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1 Chapter 7
2 Towards an Integrative Phylogeography
3 of Invasive Marine Seaweeds, Based
4 on Multiple Lines of Evidence

5 Marianela Zanolla and Nikos Andreakis

6 Abstract Molecular phylogeography has for decades been a frequently used
7 approach to delineate novel evolutionarily significant units (ESUs) and to study the
8 dynamics of invasive species. Next-generation sequencing technology (NGS) and
9 the use of environmental DNA (eDNA) have the potential to revolutionize our way

10 of understanding biodiversity and to establish rapid protocols for early-stage
11 detection of invasive species. In seaweeds, however, several years of research on
12 iconic invasive taxa of ambiguous taxonomic status (e.g. Caulerpa, Codium,
13 Asparagopsis) have suggested that an integrative approach, namely the combina-
14 tion of multiple lines of evidence (e.g. phylogeographic, ecological, physiological
15 and predictive modelling), is necessary to accurately resolve the taxonomy and their
16 invasive potential. At present, integrative approaches in these fields are often weak
17 because of incongruences among species delineation, newly discovered ESUs
18 which remain undescribed taxonomically, and because databases containing
19 vouchers of barcoded specimens are incomplete. As relocations of marine biota
20 accelerate and climatic changes offer new potential niches for invasive seaweeds,
21 new, transferable and internationally adopted protocols are necessary for exploring,
22 monitoring and managing marine biodiversity. This is particularly urgent in areas of
23 intense maritime traffic, such as the Mediterranean Sea and the Hawaiian archi-
24 pelago, in order to achieve sustainable socio-economic development without
25 compromising the local marine resources.
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29 7.1 Introduction

30 Humans have relied on macroalgae for food since the very early stages of civi-
31 lization. Today, seaweeds also represent a promising resource for biocompounds,
32 alternative energy, bioindicators for environmental health monitoring and bioex-
33 tractors for recovering eutrophic areas (Gupta and Abu-Ghannam 2011). From an
34 ecological perspective, seaweeds hold a fundamental role in regulating the nutrient
35 composition of the water column, the hydrodynamic forces and sedimentation.
36 Further, as ecosystem engineers, seaweeds provide shelter for the development and
37 maintenance of benthic communities, occupy empty space and are placed at the
38 base of trophic nets (Lüning et al. 1990). However, in the era of global climate
39 change and accelerated trade, seaweeds are of major concern as invasive species (in
40 the sense of Boudouresque and Verlaque 2010), posing severe social and economic
41 threats in the coastal economy of many countries (Andreakis and Schaffelke 2012;
42 Schaffelke and Hewitt 2007; Schaffelke et al. 2006). Estimates indicate that sea-
43 weeds represent up to 40 % of the non-native introduced species in the world’s
44 oceans (Schaffelke et al. 2006). The outstanding success of some invasive aliens is
45 mostly attributed to remarkable levels of propagule persistence during transport
46 across the globe, together with a suite of demographic traits that support adaptation
47 and elevated growth rates in the recipient environments (Anderson 2007; Engelen
48 and Santos 2009; Flagella et al. 2006, 2007, 2010; Zanolla et al. 2015).
49 A combination of environmental variables such as temperature, light, salinity
50 and nutrients affect seaweed survival and distributions locally, regionally and
51 globally (Breeman et al. 2002; Breeman 1988; Eggert 2012). These variables are
52 subject to change either slowly through geological time at large geographical scales,
53 or rapidly within decades locally or globally, in response to climate change and
54 ocean acidification (Harley et al. 2012; O’Hara et al. 2011). Historical climatic
55 fluctuations and large scale geological events have often altered the ecophysio-
56 logical optima for survival in many marine groups including seaweeds, causing
57 extensive shifts in species distributions, and may explain some present-day bio-
58 geographic patterns (Maggs et al. 2008; Payo et al. 2013). Signatures of diversi-
59 fication and distributional shifts driven by the reduction of global sea levels by more
60 than a hundred metre, during Pleistocene glacial maxima, can be detected in many
61 marine communities as a periodic, slow, yet naturally occurring process (Ludt and
62 Rocha 2015). The same, however, cannot be assumed for the present-day changes
63 observed on the distribution patterns of many marine groups. In the last decades, we
64 have witnessed unprecedented rates of species range shifts (Chen et al. 2011) and
65 relocation among bioregions both intentionally or accidentally via human-mediated
66 transport (Sorte et al. 2010). The rates and the distances within which species are
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67 moving across oceans cannot be compared to the macroecological changes
68 observed in historical times and they have been interpreted as a consequence of
69 climate change (Andreakis and Schaffelke 2012; Boudouresque and Verlaque 2002,
70 2010).
71 Phylogeography is concerned with identifying the processes responsible for the
72 geographic distribution of genealogical lineages in space and time. A gene
73 genealogy can be inferred from genetic data extracted at individual, population or
74 species level to test how historical, geological, climatic or ecological events have
75 influenced their distribution patterns (Avise 2000). Methodological approaches
76 based mostly on phylogeographic inference and species spatial distribution mod-
77 elling have recently become the main tools for identifying introduced species,
78 deciphering sources of introduction and assessing the success and invasive potential
79 of new colonists at multiple stages across the invasion process (Bolton et al. 2011;
80 Booth et al. 2007; Peterson 2003). Given that human-mediated transport and global
81 change facilitate diffusion of biota that would otherwise have limited dispersal
82 potential, it becomes obvious that surveys aiming to identify endemisms and detect
83 introduced species will have profound consequences in conservation biogeography
84 and ecosystem management (Andreakis and Schaffelke 2012; Bickford et al. 2007).
85 In this chapter, we discuss the importance of properly delineating taxonomic
86 units in phylogeographic research of invasive seaweeds. The case studies discussed
87 below are not necessarily considered pests with demonstrated economic impact,

