beginning. A careful study of the population development and
expansion ofH. takanoi is suggested, including monitoring of suitable habitats,
especially harbours, in the southwestern Baltic Sea during the next few years.
Of particular interest are possible interactions of H. takanoiwith the native
European shore crab Carcinus maenas, as well as with the two other brachyu-
ran invaders, Eriocheir sinensis and Rhithropanopeus harrisii, as studies in
the Netherlands (van den Brink et al. 2012) and France (Gothland et al. 2014)
have already shown the strong competitive abilities of H. takanoimight have
negative impacts on other crab species.
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Appendix

Tab. 2.1. Records of Hemigrapsus takanoi in Kiel Fjord in summer and fall 2014, for loca-tions see map (Figure 2.1); N: number of individuals, m: male, f: female, ov: ovigerous,j: juvenile, ZMK No.: catalogue number Zoological Museum Kiel.
Location Sampling site coordinates Date N CW [mm] ZMK No.Latitude, N Longitude, E

inner Kiel Fjord 54°19.669’ 10°08.847’ 08 Jul 2014 1 m, 1 f (ov) 10.2–11.2 ZMK 3550inner Kiel Fjord 54°19.669’ 10°08.847’ 17 Jul 2014 3 m, 2 f 11.1–15.1 ZMK 3501Laboe, beach 54°24.638’ 10°13.554’ 19 Jul 2014 –Strande, harbour 54°26.093’ 10°10.230’ 19Jul 2014 –inner Kiel Fjord 54°19.669’ 10°08.847’ 22 Jul 2014 1 m 12.4 ZMK 3502Kiel Fjord, Holtenau 54°22.139’ 10°09.259’ 13 Aug 2014 –Kiel Canal, Holtenau 54°22.175’ 10°08.211’ 13 Aug 2014 –inner Kiel Fjord 54°19.671’ 10°08.844’ 26 Sep 2014 1 j 4.1 ZMK 3503inner Kiel Fjord 54°19.671’ 10°08.844’ 01 Nov 2014 4 m, 2 f, 4 j 4.6–10.4 ZMK 3504
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Abstract

Constantly high numbers of marine species are transferred to regions way
beyond their natural distribution limits by human activities. Whether such
introduced species successfully establish and eventually become invasive, cru-
cially depends on their ability to reproduce in their new habitats. In the Baltic
Sea, the crab Hemigrapsus takanoi is the most recently introduced decapod
crustacean species. We here present evidence that H. takanoi is able to repro-
duce in this brackish ecosystem by reconstructing its full larval cycle from
extensive plankton samplings in Kiel Fjord, southwestern Baltic Sea. The larval
cycle of H. takanoi consists of five zoea and one megalopa stage. We provide
morphological descriptions of all larval stages, and species-specific characters
to distinguishH. takanoi larvae from the larvae of other crabs occurring in this
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area. A reproductive period of 5 months is derived from the sampling data.
Our results further indicate that zoea I stages ofH. takanoi performmigrations
from near-shore hatching sites to more open waters with higher salinity to
undergo larval development. We discuss these findings and their implications
for possible underlying rapid adaptations of H. takanoi larvae to the specific
environmental conditions in Kiel Fjord. Three years after the first record,
H. takanoi can now be considered as fully established in the southwestern
Baltic Sea, its case offering an opportunity to study adaptations and impacts
of a non-native species from the earliest introduction stages on.
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3.1. Introduction

The Asian crab Hemigrapsus takanoi Asakura & Watanabe, 2005 (Decapoda,
Brachyura, Varunidae) is the most recent non-native decapod species reported
from the Baltic Sea. This species, which was only described in 2005 as a sibling
species of H. penicillatus (De Haan, 1835) (Asakura &Watanabe 2005), is native
to the coasts of far east Russia, the Korean peninsula and Japan (Asakura &
Watanabe 2005, Yamasaki et al. 2011, Lee et al. 2013, Marin 2013). In Europe,
it has been initially reported from La Rochelle (France) and Bremerhaven
(Germany) in the mid-1990s, first identified as H. penicillatus (Noël et al. 1997,
Gollasch 1999), but later reassigned to H. takanoi, (Asakura & Watanabe 2005,
Markert et al. 2014), and has since then spread along the Bay of Biscay, the
French and Belgian coast of the English Channel, the Dutch Delta, and the
whole Wadden Sea from the Netherlands to northern Germany and southern
Denmark (Nijland & Beekman 2000, Kerckhof et al. 2007, Noël & Gruet 2008,
Dauvin&Delhay 2010, Gittenberger et al. 2010, Landschoff et al. 2013, Gothland
et al. 2014). More recently, H. takanoi has also been reported from several sites
in Great Britain (Wood et al. 2015, Ashelby et al. 2017).
The first record of the species in the Baltic Sea was made in 2014 in Kiel

Fjord, Schleswig-Holstein, Germany, including an ovigerous female and several
juvenile crabs (Geburzi et al. 2015). Hemigrapsus takanoi is thus the fifth crab
species occurring in this part of the Baltic Sea, besides the European shore
crab Carcinus maenas (Linnaeus, 1758), the sandy swimming crab Liocarcinus
depurator (Linnaeus, 1758), the Chinese mitten crab Eriocheir sinensisH. Milne
Edwards, 1853 (another member of the family Varunidae) and the mud crab
Rhithropanopeus harrisii (Gould, 1841), the latter two being as well non-native
species (HELCOM 2012).
Even though the early findings of ovigerous females and juvenile crabs

suggested thatH. takanoi is able to successfully reproduce in the southwestern
Baltic Sea, the detection of larvae in the plankton would ultimately confirm
this crucial step for a successful establishment as invasive species. As larvae
of coastal crabs, particularly the zoeal stages, often have narrower ranges
of tolerance regarding temperature and salinity compared to adults, their
requirements may also constrain establishment and dispersal of non-native
crabs in newly invaded habitats (Anger 2006, and references therein). For
several coastal and brackish water crabs, it has been shown that their zoea
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migrate with the currents to more saline waters (usually further off-shore) to
undergo development and return to the adult habitats before metamorphosis
(e.g. Anger 1991, Anger et al. 1994, Park et al. 2005, Otto & Brandis 2011).

The larval development of H. takanoi has not yet been studied in detail, cer-
tainly also due to their recent description as separate species. Morphological
descriptions exist for larvae of the sibling species H. penicillatus and other
Hemigrapsus spp. (Hwang & Kim 1995, Kornienko et al. 2008), and it seems
legible to assume them to be similar. However, to investigate larval dynamics
of H. takanoi and their potential role in the further dispersal of this species in
the Baltic Sea, species-specific morphological characteristics are needed for
all larval stages of H. takanoi, to be able to identify them in plankton samples.
In this study, we present evidence that H. takanoi undergoes full larval

development in the southwestern Baltic Sea, along with morphological de-
scriptions of all six larval stages, the first descriptions of this species’ larvae.
Furthermore, we present first data on the phenology and small-scalemigration
patterns of H. takanoi larvae in Kiel Fjord. Our results indicate that H. takanoi
larvae perform vertical and horizontal migrations in adaptation to the spe-
cific local hydrographic conditions in order to optimise conditions for their
development. The study thus provides first insights into a rapid adaptation
process of a newly established species, which might be of high importance for
its overall establishment success.

3.2. Methods

3.2.1. Sampling

Sampling for this study was conducted in Kiel Fjord, Schleswig-Holstein, Ger-
many (N 54.36°, E 10.17°) between August 2016 and February 2017. Near-shore
samples were taken from the inner part of the fjord (site ‘NS’, Fig. 3.1 C) with a
plankton net (mesh size 55µm) in the evening hours between 9 and 10p.m.
two to three times a week in August and September 2016, and once a month
from October 2016 to February 2017. At each date, one surface sample (0–0.2m
depth, 3min net tow) and one bottom sample (2–3m depth, 5min net tow)
were taken. Off-shore surface samples (0–0.4m depth, 5min net tow) were
taken from the centre of the inner Kiel Fjord (site ‘OS’, Fig. 3.1 C) with the re-
search vessel RB Polarfuchs (GEOMAR, Helmholtz-Centre for Ocean Research
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Fig. 3.1. Location (A) and overview (B) of Kiel Fjord, southwestern Baltic Sea. Innerpart of Kiel Fjord (C) with near-shore (NS) and off-shore (OS) sampling areas indicated(hatched areas).

Kiel) with a WP2 net (mesh size 100µm) and a bongo net (mesh size 300µm
and 500µm) on 8, 15 and 22 August 2016. The preserved plankton samples are
deposited at the Zoological Museum Kiel under the collection numbers ZMK
[final collection numbers to be assigned]. Additionally, plankton samples of
a weekly sampling series, conducted by GEOMAR, from May, June, July and
September 2016 were screened for crab larvae. For each sampling, water
temperature (°C) and salinity (PSU, Practical Salinity Unit) (GEOMAR) and air
temperature (°C) (Deutscher Wetterdienst [German National Meteorological
Service], weather station Kiel-Holtenau) were recorded.
To detect possible diurnal patterns in the occurrence and distribution of

larvae, three 24-hour samplings (9 and 26 August and 12 September 2016)
were performed at the near-shore sampling site, with one surface sample and
one bottom sample taken every two hours. The samplings started at midnight
in August and at 11 p.m. in September, respectively.
All samples were fixed in 75% Ethanol immediately after sampling, and

screened for crab larvae under a stereo microscope. Samples from the regular
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near-shore sampling series and the 24-hour samplings were analysed to exact
counts of larvae for each stage. The off-shore samples takenwith RB Polarfuchs
were analysed semi-quantitatively due to the high numbers of larvae present
in these samples.
3.2.2. Identification and description of larvae

Identification of Hemigrapsus takanoi larvae was based on morphological
characteristics, in particular carapace shape and occurrence of spines, shape
and setation of antennule and antenna, the abdomen, and shape and setation of
the telson (Fig. 3.2). To discriminate H. takanoi larvae from the larvae of other
crabs (potentially) occurring in Kiel Fjord, we compared these characteristics
with descriptions of the larvae of the European shore crab Carcinus maenas
(Rice & Ingle 1975), the Chinese mitten crab Eriocheir sinensis (Kim & Hwang
1995, Montú et al. 1996) and swimming crabs Liocarcinus spp. Stimpson, 1871
(Clark 1984), as well as with descriptions of the closely related H. sanguineus
(De Haan, 1835) and H. penicillatus (Hwang & Kim 1995, Kornienko et al. 2008,
Lee & Ko 2008).
To confirm the morphological identification as H. takanoi larvae, genomic

DNA from subsamples of all zoeal stages and the megalopa was isolated using
the Invisorb Tissue Mini Kit (Stratec Molecular, Berlin, Germany). The DNA
samples were sequenced on a 583 base pair fragment of the COI gene with
the primer pair COL6/COH6 (Schubart 2009). Mastermix preparation and PCR
settings followed Schubart (2009), and the checked and trimmed sequences
were compared with sequences available on GenBank, using the BLASTN
algorithm, version 2.7.1+ (Zhang et al. 2000, NCBI 2017).
Examination of larvae, measurements and photographic documentation

were performed under a VHX-5000 MultiScan digital microscope (Keyence,
Japan). For scanning electron microscope (SEM) analysis, seven zoea of each
stage and three megalopa were dehydrated in 100% undenatured ethanol
(45min), critical point dried under CO2 and sputtered with gold-palladium, to
be examined under a TM3000 Tabletop Microscope (Hitachi, Japan). Image
editing was performed with Adobe Photoshop CS2 (Adobe Systems, USA, 2005).
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Fig. 3.2. Body parts of brachyuran zoea and main characters used for the identification.Capital letters in brackets refer to sub-figures of Fig. 3.4 to Fig. 3.8 in the results section.Redrawn and modified from Kornienko & Korn (2009).

3.3. Results

3.3.1. Identification and description of Hemigrapsus takanoi larval
stages

As identified from the plankton samples, larval development of Hemigrapsus
takanoi includes five zoea stages and a megalopa (Fig. 3.3). Sequencing results
of the 583 bp fragment of the COI gene confirmed the morphological identi-
fication of larval stages as H. takanoi with identity scores of 99 to 100% to
European and Japanese sequences of H. takanoi stored on GenBank (Markert
et al. 2014, Raupach et al. 2015, NCBI 2017).
The body of zoea is transparent and slightly yellow, with few black chro-

matophores, which are particularly conspicious at the bases of the spines. The
surface of the carapace and spines is smooth. In all zoeal stages, dorsal, rostral
and lateral carapace spines are present. The dorsal spine is slightly curved and
the rostral spine is longer than antennule and antenna. All zoeal stages show a
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Fig. 3.3. Larval development of H. takanoi, consisting of five zoeal stages (Z I to ZV), anda Megalopa stage (M). Redrawn and slightly modified from Anger et al. (1990). Scalebar 1mm.

pair of lateral knobs pointing frontally on the second abdominal segment, and
a pair of much smaller lateral knobs on the third abdominal segment (Fig. 3.4
to Fig. 3.8, D).
In the following, main and diagnostic characteristics for all larval stages

of H. takanoi are described in detail and are illustrated in Fig. 3.4 to Fig. 3.9.
Sub-figures in the illustrations of the zoeal stages (Fig. 3.4 to Fig. 3.8) are all
arranged in the same order, also see Fig. 3.2 for orientation. The following
abbreviations are used: TL – total length of larva, measured from the base of
the rostral spine to the tip of the telson; DS – length of dorsal spine; RS – length
of rostral spine; CL – carapace length (only megalopa); CW – carapace width
(only megalopa). All measurements are given as mean values ± SD.

Zoea I (Fig. 3.4)

Size: TL 0.96±0.11mm (n=25), DS 0.37±0.14mm (n=44), RS 0.27±0.13mm
(n=28)

Carapace (Fig. 3.4A, B, C): surface smooth; dorsal, lateral and rostral spines
well developed, DS longer than RS; surface of all spines is smooth; pos-
teroventral carapace margin with 4 denticles on either side.
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Antennule (Fig. 3.4 E): Uniramous, conical shape, with 3 aesthetascs and 1
seta.

Antenna (Fig. 3.4 F): Biramous, long protopodwith amarginal rowof denticles,
shorter exopod with 1 terminal seta.

Abdomen (Fig. 3.4D): With 5 pleon segments, segments 2 and 3 with lateral
knobs.

Telson (Fig. 3.4G): With 3 pairs of setae along the inner posterior margin;
innermost pair of setae partly plumose; 2 rows of denticles along the
inner furcal margin.

Zoea II (Fig. 3.5)

Size: TL 1.44±0.23mm (n=18), DS 0.59±0.12mm (n=42), RS 0.52±0.15mm
(n=31)

Carapace (Fig. 3.5A, B, C): Posteroventral carapace margin with 3 denticles
on either side; otherwise unchanged.

Antennule (Fig. 3.5 E): Unchanged, larger than in Z I.
Antenna (Fig. 3.5 F): Protopod unchanged, exopod with 2 additional lateral

spines; lager than in Z I.
Abdomen (Fig. 3.5D): unchanged.
Telson (Fig. 3.5G): unchanged.
Zoea III (Fig. 3.6)

Size: TL 1.97±0.13mm (n=10), DS 0.81±0.11mm (n=34), RS 0.73±0.13mm
(n=35)

Carapace (Fig. 3.6A, B, C): Posteroventral carapace margin with 3 small knobs
on either side; otherwise unchanged.

Antennule (Fig. 3.6 E): With 3–4 aesthetascs and 1 seta.
Antenna (Fig. 3.6 F): Beginning development of endopod, exopod with 4–5

terminal setae of various length.
Abdomen (Fig. 3.6D): With 6 pleon segments, otherwise unchanged.
Telson (Fig. 3.6G): With 4 pairs of setae along the inner posterior margin, the

innermost pair much shorter that the others; otherwise unchanged.
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Zoea IV (Fig. 3.7)

Size: TL 2.72±0.23mm (n=16), DS 1.05±0.12mm (n=44), RS 0.99±0.14mm
(n=45)

Carapace (Fig. 3.7A, B, C): Posteroventral carapace margin smooth; otherwise
unchanged.

Antennule (Fig. 3.7 E): With 3–4 aesthetascs and 5–7 setae; beginning develop-
ment of a basal bulge.

Antenna (Fig. 3.7 F): Endopodal bud clearly developed; otherwise unchanged.
Abdomen (Fig. 3.7D): Pleopodal buds developing on pleon segments 2 to 5;

otherwise unchanged.
Telson (Fig. 3.7G): With 4 pairs of fully developed setae along the inner

posterior margin; otherwise unchanged.
Zoea V (Fig. 3.8)

Size: TL 3.42±0.22mm (n=21), DS 1.39±0.11mm (n=39), RS 1.15±0.14mm
(n=42)

Carapace (Fig. 3.8A, B, C): As in Z IV.
Antennule (Fig. 3.8 E): Basal bulge clearly developed; otherwise unchanged.
Antenna (Fig. 3.8 F): Endopod 2-segmented and longer than exopod, otherwise

unchanged.
Abdomen (Fig. 3.8D): Pleopodal buds longer and biramous; otherwise un-

changed.
Telson (Fig. 3.8G): With 5 pairs of setae along the inner posterior margin, the

innermost pair much shorter that the others; otherwise unchanged.
Megalopa (Fig. 3.9)

Size: CL 1.47±0.12mm (n=23), CW 1.24±0.12mm (n=22)
Carapace (Fig. 3.9A, B): Shape nearly rectangular; rostrum very short and

curved ventrally, with a narrow notch at the front.
Antennule (Fig. 3.9 E): Peduncle 3-segmented, the second segment with 2

lateral spines; endopod 2-segmented with 2 short terminal setae; exopod
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3-segmented, the second segment with 10-12 aesthetascs and 1 seta on the
opposite side, the third segment with 10-12 aesthetascs and 1 terminal
seta.

Antenna (Fig. 9 3.9 F): With 10 segments, setal formula 0, 1, 0, 0, 0, 2, 3, 4, 3.
Pereopods (Fig. 3.9B, C): Dactyli of pereopods 2, 3 and 4 as walking limbs;

dactyli of pereopod 1 as chela; chela with several setae.
Abdomen (Fig. 3.9D): With 6 pleon segments; segments 2 to 5 with biramous

pleopods, each with a patch of long terminal setae.
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Fig. 3.4. Hemigrapsus takanoi, zoea I. A: lateral view; B: frontal view; C: caudolateralcarapace margin, lateral view, with 4 denticles (arrwos); D: pleon, dorsal view, withlateral knobs on segments 2 and 3 (arrows); E: antennule; F: antenna; G: telson. Scalebars: A, B 0.5mm; C, E, F 0.05mm; D, G 0.1mm.
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Fig. 3.5. Hemigrapsus takanoi, zoea II. A: lateral view; B: frontal view; C: caudolateralcarapace margin, lateral view, with 3 denticles (arrwos); D: pleon, dorsal view, withlateral knobs on segments 2 and 3 (arrows); E: antennule; F: antenna; G: telson. Scalebars: A, B 0.5mm; C, E, F 0.05mm; D, G 0.1mm.
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Fig. 3.6. Hemigrapsus takanoi, zoea III. A: lateral view; B: frontal view; C: caudolateralcarapace margin, lateral view, with 3 knobs (arrwos); D: pleon, dorsal view, with lateralknobs on segments 2 and 3 (arrows); E: antennule; F: antenna; G: telson. Scale bars:A 1mm; B 0.5mm; C 0.01mm; E, F 0.05mm; D, G 0.1mm.
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Fig. 3.7. Hemigrapsus takanoi, zoea IV. A: lateral view; B: frontal view; C: caudolateralcarapace margin, lateral view; D: pleon, dorsal view, with lateral knobs on segments 2and 3 (arrows); E: antennule; F: antenna; G: telson. Scale bars: A 1mm; B 0.5mm; C, D,E, F, G 0.1mm. 81
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Fig. 3.8. Hemigrapsus takanoi, zoea V. A: lateral view; B: frontal view; C: caudolateralcarapace margin, lateral view; D: pleon, dorsal view, with lateral knobs on segments 2and 3 (arrows); E: antennule; F: antenna; G: telson. Scale bars: A 1mm; B 0.5mm; C, D,E, F, G 0.1mm.
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Fig. 3.9. Hemigrapsus takanoi, megalopa. A: dorsal view; B: ventral view; C: chela;D: pleon, lateral view; E: antennule; F: antenna. Scale bars: A, B 1mm; C, D 0.5mm; E,F 0.1mm.
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3.3.2. Seasonality and migration patterns

The first H. takanoi larvae in the near-shore sampling series were collected on
4 August 2016, the last on 30 September 2016, with a clear decrease in numbers
already from early September on. From the beginning of October to the end of
the monthly sampling series in February 2017, no larvae were collected from
the samples. Larvae collected at this site were almost exclusively of Z I stage,
with only nine larvae of higher stages being collected throughout the whole
sampling series. Distinct peaks in the abundance of Z I larvae were detected
in the third week of August and at the beginning of September (Fig. 3.10). A
clear diurnal pattern was detected in the three 24-hour samplings at the near-
shore site, with much higher abundances during night- than during daytime
(Fig. 3.11). In both, the 24-hour samplings and the sampling series, numbers
of Z I were marginally higher in the surface compared to the bottom samples,
but variation was high. In both sampling series, also few zoea of C. maenas
were detected.

In the off-shore plankton samples taken with RB Polarfuchs in August 2016,
high numbers of H. takanoi larvae from all stages were detected. Abundances
of Z I were estimated between 200 and 300, abundances of all other zoeal stages
were estimated between 100 and 200 per sample. Abundance of megalopa
was about 30. The additional qualitative screening of samples from the weekly
plankton sampling conducted by GEOMAR revealed the firstH. takanoi zoea to
occur by the end of May, the last by the end of September. First megalopa were
detected in samples from 25 July, the last in samples from 29 August 2016.

Fig. 3.10. Abundances of zoea I larvae in the near-shore sampling series in August andSeptember 2016 in the surface (light grey) and bottom (dark grey) samples.
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Fig. 3.11. Cumulative result of the three 24-hour sampling series at the near shoresampling site, showing abundances of zoea I larvae in the surface (light grey) andbottom (dark grey) samples during 24 hours.

Fig. 3.12. Periods of occurrence of H. takanoi larvae, zoea I tomegalopa, in the off-shoreplankton samples from Kiel Fjord in 2016.
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Over the time where H. takanoi larvae were detected in the samplings,
surface water temperature at the sampling sites was 18°C on average, and
always above 15°C. Salinities were about 15PSU at the near-shore and about
19PSU at the off-shore site.

3.4. Discussion

3.4.1. Larval morphology

The morphological descriptions given in this study are the first descriptions of
the larval stages of Hemigrapsus takanoi. The development is as typical for
varunid crabs, consisting of five zoea stages and one magelopa. Zoea stages I
and II are very difficult to distinguish, as they show some size overlap and the
number of denticles on the caudolateral carapace margin (4 in Z I, 3 in Z II) is
sometimes difficult to determine due to the small size of the denticles.

Based on larval descriptions in the literature, we were able to identify char-
acteristics to discriminateH. takanoi in all larval stages from the other brachyu-
ran larvae (potentially) occurring in Kiel Fjord. Zoea of the native Carcinus
maenas, which occur at the same time as H. takanoi, lack lateral carapace
spines, and their megalopa have a distinct, pointy rostrum (compare Rice &
Ingle 1975). The zoea of Eriocheir sinensis show much stronger setation of the
carapace and especially the caudolateral carapace margin, zoea I to II show
furthermore rows of denticles on the dorsal and rostral spine (compare Kim &
Hwang 1995, Montú et al. 1996). Zoea of Rhithropanopeus harrisii are distinct
by their very long rostral spine and second antenna (compare Connolly 1925).
Furthermore, this species does not occur in Kiel Fjrod directly, but only in the
Kiel Canal. The zoea of Liocarcinus depurator, which occasionally immigrates
into Kiel Fjord from the open Baltic Sea, are similar to H. takanoi larvae, but
carry distinct patterns of long simple setae on the carapace and dorsal spine
(compare Clark 1984).
Hemigrapsus sanguineus has not (yet) been recorded from the Baltic Sea,

but occurs sympatrically with H. takanoi in the North Sea and English Channel
and was therefore also included in the comparison of larval characteristics.
Larvae of both Hemigrapsus spp. are morphologically very similar, but the
following differences could be inferred by comparing our observations of
H. takanoi to a description of H. sanguineus larvae (Kornienko & Korn 2009):
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zoea of H. sanguineus carry 6–8 denticles on the caudolateral carapace margin,
megalopa of H. sanguineus differ from H. takanoi by the setal formula of the
antenna and by having a 4-segmented antennula exopod.

3.4.2. Larval seasonality and migration patterns

The near-shore plankton sampling series conducted in Kiel Fjord between
August 2016 and February 2017 indicated a clear seasonality of larval hatching
with a peak period of zoea I abundances between late August and early Septem-
ber, and termination of larval hatching by the end of September. Combining
the data of the near- and offshore samplings indicates a reproductive period
of about 5 months for H. takanoi in Kiel Fjord, which is in accordance with
literature data from the Netherlands (van den Brink et al. 2013), and the native
Japanese range (Fukui 1988, for the closely related H. penicillatus). The dura-
tion of the reproductive period appears to be largely temperature-dependent,
as the occurrence of larvae coincided with water temperatures ≥15°C, this
observation being in accordance with van den Brink et al. (2013). The conspic-
uous synchronous occurrence of Z II to Z V, which one would usually assume
to be temporally shifted from stage to stage might be a sampling artifact due
to the very abrupt increase and decline in these stages’ abundances. Similarly,
the unexpectedly short period of megalopa to be present in the off-shore sam-
ples might be an artifact caused by very low densities before and afterwards.
However, it could also be an indication of migration of the megalopa (see
below). Data of the 24-hour samplings indicate a mainly nocturnal hatching,
which has also been observed other species of coastal crabs and is usually
related to a reduced predation risk (Anger 2001, Park et al. 2005).
Based on the observational data, we hypothesise the following migration

model of H. takanoi larvae in Kiel Fjord during the course of larval develop-
ment (Fig. 3.13): Hatching of Z I occurs nocturnally at near-shore sites inhabited
by adult females. Shortly after hatching, the Z I perform a vertical migration
to the surface, as indicated by the higher larval densities in the surface- com-
pared to the bottom-samples. Vertical migration is probably linked to better
food availability and lower water pressure near the surface (compare Anger
2001). Following this vertical migration, the Z I perform a horizontal migration
from the near-shore areas to more open waters in the center of the Fjord, this
time following the salinity gradient between the two areas (15 PSU near-shore,
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Fig. 3.13.Hypothesisedmigrations of H. takanoi larvae in the inner Kiel Fjord, as derivedfrom plankton samplings. First zoea migrate from low-salinity hatching sites (hashedarea) to areas with higher salinity further off-shore (dotted area, red arrow); megalopamigrate in the opposite direction for settlement (blue arrow).

20PSU off-shore). In the off-shore surface waters, the larvae then undergo the
five moults until the megalopa stage, as indicated by the presence of all larval
stages in plankton samples from that area. Either the megalopa or the first
juvenile crab stage(s) after metamorphosis finally re-migrate to the near-shore
habitats. This re-migration however seems to take place on or near the bottom,
otherwise, we would have expected to observe more megalopa in the surface
near-shore samples. Whether metamorphosis occurs before, during or after
re-migration could not be clarified by our data and requires further studies.

Migration patterns similar to the one described here forH. takanoi have been
described for the larvae of many crabs in coastal and brackish habitats (Anger
1991, Anger et al. 1994, Park et al. 2005). The avoidance of low salinities by zoea
has been linked to reduced growth under such conditions as a consequence of
higher energy demands for osmoregulation (Anger 2001). Thus, such larval
migration behaviour can be assumed to also occur in native populations of
H. takanoi, as they are reported to inhabit estuaries with salinities as low as
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7PSU (Mingkid et al. 2006). The situation in Kiel Fjord, however, differs in an
important point from the situation at other shores. Usually, off- and onshore
transport of the larvae are assumed to be passive, driven by respective tides
or currents (Anger 1991, Park et al. 2005). In the non-tidal Baltic Sea, and
particularly in the enclosed sampling area in the inner Kiel Fjord, directed
currents are lacking as a larval transport vector. Thus, the Z I larvae have to
rely on other ways of transport to perform their migration. First, they could
perform passive, undirected transport driven by variable small-scale wind-
driven currents and reach the desired high-salinity zones just by chance. Or,
they actively migrate along the salinity gradient. To clarify the mechanism
allowing H. takanoi larvae to perform their migrations in Kiel Fjord, further
investigations are highly encouraged.
Overall, this study confirms the ability of H. takanoi to undergo its full

reproductive cycle in the southwestern Baltic Sea, thus indicating that this
species can be considered as fully established in its new habitat.
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Abstract