Fig. 7.1 The integrative phylogeographic approach for studying biological invasions. Progression
of the invasive process (1–4) and the disciplines necessary to study the main variables involved in
each stage are reported in brackets. The representation is based on the introduction of multiple
Asparagopsis cryptic lineages in Australia (modified from Andreakis et al., in press)
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88 since this has been established only in a few cases (Andreakis and Schaffelke 2012).
89 We further argue that current knowledge and methodologies are insufficient for
90 accurate predictions of whether introduced seaweeds will become invasive, pests or
91 neither of the above. However, in cases of already-established invaders or species
92 of recognized invasive potential, it is possible to accrue evidence for forecasting
93 source populations, direction of range expansion and to predict hypothetical dis-
94 tribution ranges based on environmental suitability. In invasion biology, the
95 adoption of integrative approaches based on species distribution modelling, phy-
96 logeographic inference and ecophysiological data is necessary for successful pre-
97 dictions and conservation planning (Fig. 7.1).

98 7.2 The Advantages of Molecular Tools in Delineating
99 Species

100 Accurate taxonomic delineation is essential for identifying the organisms being
101 transported, understanding the dynamics of the invasion processes, and tracking the
102 species’ historical root or cryptogenic status in situ from the analysis of historical
103 collections (Sherwood 2008). Despite several species definitions proposed previ-
104 ously (Mayden 1997) and approaches for testing them (Leliaert et al. 2009), an
105 unifying concept of species still represents a hot debate within the scientific and
106 environmental community (Carstens et al. 2013; Wattier and Maggs 2001). Modern
107 biology in the post-genomic era calls for a convincing and universal species defi-
108 nition to be used as the basic unit in biodiversity research. This is crucial for
109 corroborating ecological, biological and evolutionary interpretations, executing
110 practical applications such as estimating species richness and bio-invasion control
111 programmes and comparing invasive processes of the same organism from distant
112 areas (Pante et al. 2015). Morphology has traditionally been the dominant criterion
113 to identify taxonomical units in seaweeds (Wattier and Maggs 2001). Molecular
114 markers provide a solid alternative when morphological data are insufficient or
115 inexistent. Indeed, a few cases of new species descriptions are today accepted
116 without molecular corroboration. Genetic species delineation offers several unde-
117 niable advantages. First, neutrally evolving DNA regions do not suffer homoplasy
118 compared to morphological and ecophysiological traits which are responsible for
119 the species’ functional reaction to its surrounding environment (Saunders 2005).
120 Second, modern molecular biology platforms allow for barcoding analysis of large
121 numbers of samples for the validation of a specific ESUs or the analysis of eDNA
122 (environmental DNA) for the identification of cryptic species. Third, since DNA
123 composition at the sequence level remains the same across the ontogenetic devel-
124 opment of any organism, molecular tools have the power to accurately identify
125 heteromorphic life stages or microscopic forms from within the species life cycle or