Life-history traits and interactions with native species play an important role
for the successful establishment of non-native species in new habitats. We
investigated the recent successful invasion of the Pacific crabs Hemigrapsus
takanoi and H. sanguineus to the southeastern North Sea coast with respect to
their recruitment patterns, as well as interactions of juvenile with sub-adult
individuals among the Pacific crabs and with native shore crabs Carcinus
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maenas. A field survey of juvenile native and introduced crab abundances
(carapace width 1.4–10mm) was conducted in the northernWadden Sea, span-
ning 24 months from 2014 to 2016. The survey revealed different seasonal
recruitment patterns of native C. maenas and both introduced Hemigrapsus
species. Native shore crabs showed a single recruitment peak from June to
July, while Hemigrapsus spp. mainly recruited from August to early Septem-
ber, but recruits occurred in low densities throughout the winter until the
end of the following spring season. Field experiments on the effects of larger
crabs on the recruitment intensity showed that recruitment of H. takanoi was
enhanced by the presence of larger congeners, but remained unaffected by
larger C. maenas. Recruitment of juvenile C. maenas, by contrast, was reduced
by the presence of larger Hemigrapsus spp. Additional laboratory experiments
revealed high rates of cannibalism on newly recruited C. maenas by subadult
conspecifics as well as strong predation by largerHemigrapsus spp. In contrast,
newly recruited Hemigrapsus spp. had a much lower risk of being preyed on
by subadult conspecifics and native shore crabs. Our results suggest that the
timing of recruitment in combination with low intraspecific competition and
reduced predation pressure by native shore crabs are crucial for the rapid
and ongoing establishment of Hemigrapsus spp. in the Wadden Sea.
Keywords: invasive crustaceans,Hemigrapsus, Carcinusmaenas, recruitment,
predation, North Sea, Wadden Sea
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4.1. Introduction

Worldwide, marine ecosystems are invaded by a continuously rising number
of non-native species, which is in particular true for coastal and estuarine
habitats (Ruiz et al. 1997, Gollasch 2006, Williams & Grosholz 2008). The
establishment of non-native species can profoundly affect species communities
in invaded environments, driven by direct and indirect interactions between
native and non-native species (Grosholz et al. 2000, Jensen et al. 2002, Levin
et al. 2002, Edelist et al. 2013, Buschbaum et al. 2016, Reise et al. 2017). Life-
history traits, especially traits related to reproduction (Lockwood et al. 2005,
Bremner 2008), and niche allocation processes (Townsend Peterson 2003,
Herborg et al. 2007) are assumed to play an important role for the successful
establishment and spread of non-native species. Detailed knowledge of the
ecology and life-history of non-native species substantially contributes to
the understanding of underlying processes of successful bioinvasions, and
can also allow projections on possible effects of newly arrived species on
native communities. For example, high fecundity and the duration and timing
of reproduction periods have been attributed to invasion success in plants
(Rejmanek & Richardson 1996, Gerlach & Rice 2003) as well as freshwater fish
(Olden et al. 2006), crayfish (Chucholl 2012) and gammarids (Grabowski et al.
2007, Pöckl 2009).
In European coastal waters, the northwestern Pacific Brush-clawed shore

crab Hemigrapsus takanoi Asakura and Watanabe 2005 and the Asian shore
crab Hemigrapsus sanguineus (de Haan 1835), are among the most recent
successfully established non-native species. Hemigrapsus takanoi was for
the first time reported from a ship’s hull in Bremerhaven, Germany, in 1993
(Gollasch 1999) and from the Bay of Biscay coast at La Rochelle, France, in 1994
(Noël et al. 1997). Initially identified as H. penicillatus, all populations of Brush-
clawed shore crabs in Europe have later been assigned to the newly described
H. takanoi (Asakura &Watanabe 2005, Yamasaki et al. 2011). Within two years,
this species had extended its range from northern Spain to southern Brittany
(Noël et al. 1997). In 1999, it was reported from Le Havre at the French coast of
the English Channel (Breton et al. 2002) and in 2000 from the Dutch Delta (Wolff
2005). In 2006, it was found in the Dutch part of the Wadden Sea (Gittenberger
et al. 2010), one year later also on the coast of Lower Saxony, Germany (Obert
et al. 2007) and by 2009, it had reached the Sylt-Rømø-Bight between Germany
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and Denmark in the northern part of the Wadden Sea (Landschoff et al. 2013),
thus currently occurring along 2200 km of the European Atlantic and North
Sea coastline. Recently, it has also been reported from Great Britain (Wood
et al. 2015, Ashelby et al. 2017) and the southwestern Baltic Sea (Geburzi et al.
2015).
Hemigrapsus sanguineus was first recorded at Le Havre and in the Dutch

Delta system in 1999 (Breton et al. 2002, Wolff 2005), spreading along the
French, Belgian and Dutch coast of the English Channel and the southern
North Sea in the following years (Wolff 2005, Kerckhof et al. 2007, Dauvin
& Dufossé 2011, Gothland et al. 2013). It reached the Dutch Wadden Sea in
2004 (Gittenberger et al. 2010), German waters in 2006 (Obert et al. 2007) and
occurred along the whole German Wadden Sea Coast and on the island of
Helgoland in the German Bight by 2009 (Landschoff et al. 2013, Jungblut et
al. 2017). In 2012, it was also reported from the Danish Wadden Sea islands
Rømø and Fanø (pers. observation) and recently also from Great Britain
(Seeley et al. 2015). On the Atlantic coast of North America, H. sanguineus was
initially reported as an invasive species in 1988 at the mouth of Delaware Bay
(McDermott 1998) and is currently distributed in the United States from North
Carolina to Maine (Epifanio 2013).
The Wadden Sea as the coastal area of the southeastern North Sea is domi-

nated by unstable sediments, and oyster andmussel reefs are the only naturally
occurring extensive hard-bottom substrates. While comparatively species-
poor, the proportion of non-native species is high, as reflected by over 60
non-native macrobenthic species alone (Reise et al. 2010, Buschbaum et al.
2012). The native decapod crustacean fauna of the Wadden Sea is dominated
by the European shore crab Carcinus maenas, which is very abundant in ben-
thic communities both inter- and subtidally, and itself a globally successful
invader of coastal ecosystems (Carlton & Cohen 2003). The recent arrival of
the two Hemigrapsus spp. in this ecosystem allows to simultaneously study
interactions between native and invasive and two closely related invasive
species, as well as the ongoing establishment process.

Several studies reported detrimental effects of growing Hemigrapsus popu-
lations on C. maenas in North America (Kraemer et al. 2007, O’Connor 2014)
and Europe (van den Brink et al. 2012). These can be connected to apparent
advantages of Hemigrapsus spp. over C. maenas in competition for food and
shelter (Jensen et al. 2002, Gothland et al. 2014, Hobbs et al. 2017), but also

100



4 | Recruitment patterns, low cannibalism and reduced interspecific predation contribute
to high invasion success of two Pacific crabs in northwestern Europe

to reduced recruitment success of C. maenas as a consequence of predation
on early juveniles by H. sanguineus (Lohrer & Whitlatch 2002). Early juvenile
crabs are an especially sensitive life stage, as they experience high predation
pressure (especially from other decapods) and strongly depend on suitable
nursery habitats (Moksnes et al. 1998, Lohrer & Whitlatch 2002). They usually
occur in high densities but only for a relatively short time, and all processes
influencing crab recruitment are assumed to cause effects on the population
level (Moksnes 2002).

This study aims to investigate temporal dynamics of the recruitment and
early juvenile stages of Asian shore crabs in comparison to European shore
crabs, aswell as possible competitive interactions affecting early juvenile crabs.
The first part of the study comprises regular observations of the abundances
of Hemigrapsus spp. and C. maenas in the intertidal of the northern Wadden
Sea between 2014 and 2016, with a special focus on size class distributions
and the occurrence of recruitment events. Based on observations of several
broods per season regularly occurring in Hemigrapsus spp. (Fukui 1988, Mc-
Dermott 1998, van den Brink et al. 2013) while only one brood per season is
common for C. maenas in the North Sea (Crothers 1967, Klein Breteler 1976),
differences in reproductive cycling of native and non-native species favouring
the establishment of Hemigrapsus spp. are hypothesised. To the best of our
knowledge, the survey data represent the first temporally highly resolved,
perennial dataset of Hemigrapsus spp. abundances in their invaded European
range.

The second part of the study comprises field and laboratory experiments
on the influence of subadult and adult crabs on the recruitment success of
juveniles, and intra- (e.g. cannibalism) and interspecific predation pressure
on newly settled crabs. The latter is a putatively important interaction in
crab populations, shaping distribution patterns and abundances of juveniles
(Moksnes et al. 1998). We hypothesise differences in the recruitment success
of juveniles in response to larger crabs, as well as differential patterns of
predation pressure on early juveniles between C.maenas andHemigrapsus spp.
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Fig. 4.1. The island of Sylt and its location in the southeastern North Sea. The twosampling sites (A and B) are located at the northern tip of the island. Light grey areasrepresent tidal flats.

4.2. Materials and Methods

4.2.1. Study area

All field investigations and experiments were carried out in the intertidal
zone near the northern part of the island of Sylt in the northern Wadden Sea
(Fig. 4.1). This area is dominated by sedimentary soft-bottom habitats with
several mixed beds of native blue mussels (Mytilus edulis) and introduced
Pacific oysters (Magallana gigas, Reise et al. 2017), as well as artificial hard
structures (boulder groynes), which provide epibenthic hard-bottom habitats
in close proximity to each other. It is particularly in these hard bottom habitats
where both Hemigrapsus spp. occur in the Wadden Sea. On Sylt, the first
specimen of Hemigrapsus spp. were found in 2008 close to harbours at the
southern and northern tips of the island (J. Landschoff, K. Reise pers. comm.).
In 2011, Hemigrapsus spp. were already found in hard-bottom habitats at 12
sites all along the east coast of Sylt, occurring sympatrically at 5 of these sites
and always co-occurring with C. maenas (Landschoff et al. 2013).
We selected an intertidal mixed oyster-mussel-bed at the northern tip of

the island (N 55.028° E 8.434°; ‘site A’), dominated by H. takanoi, and boulder
groynes in that area (N 55.013° E 8.432°; ‘site B’), dominated by H. sanguineus,
as sampling sites for the survey (Fig. 4.1). At site A, also the field experiment
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was conducted. Both sites are located between 0.3 and 0.5m above mean low
tide level.

4.2.2. Survey

To gain insight in temporal variations of recruitment and abundances of ju-
venile crabs, as well as possible differences in habitat preferences between
the three crab species in theWadden Sea, a quantitative survey was carried
out from December 2014 to December 2016. The survey comprised bi-weekly
samplings at the sites A and B. Based on the results of a pilot study, both sites
were identified as representative habitats for sampling recruiting and juvenile
crabs of all three species (Geburzi 2014).
At each sampling date and site, two samples of 625 cm2 surface area were

taken at low tide by placing a 25x 25 cm steel frame on the substrate and trans-
ferring all substrate and crabs within the frame, including the upper approx.
5 cm of sediment, into plastic buckets. Distance between the two samples was
at least 10m. The samples were transported to the lab and sieved (mesh size
0.5mm). Remaining crabs in the sieve were identified to species level by using
morphological characters. For distinguishing the two Hemigrapsus species, we
followed the characters given in Breton et al. (2002). The carapace width (CW)
of each individual was measured to the nearest 0.01mm with digital callipers.
A stereo microscope was used for species determination and measurements
when necessary.

4.2.3. Recruitment experiment

An inclusion-exclusion experiment was conducted in the field during the
peak recruitment periods of C. maenas and Hemigrapsus spp. in summer
and autumn 2016 to assess the influence of adult crabs on the recruitment of
juveniles. Fully enclosed, cylindrical cages (15 cmdiameter, 15 cmheight) were
constructed of a PVC scaffold and plastic mesh with 3 mm mesh size, which
allowed crabs up to 7.5mm CW to enter the cages (the larger ones by crawling
sideways). The following size categories for crabs were defined for this (and
the laboratory) experiment: ‘recruits’ ≤ 2mm CW, ‘juveniles’ 2.1 mm–7.5mm
CW, which together represent ‘0-year crabs’, ‘subadults’ 7.6mm–9.9mm CW
and ‘adults’ ≥10mm CW.
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To provide an attractive substrate for recruiting crabs, the cages were filled
with a bottom layer of sand and approximately 4 cm of blue mussels, small
oysters and empty shells which were taken from the surrounding area and
cleaned thoroughly under running fresh water to remove any crabs. The
cages were placed in a flow-through seawater tank for about 36h to allow
the mussels to settle and to produce byssus threads for mutual attachment,
which resulted in a natural matrix of mussels, oysters and dead shell material.
The experimental setup consisted of five treatments, with six replicates each.
Inclusion cages were stocked with (1) nine C. maenas (ranging from 14.7 to
25.6mm CW), (2) nineH. takanoi (ranging from 10.1 to 16.4mm CW) or (3) nine
H. takanoi (ranging from 10.0 to 16.1mm CW), respectively. Predator densities
in the cages correspond to maximum densities of Hemigrapsus spp. in this
part of the Wadden Sea, which reach up to 600 crabs m2 (pers. observation,
numbers include all crabs ≥5mm CW). Exclusion cages without any crabs
served as (4) control treatment to assess the recruitment of 0-year crabswithout
predation. Open ‘cages’, consisting of a cage bottom and a 5 cm high mesh ring
filled with substrate were used as (5) cage-control treatment to assess natural
levels of predation on recruiting crabs at the experimental site.

The closed and open cages were deployed at low tide on the tidal flat along
the edge of the oyster-mussel-bed, using iron rods (30 cm length) for fixation.
Treatments were arranged in random order and a distance of at least 2m was
kept between the cages to ensure independency of the experimental units.
At the chosen site, H. takanoi is the dominating Hemigrapsus species while
H. takanoi only occurs in comparatively low densities (Geburzi 2014). The
experiment was conducted in two runs (subsequently referred to as ‘run A’ and
‘runB’) during the peak recruitment periods ofC.maenas andHemigrapsus spp.,
as inferred from the survey data. The experiment runs were set up 3 July 2016
and 8 September 2016 for 53 and 49 days, respectively. During the experimental
period the cages were controlled once a week to check the experimental set-
up and to remove drifting macroalgae covering the mesh. At the end of the
experiment, the cages were transported to the laboratory and their contents
were sieved over a 0.5mmmesh. All crabs that had recruited to the cages were
determined to species level using a stereo microscope and measured to the
nearest 0.01mm with digital callipers. Additionally, the number of surviving
predators in the inclusion cages was noted.
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4.2.4. Predation experiment

To assess predation pressure and cannibalism exerted by subadults on newly
settled crabs (recruits), a lab experiment was conducted. Cylindrical glass
bowls (9.5 cmdiameter, 8.0 cmheight)were filledwith 200mLfiltered seawater
and equipped with a thin layer of fine sand and amussel valve (approx. 20mm
length) as substrate and shelter. Each glass bowl was stocked with six recruits
of either C. maenas, H. takanoi or H. sanguineus (CW 1.5–1.8mm). They were
collected in the field 1–4d prior to the experiment and kept in flow-through
aquaria until the experiment started. The bowls were randomly assigned
to one out of four treatments, with six replicates each. Treatments were as
follows (1) one subadult male C. maenas (CW 9.12± 0.65mm), (2) one subadult
male H. takanoi (CW 7.81± 0.85mm) and (3) one subadult male H. sanguineus
(CW 7.80±0.36mm) per bowl as predator, and (4) no predator as a control to
assess natural background mortality during the course of the experiment. The
difference in CW between Carcinus and Hemigrapsus predators was chosen
to take into account the relatively smaller chelae of C. maenas compared
to Hemigrapsus spp. (compare Payne & Kraemer 2013). All predators were
starved for 24h prior to the experiment to standardize hunger levels. The
experiment was conducted in a climate chamber under constant temperature
(15°C) and natural light/dark cycle. The experiment ran over 12h and the
number of surviving recruits was controlled hourly and noted for each bowl.
As newly settled Carcinus and Hemigrapsus did not occur at the same time,
the experiment had to be conducted in separate runs for C. maenas (25 June
2016) and Hemigrapsus spp. (24 October 2016) as prey, respectively. However,
the results were considered comparable with each other since both runs were
conducted under the same lab conditions.

4.2.5. Data analysis

For the analysis of the survey data, in a first step actual size classes represent-
ing moult stages were determined from the size-frequency distributions of
each species. Recognition of the moult stages and estimation of mean size
and standard deviation for each stage was performed using Bhattacharya’s
method (Bhattacharya 1967) implemented in FiSAT II software, version 1.2.2
(Gayanilo et al. 2005) (decomposition of size-frequency distributions is shown
in Appendix 1). Size ranges for the stages were then determined by calculating
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the interception points of the probability density functions of neighbouring
modal groups. The ranges were subsequently used to calculate size-class spe-
cific abundances (individuals m-2) for each sampling date and site with the
two samples per site pooled. Graphical output was produced with R, version
3.3.3 (R Core Team 2017) and the additional package ‘ggplot2’ (Wickham 2009).
The recruitment data were analysed by fitting a generalised linear model

(GLM) with ‘species’ (Carcinus and Hemigrapsus) and ‘treatment’ (exclusion,
open, C. maenas inclusion, H. takanoi inclusion and H. sanguineus inclusion)
as predictor variables, and the counts of 0-year crabs as response variable.
The model was fitted with a negative binomial error term and a log-link func-
tion, accounting for overdispersion and aggregation in the data as a source
of unexplained variance in the model. The analysis was performed with R,
version 3.3.3, using the function ‘glm.nb’ provided with the ‘MASS’ package
(Venables & Ripley 2002), and the ‘ggplot2’ package was used for graphical
output.
For the analysis of the predation experiment, a Kaplan-Meyer estimator of

survival probability was calculated for each predator-prey combination. An
asymptotic log-rank testwas performed to detect overall differences of survival
probabilities between species, and pairwise log-rank tests were subsequently
performed for relevant predator-prey combinations. To correct for multiple
testing in the pairwise comparisons, the p-values were adjusted using Holm’s
sequential Bonferroni correction. The survival analysis was performed with R,
version 3.3.3, using the ‘survival’ package (Therneau 2015), and the ‘survminer’
package (Kassambara & Kosinski 2017) for plotting the survival curves.

4.3. Results

4.3.1. Survey

Over the two years of survey between December 2014 and December 2016, a
total number of 2’073 Carcinusmaenas, 4’566H. takanoi and 4’193Hemigrapsus
sanguineus≤ 10mmCWwere sampled andmeasured. From the size-frequency
distributions, mean sizes and size ranges for the first five juvenile moult stages
of each species were estimated (Tab. 4.1, subsequently referred to as C-1 to
C-5. All individuals of each species from the 6th moult stage to 10mm CWwere
pooled into a single size class (referred to as C-6), as individual numbers and
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Tab. 4.1.Mean (estimated by Bhattacharya’s method), minimum and maximum cara-pace width [mm] of juvenile C. maenas, H. takanoi and H. sanguineus. Size classes C-1to C-5 represent actual moult stages, size class C-6 pools all individuals from the 6thmoult stage to 10mm CW.
Sizeclass C. maenas H. takanoi H. sanguineus

mean min max mean min max mean min max
C-1 1.41 1.22 1.62 1.68 1.34 1.87 1.89 1.43 2.10C-2 1.88 1.62 2.13 2.10 1.87 2.34 2.32 2.10 2.54C-3 2.49 2.13 2.85 2.58 2.34 2.84 2.80 2.54 3.12C-4 3.11 2.85 3.35 3.10 2.84 3.36 3.40 3.12 3.75C-5 3.61 3.35 3.91 3.76 3.36 4.30 4.33 3.75 4.76C-6 – 3.91 10.00 – 4.30 10.00 – 4.76 10.00

separation indices were too low to define reliable size ranges for further moult
stages. Mean CW of C-1 C. maenas (1.41mm) is considerably smaller compared
to H. takanoi (1.68mm) and H. sanguineus (1.89mm). The size difference
between C. maenas and H. takanoi decreases with subsequent moults and
approximately equals out from C-3 on, but it remains about the same between
C. maenas and H. sanguineus.
The survey data revealed differing patterns of the three species in the oc-

currence and abundances of recruiting (C-1) and juvenile crabs at the two
sampling sites. In general, lower densities of crabs were recorded on the oyster
reef (site A) compared to the boulder groynes (site B) which is reflected in
the total number of crabs in both habitats (3’632 at site A, 7’200 at site B).
The recruitment of C. maenas at both sites started mid June and ended early
September in 2015 and mid July in 2016, respectively (Figs. 2 and 3). The
maximum density of C-1 C. maenas was 792± 104 individuals m-2 (mean± SE),
recorded at site B on 4 July 2016. Outside the well-defined recruitment period,
no C-1 C. maenas were found in the samples. Density peaks of subsequent
size classes of C. maenaswere delayed by about two weeks compared to the
preceding size class, and densities continuously decreased from C-1 to C-5,
depicting growth and mortality between the moult stages. C-6 C. maenas
were recorded year-round in low densities at both sites, with slightly higher
densities observed from late summer to early winter.

Considering the spatial distribution patterns, H. takanoi dominates at site A
(Fig. 4.2), whileH. sanguineus dominates at site B, however densities of C-4 and
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Fig. 4.2.Mean densities± SE of juvenile crabs on an intertidal oyster-mussel-bed (site A)between Dec 2014 and Dec 2016, based on bi-weekly samplings. Numbers C1–C6 referto size classes (see Tab. 4.1 for details). Green, solid: C. maenas, light blue, dashed:
H. takanoi, dark blue, dotted: H. sanguineus. Gaps in the data are caused by samplingsthat had to be cancelled due to high water levels. Note different y-axis ranges.
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Fig. 4.3. Mean densities±SE of juvenile crabs on intertidal boulder groynes (site B)between Dec 2014 and Dec 2016, based on bi-weekly samplings. Numbers C1–C6 referto size classes (see Tab. 4.1 for details). Green, solid: C. maenas, light blue, dashed:
H. takanoi, dark blue, dotted: H. sanguineus. Gaps in the data are caused by samplingsthat had to be cancelled due to high water levels. Note different y-axis ranges.
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C-5 H. takanoi were similar to H. sanguineus from autumn to spring (Fig. 4.3).
Recruitment of both Hemigrapsus species peaks at the same time in late Au-
gust/early September. Maximum C-1 densities were 368±16 individuals m-2
for H. takanoi and 632±88 individuals m-2 for H. sanguineus, recorded on 3
September 2015, at site A and B, respectively. Intensity of recruitment of both
Hemigrapsus species was much lower in 2016 compared to 2015, thus showing
an opposing trend with C. maenas. Moulting stage C-1 of Hemigrapsus spp.
also occurred throughout the winter months, with H. sanguineus regularly
reaching densities around 100 individuals m-2 (Fig. 4.3). In both years how-
ever, the density of C-1 Hemigrapsus spp. dropped to zero at the beginning
of the C. maenas recruitment period. Densities of subsequent size-classes of
Hemigrapsus spp. increased as well time-delayed compared to the preceding
size-class. Constantly high densities of C-2 and C-3 from October to May in-
dicate a low mortality and slow growth of Hemigrapsus juveniles over the
wintermonths. Densities of C-4 to C-6 increase towards the spring and summer,
reaching a maximum coinciding with the recruitment period of C. maenas.

4.3.2. Recruitment experiment

Recruitment of H. sanguineuswas as expected very low at the experimental
site, because it is not the preferred habitat for this species (one and three crabs
were found among all cages in run A and B, respectively). Therefore, only the
recruitment of H. takanoi and C. maenas are compared in the following.
The results of the GLM revealed that recruitment of 0-year crabs differed

significantly between the two species (LRTspecies: df = 1, χ2 =29.68, p < 0.0001).
Recruitment of C. maenas during run A (July to early August 2016, main settle-
ment period for C. maenas) was higher (17.0±1.2 ind. cage-1, all values given
as mean± SE) than of H. takanoi (8.9± 1.2 ind. cage-1) during run B (September
to mid October 2016, main settlement period for Hemigrapsus spp.), which
may reflect the generally low ambient recruitment of Hemigrapsus spp. in
2016 (see section ‘3.1. Survey’). Furthermore, the recruitment of 0-year crabs
varied for different species-treatment combinations (LRTspecies×treatment: df = 4,
χ2 = 22.86, p≤ 0.001). This variation was mainly driven by contrasting recruit-
ment patterns between the two Hemigrapsus-inclusion treatments and the
three other treatments (Fig. 4.4). Recruitment of 0-year C. maenas was al-
most equal in the exclusion (18.8±1.9 ind. cage-1) and C. maenas-inclusion

110



4 | Recruitment patterns, low cannibalism and reduced interspecific predation contribute
to high invasion success of two Pacific crabs in northwestern Europe

treatments (19.8±3.3 ind./cage) and in the open cages (19.3±2.1 ind. cage-1).
However, it was reduced in the H. takanoi- (15.7±2.8 ind. cage-1) and even
more the H. sanguineus-inclusion treatments (11.1±1.3 ind. cage-1; Fig. 4.4A).
On the contrary, recruitment of 0-year H. takanoi was increased in the two
Hemigrapsus-inclusion treatments (13.7±2.8 ind. cage-1 for H. takanoi inclu-
sion and 11.8±3.1 ind. cage-1 for H. sanguineus inclusion) compared to the
exclusion treatment (6.5± 1.6 ind. cage-1) and open cages (8.2± 3.2 ind. cage-1),
while recruitment to C. maenas-inclusion cages was slightly lower compared
to the exclusion control group (4.3±1.4 ind. cage-1; Fig. 4.4B).
Colonisation of the open cages by crabs >7.5mm CW differed between

species. It was 0.2± 0.4 ind. cage-1 for H. sanguineus and 3.6± 2.2 ind. cage-1 for
H. takanoi. Both densities were consistent with their ambient densities at this
site (pers. observation). Numbers of C. maenas in the open cages were 2.7± 2.9
ind. cage-1. The cage design effectively prevented the colonisation of crabs
>7.5mm CW to the exclusion and inclusion cages, and no additional crabs
could be found at the end of the experiment. Mean survival of predator crabs
in the inclusion cages (n=9 at the beginning of the experiment) was 2.2/4.5
for C. maenas (run A and B, respectively), 5.5/7.5 for H. takanoi and 8.7/8.3 for
H. sanguineus.

4.3.3. Predation experiment

The survival probability of newly settled crabs differed significantly between
treatments (e.g. predator species) among species (asymptotic log-rank test:
df = 3, χ2 =176.28, p < 0.0001; Fig. 4.5). Newly settled C. maenas had a signifi-
cantly lower survival probability when confronted to conspecific subadults
compared to either Hemigrapsus species as predator (Log-rank tests: df = 1,
χ2 = 21.5, adjusted p≤ 0.0001 forH. takanoi anddf = 1, χ2 = 14.7, adjusted p= 0.0014
for H. sanguineus; Fig. 4.5A). For Carcinus recruits, the effects of cannibalism
are therefore higher than predation by both Hemigrapsus species.
Survival probabilities of newly settled Hemigrapsus spp. when confronted

with a subadult conspecific were almost equal or only slightly reduced com-
pared to the control treatments without conspecific predator (Fig. 4.5B, C).
This indicates a strong difference in the tendency to cannibalistic behaviour
between C. maenas and Hemigrapsus spp. The survival probabilities of Hemi-
grapsus recruits were reduced to about 0.3 with C. maenas as predator, which
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Fig. 4.4. Response of 0-year C. maenas (A) and H. takanoi (B) to the presence of adultcrabs in the field experiments. Data are mean numbers±SE of crabs ≤7.5mm CWcage-1 for the different treatments. Number of cages per treatment n=6. Hemigrapsus
sanguineus was neglected in the analysis because of extremely low recruitment at theexperimental site.
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was significantly higher than those of C. maenas recruits (survival probability
< 0.1) with C. maenas as predator (Log-rank tests: df = 1, χ2 =22.5, adjusted
p≤0.0001 for H. takanoi and df = 1, χ2 =23.5, adjusted p≤0.0001 for H. san-
guineus). The survival probabilities of Hemigrapsus recruits were, however, in
the range of C. maenas survival probabilities with Hemigrapsus spp. as preda-
tors. Both Hemigrapsus species slightly reduced the survival of each other’s
juveniles, but survival probabilities of these predator-prey-combinations did
not differ significantly from the same-species combinations (Fig. 4.5 B, C). De-
tailed statistical results for all pairwise comparisons are given in Appendix 2.
Mortality of newly settled crabs in the control treatments was very low during
the experiment, as only one H. takanoi was found dead at the last control.
Thus, any differences in survival of newly settled crabs could be attributed to
predation by subadults.
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Fig. 4.5. Survival probabilities of recruits (1.5–1.8mm CW) of C. maenas (A), H. takanoi(B) and H. sanguineus (C) (6 recruits per replicate [n =6] per species) over 12h, whenpaired with subadult (7.8–9.1mm CW) C. maenas (green, solid lines), H. takanoi (lightblue, dashed lines), H. sanguineus (dark blue, dotted lines) as predators, or no predator(grey, dot-dashed lines).
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4.4. Discussion

This study revealed differential seasonal and spatial patterns of recruit and
juvenile occurrence between invasive (Hemigrapsus spp.) and native (Carcinus
maenas) crabs in the Wadden Sea. It furthermore revealed differential inter-
and intraspecific effects of adult/subadult crabs on the recruitment of juveniles,
particularly by differing levels of predation and cannibalism. The combined
results describe important factors for the invasion success ofHemigrapsus spp.