126 even fragments of propagules. Disadvantages of molecular taxonomy are mostly
127 related to the adoption of inconsistent laboratory methodologies amongst
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128 laboratories and the production of heterogeneous data from multiple DNA regions
129 instead of consistently targeting the same markers across the group in question
130 (Verbruggen et al. 2010).
131 Molecular taxonomy involves (a) the collection of molecular data (e.g. DNA
132 sequences from one or more genomic regions) from multiple specimens of the
133 group under examination and (b) their phylogenetic analysis, in order to identify
134 well-supported clusters of closely related specimens corresponding to ESUs (Moritz
135 1994). ESUs are here intended as taxa which are reciprocally monophyletic for
136 mtDNA alleles and show significant divergence of allele frequencies at nuclear loci
137 (Moritz 1994). Different molecular markers are characterized by different evolu-
138 tionary rates. The choice is based on their ability to achieve unambiguous identi-
139 fications given the taxonomical level questioned (Hebert et al. 2003). Examples of
140 different markers developed for systematic and evolutionary studies in seaweeds are
141 shown in Table 7.1. In phylogeography of invasive seaweeds, the choice of the
142 marker is a fundamental decision for identifying introduced species. The selected
143 molecular marker should have a suitable resolution for detecting the target taxa
144 either in their vectors of transport or within their suspected introduced range (Geller
145 et al. 2010).
146 Molecular taxonomy and phylogenetics have revolutionized our perception of
147 seaweed biodiversity by revealing hitherto unknown levels of diversity, and have
148 provided a statistically robust framework for testing evolutionary hypotheses
149 (Bickford et al. 2007). Cryptic speciation is common in many marine organisms
150 (Knowlton 1993). Leaving morphological delineation aside, a preliminary genetic
151 screening is always necessary to draw the bottom line when it comes to investi-
152 gations within widely distributed taxa (Geller et al. 2010). In light of combined
153 molecular and morphological evidence, a choice must be made on which taxo-
154 nomical level to focus on and bypass potential incongruences that may exist
155 between molecular data, morphological descriptions and previous reports. A classic
156 example of an extremely morphologically plastic group, in which genetic surveys
157 have been essential tools for species delineation, is the green algal genus Caulerpa
158 J.V. Lamouroux. Caulerpa represents an iconic case in which the phylogenetic
159 approach has led to controversy because of differences in the chosen molecular
160 markers (and their resolution) among studies. The original results of the first studies
161 based mostly on morphology led to misidentifications and constant taxonomic
162 restructuring. Previous morphological identifications of Caulerpa cylindracea
163 Sonder led to erroneous records of the invasive strain (Nuber et al. 2007; Verlaque
164 et al. 2003; Yeh and Chen 2004), later emended by molecular studies based on the
165 ITS marker (Klein and Verlaque 2008). Further, C. cylindracea started as a “va-
166 riety” (C. racemosa var. cylindracea (Sonder) Verlaque, Huisman &
167 Boudouresque), went through a “form” (C. racemosa f. complanata (J. Agardh)
168 Weber-van Bosse), and ended as a “species” into which a new cryptic variety has
169 been included (Belton et al. 2014).