4.4.1. Recruitment patterns of native C. maenas and introduced
Hemigrapsus spp.

We detected a temporal shift of recruitment peaks between C. maenas and
Hemigrapsus spp. The European shore crab Carcinus maenas shows a well
defined recruitment period of 3 months at most with peak densities of C-1
individuals in early July, whereas no C-1 individuals were present at other
times of the year. This is in accordance with earlier observations and the fact
that C. maenas females only produce one brood per season in these latitudes
(Naylor 1962, Crothers 1967, Dawirs 1985). The recruitment of H. takanoi
and H. sanguineus, by contrast, begins in August and peaks late August to
mid September. The onset of juvenile recruitment is in accordance with data
for H. sanguineus and H. penicillatus from their native range (Pillay & Ono
1978, Fukui 1988). After the density peak in late summer, Hemigrapsus re-
cruitment decreases, but C-1 individuals occur in the intertidal zone in lower
densities until January (H. takanoi, site A) or even April/May of the following
year (H. sanguineus, site B). It is, however, unlikely that Hemigrapsus actually
recruits during the winter months, as ovarian, egg and larval development
are strongly temperature-dependent and appear to be extremely prolonged at
water temperatures below 15 °C (Epifanio 2013, van den Brink et al. 2013). The
observed pattern might rather result from crabs which recruited in late au-
tumn and overwintered in the intertidal at C-1 stage, with the long intermoult
duration being as well a consequence of low temperatures (Leffler 1972).
The still considerably extended recruitment periods of Hemigrapsus spp.

could be an advantageous strategy to compensate for short periods of un-
favourable conditions in variable environments, or to avoid strong density-
dependent intraspecific competition. On the other hand, the short period of
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massive recruitment in C. maenasmight reflect a strategy to reduce the risk of
predation for recruiting crabs. Interestingly, densities of C-1Hemigrapsus drop
to zero almost exactly at the timewhen C.maenas recruitment starts. Predation
or expulsion by C. maenas is most likely not the cause of this decline, as in this
case, at least some C-1 Hemigrapsuswould be expected to survive/remain at
the site. Whether the observed pattern is coincidentally caused by the natural
rhythm of Hemigrapsus recruitment, or actually a reaction of Hemigrapsus to
the high recruitment rates of C. maenas, needs further investigation. Besides a
migration of juvenileHemigrapsus to a different (micro-)habitat, also chemical
cues affecting the timing and duration of larval release, larval development
and metamorphosis may be responsible for the observed temporal pattern.
For example, exudates released by conspecifics and other crab species play an
important role in these processes, in particular on the ‘time to moult’ of the
megalopa (Forward et al. 2001, Kopin et al. 2001, O’Connor 2007).

Overall, the shifted recruitment periods indicate temporal niche segregation
between the early juvenile stages of C. maenas and Hemigrapsus spp., by
which direct competition for resources (e.g. food, shelter) is avoided. The
differential timing of recruitment – and ultimately reproduction – may thus
considerably facilitate the establishment of the non-native species, particularly
in the initial phase of introduction, when Hemigrapsus abundances were still
low. Similarly, differential timing of recruitment of C. maenas compared to
native crabs is assumed to have facilitated its establishment as non-native
species in Australia (Garside et al. 2015). As C. maenas has been shown to be
inferior to same-sized H. sanguineus when competing for food and shelter
(Jensen et al. 2002), the different recruitment periods can also be beneficial
for the native species, especially when considering the size advantage of C-1
Hemigrapsus spp. over C. maenas. An earlier recruitment of Hemigrapsus,
before C.maenas, can be assumed in this context to be evenmore advantageous
forHemigrapsus, and to potentially increase competitive pressure onC.maenas
recruits. However, this could be prevented by too low water temperatures
in spring which do not allow for earlier development of Hemigrapsus eggs
and larvae. The apparent difference in recruitment site preference between
H. takanoi (mussel-oyster-reef) and H. sanguineus (boulder groyne) coincides
well their differing habitat preferences, with H. sanguineus dominating in
rockier habitats with higher wave exposure, while H. takanoi dominates in
muddier, more sheltered habitats (Mingkid et al. 2006, Dauvin et al. 2009,
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Landschoff et al. 2013). The fact that these differences in site preference
are already pronounced at the C-1 stage, points to a pre-settlement process
as the underlying mechanism. This spatial niche segregation into different
microhabitats appears to be very effective, as it even occurred within a few
meters distance between the windward and lee side of a longshore boulder
groyne (Geburzi 2014). It likely plays an important role for the sympatrical
spread of the two Hemigrapsus species, as it reduces competition for food and
space, especially among recruits and early juvenile stages which occur in high
abundances at the same time.
Growth patterns and temporal variation of densities of subsequent size

classes C-2 to C-6 differ as well between C. maenas and Hemigrapsus spp. Den-
sity peaks of C. maenas C-2 to C-5 are delayed by about 2 weeks compared
to the preceding class, reflecting regular moult intervals for about the first 2
months after recruitment. The occurrence of early juvenile C. maenas at the
sampling sites is mostly restricted to 3 to 4 months following the recruitment
peak and characterised by a sharp decline in density between consecutive size
classes. Besides the possibility of high mortality due to strong predation pres-
sure (Moksnes et al. 1998), these observations may also reflect size-dependent
habitat shifts and migrations, as they were described by Thiel & Dernedde
(1994). As they grow bigger, juvenile C. maenas emigrate from the mussel beds
and clumps to adjacent sand flats and later to subtidal areas. Our survey data
indicate emigration of juvenile C. maenas in early autumn, which is much
earlier than before the arrival of Hemigrapsus spp. in the Wadden Sea, when
it occurred only in late autumn (Beukema 1991, Thiel & Dernedde 1994). This
could be a direct effect of the presence of Hemigrapsus spp. as a new competi-
tor/predator, mitigating the beneficial effects of staying in the mussel beds
(compare Griffen et al. 2015).

The data reflect well that H. takanoi and H. sanguineus are predominantly
intertidal species in all stages after metamorphosis (Noël et al. 1997, Lohrer
et al. 2000, van den Brink et al. 2012, Landschoff et al. 2013). Early Hemigrap-
sus juveniles (C-2 to C-5) occur year-round in higher densities than C. maenas,
except for the peak periods of the respective C. maenas size class. Slowly
decreasing densities of C-2 from September to May, while at the same time
densities of C-3 and C-4 show an increasing trend, suggest that the youngest
Hemigrapsus cohorts still moult during the winter months, though with very
long moult intervals. With rising water temperatures in spring and summer,

117



III Factors of success: Ecological and genetic aspects of Hemigrapsus‘ establishment

moult intervals apparently become shorter and moult synchronises, as rising
temperatures accelerate growth, while the overall length of moulting intervals
increases from stage to stage (Klein Breteler 1975, Dawirs 1985). This leads
to pronounced density peaks of late juvenile Hemigrapsus (C-5 and C-6) be-
tween May and August, coinciding with the recruitment period of C. maenas.
This pattern may have implications for C. maenas, as high densities of a new
putative competitor/predator in an important recruitment habitat (Moksnes
et al. 1998, Moksnes 2002) could negatively affect the recruitment success of
the native species (see below).

4.4.2. Intra- and interspecific effects on crab recruitment

The results of the field caging experiment indicate differential intra- and
interspecific influences of the presence of larger crabs on the recruitment of
juvenile C. maenas and H. takanoi. No direct conclusions can be drawn about
H. sanguineus, as they recruit only in very low numbers at the experimental
site, but effects are assumed to be similar to H. takanoi considering their
similar size and behaviour.

Both Hemigrapsus species substantially reduced the recruitment of C. mae-
nas juveniles compared to the control treatment excluding larger crabs, in
case of H. sanguineus by almost 50%. However, no effect on native shore crab
recruitment was detected in the C. maenas-inclusion treatment. A possible
explanation for the slightly surprising lack of an effect in this treatment, which
strongly contrasts the results of the corresponding treatment in the predation
experiment (see below), might be the low survival of C.maenas predators in the
cages. The low survival could be caused by cannibalism between the predators
due to their very high initial density, which in turn reduced density-dependent
effects of the larger C. maenas on conspecific recruits. The recruitment of
H. takanoi, by contrast, was strongly enhanced by the presence of larger crabs
of both Hemigrapsus species, and slightly, though not significantly, reduced
by the presence of larger C. maenas. These findings are partly congruent
with a similar experimental study at the U.S. east coast, also reporting a re-
duced recruitment of C. maenaswhen H. sanguineuswas present (Lohrer &
Whitlatch 2002). However, no positive effect of H. sanguineus on conspecific
recruitment was observed in that study. The reduced C. maenas recruitment to
Hemigrapsus-inclusion cages could be explained by either increased predation
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by Hemigrapsus spp. or an avoidance of C. maenas recruits based on chem-
ical cues. The latter possibility is considered less likely as it would presume
C. maenas to have ‘learned’ to distinguish and avoid chemical cues released
by Hemigrapsus spp. within just a few years of coexistence. The enhanced
recruitment of H. takanoi to Hemigrapsus-inclusion cages on the other hand
indicates a positive response ofH. takanoi to conspecific/congeneric cues. Such
effects were already described for H. sanguineus (Kopin et al. 2001, O’Connor
2007), as well as several other crab species (reviewed in Forward et al. 2001).
In summary, the results show that the presence of (sub)adult Hemigrapsus spp.
enhances the recruitment of conspecifics/congeners while at the same time it
impairs the recruitment of C. maenas. Thus, these processes reveal interactions
between non-native and native crabs that may substantially contribute to the
success of Hemigrapsus spp. in the southeastern North Sea.

The results of the predation experiment reveal different levels of predation
and cannibalism on newly recruited crabs as an additional factor facilitat-
ing the establishment of the newly arrived Hemigrapsus spp. Subadults of
C. maenas showed a generally higher tendency to prey on new recruits com-
pared to subadult Hemigrapsus, and their predation pressure was highest on
conspecifics (i.e. cannibalism). This distinct tendency to cannibalism is well
described for C. maenas and considered an important factor for recruitment
success and regulation of population density in this species (e.g. Moksnes et al.
1998, Moksnes 2004, Almeida et al. 2011). In contrast, subadult Hemigrapsus
showed almost no cannibalism and only very low rates of intra-genus pre-
dation, while their predation pressure on C. maneas recruits was as high as
vice versa. Griffen et al. (2015) already reported low rates of cannibalism in
H. sanguineus, which is also the case forH. takanoi, as our results show. The es-
tablishment of Hemigrapsus spp. in the Wadden Sea intertidal thus added two
new species preying on C. maenas recruits, while C. maenas is the only crus-
tacean predator of Hemigrapsus recruits. The asymmetry of the predator-prey
relationship between the three species might be even more pronounced in the
field, as the density maxima of subadult Hemigrapsus on the oyster reef and
boulder groynes occur around the peak periods of C. maenas recruitment. On
the other hand, densities of subadult C. maenas only slightly increase during
peak recruitment of Hemigrapsus spp..

The experimental setup was of course a simplification of the natural condi-
tions, as it did neither include variations in predator and prey densities, nor
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different levels of habitat complexity, nor alternative food sources, all of which
influence the predation risk for crab recruits (Moksnes et al. 1998, Lohrer &
Whitlatch 2002, Almeida et al. 2011). These factors might also explain why no
reduction of C. maenas recruitment in C. maenas inclusion treatments was
observed in the field experiment, probably along with the higher mortality of
C. maenas predators (see above). Nevertheless, as the conditions were equal
for all three species, the experiment provides comparable results for back-
ground levels of cannibalism and predation. The lack of juvenile cannibalism
in Hemigrapsus spp. probably is of great importance for their invasion suc-
cess, as it allows them to tolerate high densities of several cohorts in the same
habitat. This result also complements the recently described high conspecific
tolerance among similar-sized adult H. sanguineus in suitable habitats (Hobbs
et al. 2017).

4.4.3. Conclusions

The data presented in this study show that timing of recruitment as well
as direct (predation/cannibalism) and possibly also indirect (chemical cues)
interactions of recruiting crabs contribute to the high invasion success of
H. takanoi andH. sanguineus in theWadden Sea. The presence ofHemigrapsus
at a site enhances the recruitment of juveniles, leading to a positive feedback on
crab densities in suitable habitats once they are occupied (Fig. 4.6). Low rates
of cannibalism positively affect the maintenance of high population densities
(but see Griffen et al. 2015, for effects of cannibalism in a dense H. sanguineus
population). Among recruiting crabs, temporal niche segregation (between
C. maenas andHemigrapsus spp., Fig. 6) and spatial niche segregation (between
H. takanoi and H. sanguineus) may strongly reduce competition for resources.
Increased predation pressure by subadultHemigrapsus on recruitingC.maenas
may further reduce competition for subsequently recruiting Hemigrapsus spp.

In the long run, it seems possible that Hemigrapsus spp. could take over the
role as the dominant crab species in intertidal hard-bottom habitats in the
Wadden Sea (Lohrer &Whitlatch 2002, van den Brink et al. 2012). However, the
spread of Hemigrapsus will most likely not threaten the C. maenas population
on aWadden Sea-wide scale, as large parts of its adult population live subtidally
andwill provide a stable source of recruitment to the intertidal, where recruits

120



4 | Recruitment patterns, low cannibalism and reduced interspecific predation contribute
to high invasion success of two Pacific crabs in northwestern Europe

Fig. 4.6. Schematic illustration of processes and patterns shaping densities and in-teractions of native and invasive crabs in the Wadden Sea intertidal. Peak periods ofjuvenile recruitment are temporally shifted between C. maenas and Hemigrapsus spp.and no Hemigrapsus recruitment occurs during C. maenas recruitment peaks. From lateautumn to early spring, only Hemigrapsus spp. are present in the intertidal. C. maenas(sub)adults prey on recruiting conspecifics as well as Hemigrapsus spp., while Hemigrap-
sus (sub)adults prey only on C. maenas recruits but enhance Hemigrapsus recruitment(black arrows).

and juveniles also use other habitats, such as seagrass beds, as nursery ground
(Moksnes et al. 1998, Landschoff et al. 2013), a habitat in which Hemigrapsus
currently does not occur. Finally, the results of this study highlight the need to
consider life-history traits in combination with interactions among juvenile
stages in order to gain insight in the establishment and spread as well as
potential impacts of marine non-native species.
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Appendix

Appendix 1

Fig. 4.7.Decomposition of the size-frequency distributions of C. maenas (top), H. takanoi(middle) andH. sanguineus (bottom) by Bhattacharya’smethod for the 2014–2016 surveydata.
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Appendix 2

Tab. 4.2. Detailed results of all pairwise Log-rank tests from the predation experiment.Provided are test statistics (χ2), ‘raw’ p-values and adjusted p-values (Holm’s sequentialBonferroni method) for combinations of recruit species and treatment (i.e. predatorspecies) pairs as given in the first 4 columns of the table. For all tests df = 1. Treatmentcodes: C – subadult C. maenas, S – subadult H. sanguineus, T – subadult H. takanoi
Tested combination

χ2 Raw p-value Adj. p-valueRecruits Treatment Recruits Treatment
C. maenas – C C. maenas – S 14.7 0.00012 0.0014***– T 21.5 < 0.0001 <0.0001***

H. sanguineus – C 23.5 < 0.0001 <0.0001***– S 74.6 < 0.0001 <0.0001***
H. takanoi – C 22.5 < 0.0001 <0.0001***– T 75.9 < 0.0001 <0.0001***

C. maenas – S C. maenas – T 0.5 0.48 1
H. sanguineus – C 0.8 0.36 1– S 37.9 < 0.0001 <0.0001***
H. takanoi – S 25.8 < 0.0001 <0.0001***

C. maenas – T H. sanguineus – T 22.4 < 0.0001 <0.0001***
H. takanoi – C 0.2 0.63 1– T 32.3 < 0.0001 <0.0001***

H. sanguineus – C H. sanguineus – S 33.5 < 0.0001 <0.0001***– T 25.2 < 0.0001 <0.0001***
H. takanoi – C 0.1 0.77 1

H. sanguineus – S H. sanguineus – T 1.3 0.26 1
H. takanoi – S 2.1 0.14 1– T 0.4 0.52 1

H. sanguineus – T H. takanoi – S 0.1 0.72 1– T 2.9 0.09 0.81
H. takanoi – C H. takanoi – S 16.9 < 0.0001 0.0005***– T 31.1 < 0.0001 <0.0001***
H. takanoi – S H. takanoi – T 3.9 0.05 0.47
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Abstract

Genetic studies of introduced non-native species are a valuable tool to in-
vestigate invasion history and pathways, source populations and multiple
introductions of alien species, as well as evolutionary genetic changes follow-
ing establishment in a new environment. In this study, we used a set of nine
polymorphic microsatellites to analyse the population genetic structure of
the introduced Asian shore crab Hemigrapsus takanoi along European coasts.
Our dataset covers the complete known European range of the species, in-
cluding the most recent (2014–2017) records from the southwestern Baltic Sea.
The results show a similarly high genetic diversity of H. takanoi throughout
Europe, and only weak population differentiation. Siginficant homozygote
excess and prevalence of null alleles in all populations conincide with the
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presumably high effective population size, recent expansion and population
growth. Analyses for population structure along geographic regions give sup-
port for a separation between the Bay of Seine populations (northern France)
and all other populations. Further, a surprisingly high (though still weak)
differentiation between the neighbouring western and central Wadden Sea
populations was detected. The Baltic Sea populations clustered within the
Wadden Sea populations, suggesting a secondary introduction from the North
Sea as the likely invasion pathway of H. takanoi to the Baltic Sea. The genetic
data from the Baltic Sea populations in particular, depicting population status
shortly after introduction, can furthermore serve as a ‘baseline’ data for fu-
ture investigations of genetic changes during establishment and adaptation
processes.
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5.1. Introduction

Continuously rising numbers of human-mediated introductions of species
into areas far beyond their native ranges receive ongoing scientific attention
and are seen as an important dimension of global change (Ruiz et al. 2000,
Simberloff et al. 2013, Chan & Briski 2017). The often rapid establishment and
dispersal of such non-native species, which are then consequently termed
‘invasive’, can affect native as well as other non-native species and profoundly
alter ecological communities in newly occupied ecosystems. Thus, new records
of non-native species and sudden range extensions of established invaders
are regularly cautiously monitored.
Investigations of invasion pathways and invasion history can deliver im-

portant information to understand dispersal and establishment processes,
and are as well important in the context of risk assessment for range exten-
sions and possible future invasion events (Kolar & Lodge 2001, Kulhanek et al.
2011). Genetic analyses have been proven a useful approach in this context.
They can be used to detect multiple introductions of a species from different
populations within the species’ native range, which may lead to genetic ad-
mixture in invasive populations, counteracting loss of genetic diversity by
usually small founder populations (Roman & Darling 2007, Rius et al. 2015,
Wagner et al. 2017). In fact, genetic admixture following such ‘kryptic’ inva-
sions may facilitate rapid adaptation to new environmental conditions and
has been attributed to several cases of range extensions of non-native species
(Herborg et al. 2007, Lejeusne et al. 2014, Wagner et al. 2017). Furthermore,
genetic analyses can help to identify source populations and donor regions of
non-native species and to reconstruct invasion pathways. In a more general
context, invasion genetics also provide tools for investigating evolutionary
adaptations of species to new or changing environments (Holland 2000, Geller
et al. 2010, Cristescu 2015).
Ship traffic is widely seen as the most important vector for the transporta-

tion and introduction of marine non-native species (see Gollasch 2006, Kat-
sanevakis et al. 2013). Uptake and discard of huge amounts of ballast water at
origin and destination ports can lead to the release of hundreds of organisms
by a single ship. Fouling communities at the outside of ship’s hulls are further
carriers of potential invaders. Consequently, the main pathways of primary
species introductions and hot-spot regions of species’ export and import re-
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flect well the network of global shipping lines (Seebens et al. 2013). But also
for secondary introductions (i.e. regional transport from the initial site of
introduction), ship traffic, including recreational boating, plays an important
role (Clarke Murray et al. 2011).
Decapod crustaceans, and especially the true crabs (Brachyura) are a par-

ticularly prominent group among marine invasive species, in both terms of
species numbers and impacts. The long planktonic larval development of
many species (often exceeding three weeks) makes them especially prone to
be transported via ballast water, and their high reproductive and adaptive
potential allows for rapid population growth and can lead to strong impacts
on the invaded communities (Brockerhoff & McLay 2011, Hänfling et al. 2011).

Here, we investigate the population genetic structure of a recent Brachyuran
invader to European coasts, the Asian crab Hemigrapsus takanoi Asakura &
Watanabe 2005. The native range of this species stretches along the coasts
of the northwestern Pacific from southern Russia to China, including Japan
and Taiwan (Asakura & Watanabe 2005, Yamasaki et al. 2011, Lee et al. 2013,
Marin 2013), where it inhabits the intertidal and shallow subtidal zones and
also occurs in estuaries (Asakura & Watanabe 2005, Mingkid et al. 2006).
Hemigrapsus takanoi was recorded in Europe for the first time in 1993 (Gol-

lasch 1999), and a reproducing population was found at La Rochelle, France,
in 1994 (Noël et al. 1997). In the following years, records from the Bay of
Biscay coast (Noël et al. 1997, Noël & Gruet 2008), northern France (Breton
et al. 2002, Dauvin 2009, Dauvin et al. 2009, Dauvin & Delhay 2010), the Dutch
Delta (Nijland & Beekman 2000, Wolff 2005) and the Wadden Sea (Obert et al.
2007, Gittenberger et al. 2010, Landschoff et al. 2013) detailedly documented
the rapid spread of H. takanoi along the European Atlantic and North Sea
coasts. From northern France to the northern Wadden Sea it performed a
remarkable ‘tandem’ invasion with the closely related H. sanguineus. Very
recently, H. takanoi has also been reported from Great Britain (Wood et al.
2015, Ashelby et al. 2017) and the southwestern Baltic Sea (Geburzi et al. 2015),
indicating a still dynamic range expansion of this species.

Markert et al. (2014) suggested three independent introductions ofH. takanoi
to Europe, to the Bay of Biscay, the French coast of the English Channel and
the Dutch delta/southern North Sea. A recent study by Makino et al. (2017)
found in fact evidence for multiple introductions of this species, with the pop-
ulation in the Bay of Seine (northern France) being a genetic admixture of
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Chinese/Korean and Japanese origin, while the remaining European popula-
tions investigated were assigned exclusively to Japanese origin.

The aimof this study is to use polymorphicmicrosatellites for a regional-scale
investigation of genetic structuring in the European H. takanoi populations,
with a special focus on the current northern and eastern limits of its range,
the Wadden and Baltic Seas. A main scope of our work is to shed light on the
origin(s) of the Baltic Sea populations (Secondary introduction from elsewhere
in Europe or independent new introduction from the native range?), especially
in the light of the most recent range extensions of H. takanoi presented in this
study. We further aim to detect possible migration/introduction routes as well
as unrecognised introduction events in the southern North Sea, as several
important international ports and high ship traffic in this region lead to an
increased likelihood for introductions.

5.2. Materials and Methods

5.2.1. Sample collection and geographic information

A total of 395 specimen of Hemigrapsus takanoiwere collected from 12 sites
along the coasts of the Wadden Sea (Germany/Netherlands), the southwestern
Baltic Sea (Germany), and the Bay of Biscay and Bay of Seine (France) between
2014 and 2017 (Tab. 5.1, Fig. 5.1). Sampling sites include the oldest known
European population of H. takanoi in La Rochelle, France (site LRO), as well as
the most recent reports from the Mecklenburg Bight in the German part of the
Baltic Sea: Poel island near Wismar (site GOL, detected in autumn 2016, pers.
comm. W. Wranik, University of Rostock), Neustadt/Holstein and the mouth of
the Trave river near Lübeck (sites NEU and PRI, detected in summer 2017, this
study).

Crabs were hand collected between cobbles or mussels at low tide or caught
with a scoop from mussel clumps or underneath boulders in the shallow
subtidal. All specimen were preserved as whole crabs in 96% ethanol. For
better preservation of muscle tissue, the chelae and largest walking legs were
perforated with a thin needle.
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Tab. 5.1.Geographic information, population codes and number of sampled individuals(N) for European H. takanoi populations included in this study; negative longitude valuesrefer to locations west of the Greenwich meridian.
Sea Region Site/Population Localitycode Coordinates Samplingdate NLat Long
Wadden Sea northern List LIS 55.0286 8.4349 12/2015 32central Cuxhaven CUX 53.8926 8.6864 02/2016 32Wilhelmshaven WHV 53.5038 8.1030 12/2015 32Bensersiel BEN 53.6815 7.5675 12/2015 36western Mokbaai/Texel TEX 53.0063 4.7667 04/2016 36
Baltic Sea Kiel Bight Kiel Fjord KIE 54.3287 10.1481 04/2016 33Mecklenburg Bight Neustadt NEU 54.0964 10.8145 10/2017 7Priwall PRI 53.9589 10.8836 10/2017 25Gollwitz/Poel GOL 54.0241 11.4813 06 & 10/2017 38
English Channel Bay of Seine Ouistreham OUI 49.2811 –0.2473 08/2017 47Honfleur HON 49.4282 0.2298 08/2017 39
Atlantic Ocean Bay of Biscay La Rochelle LRO 46.1385 –1.1742 04/201603/2017 38

Fig. 5.1. Sampling sites of H. takanoi across Europe. For locality codes, refer to Tab. 5.1
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5.2.2. DNA isolation, PCR amplification and microsatellite
genotyping

Genomic DNA was extracted from pereiopod or chela muscle tissue using the
Invisorb Spin Tissue Mini or Invisorb Spin Forensic kit (Stratec Molecular,
Berlin, Germany). Eleven tri-nucleotide microsatellite loci (Ht02, Ht08, Ht12,
Ht14, Ht20, Ht22, Ht28, Ht29, Ht34, Ht39, Ht47; Poux et al. 2015) were amplified
in threemultiplex sets by PCR in 15µL volumes containing final concentrations
of 0.9×PCR Buffer (Promega), 3.5mM MgCl, 0.4mM each dNTP (Roth), 0.3µM
each primer, 0.8U GoTaq Polymerase (Promega) and 0.7–3µL DNA template
(depending on template concentration). PCR conditions were as follows: initial
denaturation for 4min at 95 °C, 30 cycles of denaturation for 30 s at 94 °C,
annealing for 90 s at 57 °C, extension for 60 s at 72 °C, and a final extension of
20min at 60 °C. PCR products were run on an AB 3730xl DNA Analyser (Applied
Biosystems) with GeneScan 600 LIZ v2.0 size standard (Applied Biosystems)
for fragment length analysis. Peaks were called and binned using the package
‘Fragman’ (Covarrubias-Pazaran et al. 2016) within the R environment, version
3.4.2 (R Core Team 2017).

5.2.3. Analysis of microsatellite genotypes

Genetic diversity in the samples was assessed by calculating the number of
alleles per locus, observed and unbiased expected heterozygosity (Hobs and
Hexp, Nei 1978), and allelic richness (Ar), the average number of alleles per
population normalised to the smalles population size. Ar was calculated using
the function ‘allel.rich’ of the R package ‘PopGenReport’ (Adamack & Gruber
2014). Deviations from Hardy-Weinberg-Equilibrium (HWE) were tested for
each locus, both for each population separately and pooled over all populations,
using the function ‘hw.test’ of the R package ‘pegas’ (version 0.10, Paradis 2010),
with 1’999 Monte-Carlo permutations. To correct for multiple comparisons, p-
valueswere corrected usingHolm’s sequential Bonferronimethod (Holm 1979).
Frequency of null-alleles for each locus was estimated based on the method of
Brookfield (1996). Number of private alleles (i.e. alleles that occur only in one
population) was calculated with the function ‘private_alleles’ implemented in
the R package ‘poppr’ (version 2.5.0, Kamvar et al. 2014).

To assess possible genetic differentiation between the populations, we con-
ducted an analysis of molecular variance (AMOVA, Excoffier et al. 1992), which
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is based on genetic distances between pairs of individual genotypes. Compared
to the F-statistics measures of population differentiation (i.e. calculation of
pairwise FST values), it has the advantage of not making assumptions about
Hardy-Weinberg equilibrium and is thus also applicable for populations with
significant homo- or heterozygote excess. The dependent variable in anAMOVA
is a matrix containing genetic distance values for all possible pairs of geno-
types (i.e. individuals) in the dataset. For the H. takanoimicrosatellite data,
three different distance matrices were calculated based on Nei’s distance (Nei
1978), genetic distance based on relative dissimilarity (Prevosti et al. 1975), and
the genetic distance of Cavalli-Sforza and Edwards (Cavalli-Sforza & Edwards
1967), the latter being the least sensitive to the presence of null alleles (Cha-
puis & Estoup 2007). Calculation of these distance matrices is implemented
in the R package ‘poppr’ with the functions ‘nei.dist’, ‘prevosti.dist’ and ‘ed-
wards.dist’. As explanatory variables, we hierarchically used geographical
groupings (population, region, sea; see Tab. 5.1). The analysis was performed
using the function ‘poppr.amova’ in the R package ‘poppr’. Significance of
AMOVA results was assesed by randomising genotypes to populations in 999
Monte-Carlo permutations.
For further investigation of population structure, we conducted a discrim-

inant analysis of principal components (DAPC, Jombart et al. 2010), imple-
mented in the R package ‘adegenet’ (Jombart et al. 2008) with the function
‘dapc’. The DAPC approach combines a principal component analysis (PCA)
of the genotype data, which in a first step identifies alleles that best differ-
entiate genotypes, and a discriminant analysis (DA), which in a second step
uses the identified factors to maximise the variation between preassigned
groupings. These groupings can either be a priori user-defined groups (e.g.
sampled populations, regions), or clusters which are inferred directly from
the data without any preliminary assumptions on population subdivision. The
latter approach resembles a STRUCTURE analysis (Pritchard et al. 2000), but
distinguishes from it by representing the maximal differentiation of the data
with respect to the preassigned groupings, while STRUCTURE tries to identify
groupings that fit the data best. The identification of the clusters is realised by
the function ‘find.clusters’ in the R package adegenet. We conducted DAPCs
following both approaches in order to assess if differences in the genotype data
reflect geographic partinioning, and to detect possible genetic differentiation
based on a priori unrecognised factors, respectively.
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Fig. 5.2. Percentage of missing data (unsuccessful scoring) in the microsatellite dataset;rows: populations, columns: loci.

5.3. Results

5.3.1. Characterisation of the genotype data

We genotyped 315 out of the 395 initially collected individuals. As only very
few (<15) individuals were successfully scored on loci Ht28 and Ht47, these
loci were removed from the dataset and not included in the analysis. All of the
remaining nine loci were successfully amplified on 217 individuals, more than
six loci on 292 individuals, and more than 3 loci on 312 individuals. Overall
percentage of missing data was 6.77%, these results being consistent with the
observed prevalence of null alleles (Tab. 5.2). Missing data were not evenly
distributed over the dataset, but were especially prevalent in the loci Ht02 and
Ht14 and populations LRO and TEX with >10% missing data each (Fig. 5.2).
Thus, all analyses were performed on three datasets with different amounts of
missing data (including individuals that amplified on more than three, more
than six, and on all nine loci, respectively) and results were quantitatively
the same. The results reported in the following are based on the analyses
including those 312 individuals that scored on at least four loci.
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Tab. 5.2. Sample sizes (N) and measures for genetic diversity in European H. takanoipopulations; Hexp: expected heterozygosity, Hobs: observed heterozygosity, Ar: allelicrichness, HWE p<0.05: no. of loci significantly deviating from HWE expectations (alsoindicated by bold Hobs values)
Population N Loci HWEp<0.05 privateAllelesHt02 Ht08 Ht12 Ht14 Ht20 Ht22 Ht29 Ht34 Ht39 Mean
LIS 32 Hexp 0.88 0.90 0.86 0.87 0.93 0.88 0.67 0.86 0.83 0.85 2 1

Hobs 0.65 0.57 0.77 0.65 0.84 0.59 0.59 0.61 0.63 0.66
Ar 6.45 6.78 6.10 6.25 7.67 6.34 3.94 5.87 5.45 6.09

CUX 32 Hexp 0.91 0.89 0.89 0.88 0.91 0.88 0.60 0.88 0.82 0.85 3 0
Hobs 0.64 0.58 0.87 0.47 0.93 0.72 0.37 0.47 0.55 0.62
Ar 7.19 6.53 6.57 6.41 7.19 6.43 3.18 6.56 5.18 6.14

WHV 32 Hexp 0.86 0.89 0.88 0.88 0.91 0.91 0.60 0.90 0.86 0.86 3 2
Hobs 0.57 0.74 0.79 0.63 0.81 0.88 0.53 0.87 0.44 0.70
Ar 6.21 6.60 6.50 6.38 7.14 7.13 4.04 6.98 5.84 6.31

BEN 32 Hexp 0.88 0.90 0.90 0.86 0.93 0.87 0.72 0.90 0.77 0.86 3 0
Hobs 0.46 0.62 0.75 0.62 0.94 0.66 0.53 0.58 0.53 0.63
Ar 6.51 6.78 6.94 5.95 7.60 6.20 4.05 6.83 5.18 6.23

TEX 32 Hexp 0.92 0.91 0.91 0.90 0.93 0.84 0.77 0.89 0.88 0.88 6 7
Hobs 0.66 0.45 0.83 0.58 0.55 0.58 0.50 0.80 0.41 0.60
Ar 7.44 7.07 7.18 5.78 6.71 6.56 3.51 7.59 6.38 6.68

KIE 32 Hexp 0.89 0.88 0.89 0.92 0.92 0.90 0.79 0.88 0.86 0.88 5 1
Hobs 0.50 0.41 0.87 0.68 0.84 0.68 0.65 0.72 0.50 0.65
Ar 6.67 6.45 6.77 7.40 7.39 6.93 4.73 6.47 5.98 6.53

NEU 7 Hexp 0.80 0.82 0.87 0.82 0.88 0.89 0.51 0.79 0.82 0.80 0 0
Hobs 0.40 0.50 0.57 0.57 1.00 0.57 0.33 0.71 0.29 0.55
Ar 5.20 5.54 6.48 5.42 6.82 6.97 3.25 5.18 5.15 5.56

PRI 25 Hexp 0.87 0.89 0.91 0.82 0.89 0.88 0.70 0.93 0.88 0.86 4 7
Hobs 0.57 0.62 0.80 0.48 0.54 0.67 0.64 0.87 0.71 0.66
Ar 6.33 6.52 7.18 6.86 7.67 6.01 4.72 6.86 6.33 6.28

GOL 32 Hexp 0.88 0.89 0.90 0.90 0.92 0.88 0.69 0.92 0.85 0.87 5 1
Hobs 0.79 0.47 0.76 0.62 0.84 0.62 0.44 0.78 0.53 0.65
Ar 6.47 6.58 6.97 7.01 7.47 6.53 3.97 7.49 5.86 6.48

OUI 16 Hexp 0.81 0.83 0.88 0.71 0.90 0.83 0.65 0.89 0.78 0.81 0 2
Hobs 0.75 0.86 0.88 0.40 0.80 0.60 0.80 0.81 0.69 0.73
Ar 5.28 5.73 6.59 4.03 6.98 5.38 2.94 6.75 5.13 5.42

HON 15 Hexp 0.77 0.86 0.89 0.66 0.89 0.85 0.73 0.87 0.69 0.80 3 1
Hobs 0.55 0.79 0.79 0.29 0.40 0.53 0.53 0.46 0.64 0.55
Ar 4.58 6.05 6.78 3.74 6.67 5.59 3.90 6.24 4.23 5.35

LRO 25 Hexp 0.88 0.86 0.87 0.80 0.92 0.91 0.71 0.91 0.85 0.86 3 4
Hobs 0.39 0.60 0.76 0.55 0.74 0.52 0.75 0.83 0.59 0.64
Ar 6.62 6.46 6.38 5.49 7.58 7.06 3.68 7.11 5.62 6.22
No. ofalleles 26 23 28 20 35 26 12 32 17
HWEp<0.05 8 8 0 7 3 5 2 5 5
Ar 6.25 6.42 6.70 5.89 7.24 6.46 3.82 6.66 5.53
Freq.null alleles 0.17 0.18 0.07 0.18 0.09 0.14 0.10 0.11 0.18
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This dataset contained 7 to 32 individuals per population (Tab. 5.2). The
nine microsatellite loci were highly polymorphic, total numbers of alleles
per locus were 12–35. Allelic richness was similar in all populations, ranging
between 5.35 and 6.68, and mean expected heterozygosities varied between
0.80 and 0.88. Homozygote excess was prevalent, with significant deviations
from HWE expectations on 3–6 loci in all populations except LIS, NEU and OUI.
Estimated null allele frequencies ranged between 0.07 and 0.18. Conspiciously
high numbers of private alleles were detected in the LRO (4), PRI and TEX (7
each) populations (Tab. 5.2).

5.3.2. Genetic differentiation

The AMOVA results indicated only weak genetic differentiation between popu-
lations, regions or seas. Results were similar for all three distance matrices.
Variation between seas amounted to about 1.1%, variation between regions to
about 0.5%, and variation between populations to about 1.6% of total variation
in the genotype data. Variation within populations consequently amounted to
about 96% of total variation, thus having the greatest contribution. However,
the results of the randomisation tests indicated a significant structuring on the
population level (p < 0.01) and also a marginally significant structuring on the
level of seas (p < 0.06), despite their low contribution to total genetic variation.

The DAPC approach with cluster preassignments inferred from the genotype
data by the ‘find.clusters’ function did not cluster individuals well by their
population or geographical regions (Fig. 5.3), suggesting no strong geographic
population structure. The proportion of preserved variance was 0.853.

The second DAPC approach, using the sampled populations as group preas-
signments, however, revealed some geographical structuring in the genetic
data (Fig. 5.4A). It clearly seperated the Bay of Seine populations (HON and
OUI) from all other populations. The remaining populations form one big
cluster, with the central Wadden Sea populations (CUX, WHV, BEN) and the
northern Wadden Sea and Baltic Sea populations (LIS, KIE, NEU, PRI, GOL)
forming two very closely related sub-groups. The TEX population from the
western Wadden Sea marginally seperates from the cluster as a whole, but is
surprisingly well seperated from the geographically closest central Wadden
Sea populations. Assignment probabilities of individuals to their actual popu-
lations were however low (0.21 to 0.65). The proportion of preserved variance
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was 0.87. Only three alleles had a relative contribution greater than 0.05 to
the observed clustering (Ht12_297, Ht22_165, Ht39_126; Fig. 5.4B) and their
allele frequencies differed maximally c. 0.3 between populations (Fig. 5.4 C).
The observed population structure is thus the result of the little frequency
differences in these few alleles.

Fig. 5.3. Discriminant analysis of principal components (DAPC) using clusters inferredfrom the genotype data as preassigned groupings; plot of the first two principal com-ponents; point shape: cluster (1–5), point colour: actual population of individual.
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Fig. 5.4. Discriminant analysis of principal components (DAPC) using populations aspreassigned groupings; (A) plot of the first two principal components of the DACP,colour: population; (B) bar graph of the relative contributions of alleles to the DACPprincipal components, alleles with a contribution >0.05 (horizontal line) are indicated;(C) line plot of allele frequencies with significant contributions for each population.
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5.4. Discussion

In the present study, we investigated the population genetics of the Asian shore
crab Hemigrapsus takanoi in its invaded European range, including the most
recently established populations in the Baltic Sea. It provides insights in the
invasion history of this species and its dispersal pathways along European
coasts, including the likely existence of multiple introductions. For the Baltic
Sea populations in particular, a secondary introduction from within Europe
appears the most likely introduction pathway. In the following, we further
discuss the results of our analysis and their implications for our understanding
of the establishment and ongoing range extension of H. takanoi in Europe.

5.4.1. Genetic diversity and structure of European H. takanoi
populations

Genetic diversity, measured as allelic richness, was similarly high in all sam-
pled populations, only the Bay of Seine populations had a slightly reduced Ar

compared to the other populations. It was notably not reduced in the Baltic
Sea populations, thus giving no indication of a genetic bottleneck during this
most recent range extension. The microsatellite markers proved to be highly
polymorphic, with 12–35 alleles per locus over all populations. Seperated by
populations, numbers of alleles per locus were about 50% lower, but in ranges
of values reported by Poux et al. (2015) when characterising these markers,
indicating a generally high genetic diversity of H. takanoi.

The analyses of genetic structure revealed some weak, however surprising,
population differentiation of H. takanoi in Europe. As indicated by the DAPC
using populations as preassigned groupings, the Bay of Seine populations are
cleary seperated from all other European populations. This is in accordance
with a recent study by Makino et al. (2017), who found the same pattern when
using another set of microsatellites, and strongly supports the existence of at
least two independent introductions ofH. takanoi to Europe (see below). All the
remaining samples from the Bay of Biscay, the Wadden Sea and Baltic Sea are
less differentiated from each other. The DAPC results support two sub-groups
of genetically very closely related populations, one in the central Wadden
Sea, and one in the northern Wadden Sea/Baltic Sea. The latter indicates
the geographically closest area of the North Sea to be the likely source of

144



5 | Genetic structure of range-extending Asian crabs Hemigrapsus takanoi (Decapoda,
Brachyura, Varunidae) along European coasts

the H. takanoi introduction to the Baltic Sea. Interestingly, the population
on Texel, in the westernmost part of the Wadden Sea, shows some tendency
of separation from the other populations, and especially a surprisingly high
degree of separation from the geographically closest central Wadden Sea.
This conincides with the high number of private alleles found in the TEX
population. AMOVA results support these findings of genetic structure byweak,
but significant differences detected between populations and seas, driven by
the contrast between the Bay of Seine and all other populations. It should
however be noted that within-population genetic differences were by far the
greatest source of variance. This is also illustrated by results of the DAPC
without preassignments to a priori defined groups, which did not resolve the
individuals by geographic population structure.

One factor potentially obscuring the results is the prevalence of null alleles
on all loci (estimated frequency 0.7–0.18). Null alleles are caused by muta-
tions in the microsatellite flanking regions, hampering the binding of primers
during PCR amplification, thus leading to loci falsely scored as homozygous.
Accordingly, we detected the strongest deviations from Hardy-Weinberg ex-
pectations on loci with the highest frequency of null alleles, providing a likely
explanation for the observed homozygote excess. Null alleles are also a likely
cause for the almost complete failure to amplify two loci (Ht28 and Ht47) from
the initial set of microsatellites. Chapuis & Estoup (2007) showed that the
frequency of null alleles increases with increasing effective population size,
as the probability for mutations in microsatellite flanking regions rises. For
H. takanoi, it seems legible to assume a large effective population size, consid-
ering the rapid population growth and high densities the species reaches (van
den Brink et al. 2012, Gothland et al. 2014, Geburzi et al. 2018), in combination
with early maturity and the possibility of interbreeding between subsequent
cohorts (Gothland et al. 2014). In this context, one should also consider the
fact that the microsatellite markers used in this study were characterised on
individuals from only one population in Dunkerque, northern France (Poux
et al. 2015), thus depicting only a fraction of the acutal genetic diversity in
European H. takanoi populations, especially under the assumption of multiple
introductions.

The overall weak statistical support of genetic structuring between H. taka-
noi populations in Europemight well be a consequence of the very high genetic
variability between single individuals, thus inflating within-population varia-
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tion compared to variation on higher geographic levels. A potential reason for
this is a strong underestimation of actual genetic diversity, caused by small
sample sizes in relation to population sizes. This may lead to an underestima-
tion of rare, though possibly informative, genotypes. The surprisingly high
number of private alleles found in the recently detected PRI population in the
Baltic Sea, which did otherwise not differentiate from the other Baltic Sea and
Wadden Sea populations, might be a hint for this.

5.4.2. Implications for invasion history and dispersal pathways

Our microsatellite data provide evidence for at least two independent intro-
ductions of H. takanoi to Europe, by clearly separating the populations from
the Bay of Seine from all other populations. The very same pattern has recently
been described by Makino et al. (2017), who, based on haplotypes derived
from mitochondrial COI data, identified the Bay of Seine populations as a
genetic admixture of source populations from Japan and the Yellow Sea be-
tween China and the Korean peninsula. The population in the Bay of Biscay,
which was in 1994 the first reported European population of H. takanoi (Noël
et al. 1997), is genetically very similar to the North and Baltic Sea populations,
despite the long geographical distance between them. This finding supports
the early hypothesis of Gollasch (1999) that the founders of the Bay of Biscay
population originate from the hull fouling community of the car-carrying
vessel SPICA, from which he collected the first specimen of H. takanoi (then
identified as H. penicillatus) when it was docked at the port of Bremerhaven
(central Wadden Sea, Germany) in 1993.

It remains unclear, if the H. takanoi individuals transported with SPICA
also established a population at or near Bremerhaven already in the mid
1990’s, which then remained undetected until the next records of H. takanoi
from that area about 10 years later (Obert et al. 2007). Alternatively, the rapid
spread of H. takanoi over the Wadden Sea between 2004 and 2008 could be the
consequence of a secondary introduction from the Bay of Biscay, or another
independent primary introduction from the same (likely Japanese) source
population. A third, and perhaps the most likely possibility is a mixture of the
above alternatives, i.e. that a small population existed in the central Wadden
Sea since the mid 1990’s, but was enabled to the observed rapid population
growth and range extension only after it received new propagule supply by
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repeated introductions in themid 2000’s. Such events of – sometimes extreme –
range extensions following repeated introductions of an invader have already
been described for several species (e.g. Geller et al. 1997, Simon-Bouhet et al.
2006, Herborg et al. 2007, Facon et al. 2008, Rius et al. 2015), and are attributed
to heterosis effects and a general increase in genetic diversity (Roman&Darling
2007, Wagner et al. 2017).

In general, the chances for multiple introductions of H. takanoi to the south-
ern North Sea region can assumed to be high, as several international ports
in that area are well connected with ports in the northwestern Pacific native
range of H. takanoi via highly frequented cargo shipping lines (Seebens et al.
2013). Our results raise at least suspicion that another introduction event
might account for the slight genetic differentiation between the population on
Texel and the rest of the Wadden Sea populations. A possible initial invasion
site would be the Dutch delta system with the big ports of Rotterdam and
Antwerp, as it was already suggested by Markert et al. (2014). From there,
H. takanoi could have reached the western Wadden Sea by secondary anthro-
pogenic transport or natural dispersal of larval stages with the prevailing
northeasterly longshore currents (compare Wolff 2005).

The source of the Baltic Sea populations ofH. takanoi is most likely the north-
ern Wadden Sea, considering the very close genetic relationship we detected
between these two regions. This study thus provides further evidence that
the recent establishment of H. takanoi in the southwestern Baltic Sea is the
result of a short-range secondary introduction rather than an independent
long-range introduction from the native range of the crab. The Kiel Canal,
connecting the northern Wadden and southwestern Baltic Sea likely served
as introduction pathway, as already the first Baltic Sea records of H. takanoi
in Kiel Fjord, on the eastern entrance to the canal, suggested (Geburzi et al.
2015). This highly frequented artificial waterway is one of the major path-
ways for non-native species introductions into the Baltic Sea (Leppäkoski et al.
2002, Jazdzewski & Grabowski 2011, Katsanevakis et al. 2013). The presumed
source population of H. takanoi and its subsequent spread in the Baltic Sea
furthermore suggest that recreational private boat traffic may serve as an
important vector in this invasion process. This is based on the fact that such
traffic regularly occurs between the southern North and Baltic Seas via the
Kiel canal, and the observation that until now all records of H. takanoi in the
Baltic Sea were made in marinas or their vicinity, rather than bigger ports
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(own observations). Recreational boating has repeatedly been shown to have
a high potential for carrying secondary invasions (Darbyson et al. 2009, Clarke
Murray et al. 2011, Kelly et al. 2013), and the future spread ofH. takanoi further
into the Baltic Sea might likely rely on crabs occasionally ‘hitch-hiking’ on
sailing boats or motor yachts.

5.4.3. Conclusions and directions for future research

Our results shed some light on the genetic structure and invasion history of
Hemigrapsus takanoi in Europe, confirming the recently described existence
of two independent introductions from its native range (Makino et al. 2017),
characterising the recent invasion of the Baltic Sea as a secondary introduction
from European populations and finding hints for a possible third, formerly
unrecognised primary introduction.

However, the nine microsatellite loci used in this study were able to reveal
population genetic structure with only weak significance, presumably due
to the prevalence of null alleles and the likely little representation of actual
genetic diversity, as discussed above. Bigger sample sizes per population and
inclusion of more microsatellite loci could overcome these problems in future
studies, but would also strongly increase working effort. More ‘conservative’
markers, like mitochondrial COI sequences, on the other hand, seem to be
variable enough in Hemigrapsus spp. to depict also contemporary genetic
structuring, and might thus be of productive use in further studies (compare
e.g. Petersen 2007, Hong et al. 2012, Markert et al. 2014, Lord & Williams 2016,
Blakeslee et al. 2017, Makino et al. 2017).

The possibility of a third introduction ofH. takanoi to the Dutch delta, which
we assumed as a potential cause for the observed differentiation of thewestern
Wadden Sea populations could be clarified with the analysis of more samples
from that region. Likewise, the recently detected populations in Great Britain
(Wood et al. 2015, Ashelby et al. 2017) should be included in future studies for
a more complete picture of the invasion and dispersal history of H. takanoi in
Europe.
Finally, the recent expansion of H. takanoi into the comparatively isolated

Baltic Sea, which was detected at a very early invasion stage, offers a unique
possibility to study an establishment process from its very beginning fromboth,
a genetical and ecological point of view. In this context, our data, depicting the
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genetic composition of the H. takanoi population at a very early stage of the
establishment process, may be of value for future studies of genetic evolution
and adaptation.
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The current status of Hemigrapsus
populations in Europe

About 20 years after being recorded in Europe for the first time, Hemigrapsus
takanoi and H. sanguineus are distributed along large parts of northwestern
European coastlines. In several regions, particularly in the Wadden Sea and
southern North Sea, they even became the dominating intertidal crab species.

Recently observed range extensions indicate thatHemigrapsus spp. have not
yet reached their ultimate distribution in Europe. This is best illustrated by
the establishment of H. takanoi in the Baltic Sea, which I report in this thesis.
Records from >100km away from initial introduction site within two years
after first discovery show thatH. takanoi spreads similarly rapidly in the Baltic
than in the North Sea and French Atlantic. The confirmation of successful
reproduction by reconstructing its larval cycle in my following study, shows
the species’ (pre-)adaptation to the brackish conditions of the Baltic Sea. The
potential of H. takanoi to inhabit such extreme environments is also known
from its native range, where it regularly occurs in estuaries and is found at
salinities as low as 7PSU (Asakura &Watanabe 2005, Mingkid et al. 2006). Even
though these records consider only adult crabs, and assuming that H. takanoi
larvae rely on higher salinities to undergo development (this thesis), it seems
legible to expect a further spread of H. takanoi eastwards along the southern
Baltic Sea coast, end eventually also along the southern coast of Sweden. Thus,
the observed invasion of H. takanoi in the Baltic Sea might just have been a
matter of time, chance and the proper vector.

The population genetic analysis ofH. takanoi included in this thesis revealed
theWadden Sea area as the most likely source for the introduction to the Baltic
Sea. Given the largely sympatrical occurrence of H. takanoi and H. sanguineus
in the Wadden Sea, the latter species can be assumed of having a similar
likelihood to be transferred to the Baltic Sea. However, no H. sanguineus
were encountered in the Baltic Sea during my studies, its invasion most likely
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being prevented by its higher salinity requirements (Epifanio et al. 1998).
Nevertheless, the recent new records of H. sanguineus from Great Britain and
the west coast of Swedenmay be first indicators of a further northward spread
around the British islands and Scandinavian west coast, both areas offering
plenty of suitable habitat. Considering the wide latitudinal range over which
Hemigrapsus spp. occur in their native range, both north- and southward
future range extensions seem possible, as they were already hypothesised
by Noël et al. (1997) and Breton et al. (2002) they for the first time reported
populations of Hemigrapsus spp. in Europe.

Many invasion processes have been observed to follow a pattern of distinct
phases from initial introduction to full establishment and spread. These in-
clude a lag time with small population sizes and very little or no population
growth which may last up to several years or decades following the initial
introduction (e.g. Crooks 2005, Lejeusne et al. 2014), before a phase of often ex-
ponential population growth. This expansion phasemay then change over into
a sharp decline to persistance at much lover density levels (‘boom and bust’
model), a relatively stable plateau on a high density level, or strong oscillations
over time (Essink & Dekker 2002, Boudouresque et al. 2005, Gothland et al.
2013). This pattern does not seem to apply forHemigrapsus spp. in theWadden
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Sea, as far as indicated by comparing my observations of their population
development with earlier studies (e.g. Landschoff et al. 2013). Followed by only
a very short lag time (if any at all), the populations of Hemigrapsus spp. rather
appear to be continuously growing and spreading out, eventually culminating
in the extremely high densities reported in this thesis (Fig. IV.5).

Several factors likely contribute to this conspicuous population development.
Two questions I deem particularly interesting to follow. First,Hemigrapsus spp.
might have developed ways of resource utilisation novel to the species com-
munity of the Wadden Sea, thus profiting from the high productivity of this
ecosystem. Second, regular ‘supply’ with new propagules from outside the
Wadden Sea (i.e. multiple invasions, either primary or secondary), which may
lead to genetic admixture and in consequence higher potential for evolutionary
adaptations (see below).
Irrespective of the underlying processes, the current state of Hemigrap-

sus spp. demonstrates that the Wadden Sea ecosystem is capable to sustain
such extremely high densities of two new mid trophic level species without
apparent detrimental effects on native or other non-native species. Ongoing
studies are however needed to monitor future population development and
to assess the long-term impacts of the presence of Hemigrapsus spp. in the
Wadden Sea.
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Factors of success

Several factors contributing to the invasion success of Hemigrapsus spp. are
already known from earlier studies. These include high competitiveness on
the level of adult crabs, high fecundity, and an overall strongly r-selected re-
production strategy (e.g. Jensen et al. 2002, van den Brink et al. 2012, Gothland
et al. 2014). The results of my ecological investigations highlight the contribu-
tions of two formerly unrecognised factors to the success of Hemigrapsus spp.
The first factor is the observed temporal shift of recruitment periods between
Hemigrapsus spp. and the native C. maenas. The second factor are specific in-
teraction patterns during early life history, notably the strong attractiveness of
older conspecifics to recruiting crabs and the lack of cannibalism. Both factors
together result in a powerful combinationwhich enhances recruitment success
and ultimately population growth by reducing inter- as well as intraspecific
competition. The experimental results indicate that also mechanistic factors,
like the observed interactions between invasive and native species belonging
to the same ecological guild, should be considered in investigations of invasion
processes, impacts, and risk assessments.

An interesting question which arose from the observed sharp temporal shift
in recruitment periods between Hemigrapsus spp. and C. maenas is, whether
this shift depicts the natural reproductive cycle or results from an adaptation
of Hemigrapsus spp. in response to the presence of C. maenas. The latter case
would be a striking case of rapid and profound evolutionary adaptation. Future
research should be dedicated to reproductive cycles of Hemigrapsus spp. in
their native ranges, as well as to comparative transcriptome analyses of genes
involved in reproduction to clarify the background of this observation.

Invasion history, as inferred from population genetic studies, bears another
set of success factors, notablymultiple introductions and population admixture
(e.g. Kulhanek et al. 2011, Cristescu 2015). The results of the microsatellite
analysis of European H. takanoi populations included in this thesis reveal that
both have occurred during this invasion process. My results confirmed the
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findings of the so far only other population genetic study on the invasion of
H. takanoi with respect to the difference between the Bay of Seine population
and all other European populations, suggesting an independent introduction
to that area (compare Makino et al. 2017). Furthermore, they hint to a possible
third independent introduction to the southern north sea and a generally
more complex genetic structure of the North Sea populations, thus strongly
encouraging further research.
Invasive species may profit from multiple introductions in several ways,

some of which most likely also apply to H. takanoi. In particular, they increase
propagule pressure, which can for example promote sudden expansion of
formerly only small non-native populations, and they may lead to genetic
admixture by bringing together individuals from different source populations.
ForH. takanoi, the latter appears to be the case in the Bay of Seine, and possibly
also in the southern North Sea, and might have been one promoter for the
species’ rapid spread in this area in the mid 2000’s.
Furthermore, genetic admixture in invasive populations can be directly

linked to ecological traits. In this context, my observation of egg-carrying
H. sanguineus females occurring almost year-round in the Wadden Sea, give
rise to hypothesise an admixture effect, as such long periods of reproductive
activity are neither described from the native, nor from other invaded ranges
of the species. Thus, this observation might be the phenotypic expression
of newly developed genotypes as a consequence of admixture from differ-
ent source populations. To test this, a large scale comparative genetic study
throughout the native range ofH. sanguineus and theWadden Sea populations
would be needed.
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Concluding remarks and outlook

Biological invasions are regularly seen negatively or at least sceptically by both,
scientists and non-scientists. Especially the earlier phase of invasion biology
research was dominated by alerting reports of solely negative impacts of
invasive species, posing threats to biodiversity and economy, and culminating
in the description of ‘invasional meltdown’ scenarios (e.g. Simberloff & Von
Holle 1999, Bax et al. 2003, Grosholz 2005). Without neglecting that invasive
species can in fact have extremely negative impacts, research in this field
diversified during the last years, highlighting for example stabilising effects of
invasive species in disturbed or species-poor ecosystems, ‘neutral’ outcomes
of biological invasions or mutual adaptation and accommodation processes
(e.g. Rodriguez 2006, Reise et al. 2017). This particularly applies to invasions in
marine ecosystems, which, by their open nature, often seem to be both, highly
vulnerable, but also highly integrative.

The establishment and dispersal of Hemigrapsus takanoi and H. sanguineus
in German coastal waters, as judged by the results of this thesis and previous
research, might be seen as an example for such a neutral or additive biological
invasion. Nevertheless, this (and any new) invasion to the Wadden and Baltic
Seas should be monitored intently, as impacts can change over time or vary
strongly between ecosystems (Zenni & Nuñez 2013). However, given the rapid
spread andmassive population growth of the invadingHemigrapsus spp., their
case highlights a crucial problemwhen it comes to themanagement of invasive
species in marine ecosystems: As soon as a species is fully established and
begins to expand, attempts for eradication are usually in vain, especially in
mobile species like crabs. Eradication attempts would also massively affect
the whole community, eventually causing more harm than the invader they
aim to eradicate (Zavaleta et al. 2001).
The results of this thesis still point out two aspects of rather ‘indirect’ in-

vader management and prevention. First, the distribution of H. sanguineus
in the Wadden Sea shows the importance of artificial structures, often lit-
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erally serving as ‘stepping stones’ for invaders. Considering the observed
strong preference of H. sanguineus for such artificial hard structures along the
sedimentary Wadden Sea coast, a paradigm shift towards more ‘soft’ coastal
defence, as suggested by Reise (2003), would most likely cause a strong de-
cline of H. sanguineus and reduce the area of suitable habitat for this species.
Second, the genetic data on H. takanoi indicate regional transfer, very likely
by recreational boating, as introduction and dispersal vector into the Baltic
Sea. Being highly underinvestigated, this vector however is believed to play
an important role for the secondary spread of invasive species (Clarke Murray
et al. 2011). The adoption of preventive measures in private and small-scale
ship traffic might thus strongly reduce the number of regionally transferred
organisms.
In summary, reproductive and early life-history traits, as well as invasion

history and pathways have been identified in this thesis as important aspects
for understanding the invasion success of H. takanoi and H. sanguineus in
Europe. These aspects should therefore be considered in risk assessments
dealing with possible further range extensions of these species. They might
also be transferable to other ongoing, or potential future brachyuran invasions.

As further possible lines of research on the Hemigrapsus invasion in Europe,
this thesis’ results suggest to broaden the scope of interaction and impact
studies from native crabs to other species or the community level, and to study
evolutionary and adaptive changes between different stages/timescales of
invasion, especially in the light of the most recent range extensions. For both,
the results of this study might serve as a valuable baseline.
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