AQ1

AQ2

AQ3
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Table 7.1 Examples of different markers developed for systematic and evolutionary studies in
seaweeds

Phyllum Genus Marker Resolution power Reference

Chlorophyta Caulerpa ITS1 & ITS2 Varieties (strains) Olsen et al. (1998)

Meusnier et al. (2004)

Haplotypes Jousson et al. (1998)

Schaffelke et al. (2002)

Codium psbJ-psbL,
rpl16

Subspecies Provan et al. (2005)

rbcL, rps3–
rpl16

Species Verbruggen et al.
(2007)

Phaeophyta Fucus Rubisco spacer Species Coyer et al. (2004)

Sargassum A198, B113,
B128 & F4

Hybrids Johnson et al. (2012)

TrnW_I spacer Haplotypes Johnson et al. (2012)

RUBISCO,
TrnW_I, ITS2

Haplotypes Cheang et al. (2010)

COI, ITS Species McDevit and Saunders
(2009)

Undaria atp8-S, W-I Haplotypes Voisin et al. (2005)

cox3, ITS1 Haplotypes Uwai et al. (2006)

20 loci Microsatellites Daguin et al. (2005)

Rhodophyta Polysiphonia rbcL Haplotypes McIvor et al. (2001)

Geoffroy et al. (2012)

Gracilaria cox2-3 Haplotypes Thomsen (2005)

COI Species Saunders (2009)

cox1 Haplotypes Kim et al. (2010)

Asparagopsis cox2-3, LSU,
RuBisCo

Species Andreakis et al. (2004)

cox2-3, LSU,
RuBisCo

Lineages Andreakis et al.
(2007a, b)

Microsatellites Andreakis et al. (2009)

COI, cox2-3 Haplotypes,
lineages

Sherwood (2008)

cox2-3 Haplotypes Bolton et al. (2011)

Eucheuma LSU, UPA,
cox2-3

Conklin et al. (2009)

Kappaphycus cox2-3 Haplotypes Halling et al. (2013)

Acanthophora LSU, cox2-3 Fail to uncover
genetic structure

O’Doherty and
Sherwood (2007)

Grateloupia rbcL, cox2-3 Species D’archino et al. (2007)

RAPDs
haplotypes

Genetic variability Marston and Villalard-
Bohnsack (2002)

ITS: internal transcribed spacer; UPA: Universal Plastid Amplicon; COX: cytochrome c oxidase;
COI cytochrome c oxidase 1; LSU: large-subunit of ribosomal RNA; rbcL: ribulose bisphosphate
carboxylase/oxygenase
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170 7.3 Multiple Cryptic Endemisms or Introduced Lineages
171 Within Cosmopolitan Species?

172 Sorting out endemic lineages from cryptic introductions may be difficult without
173 information gathered from historical collections, since the discovery of a new
174 species may be the result of unrecognized parapatric or sympatric speciation
175 (Andreakis and Schaffelke 2012; Schaffelke et al. 2006; Voisin et al. 2005).
176 Unnoticed propagules of cryptic lineages can successfully establish founder pop-
177 ulations following human-mediated long-range dispersal in areas of environmental
178 suitability for that lineage (Breeman 1988). Megadiverse areas such as the coral
179 triangle and the Great Barrier Reef or bioregions affected by intense maritime traffic
180 such as the Mediterranean Sea and the Hawaiian archipelago are considered highly
181 vulnerable to biological invasions. In these areas, the identification of cryptic en-
182 demisms, versus cryptic introductions, represents both a major endeavour for
183 conservation biogeography and a knowledge gap capable of compromising future
184 biodiversity management strategies (Bickford et al. 2007; Trontelj and Fišer 2009).
185 Misidentifications of one or the other will result in a complete overlook of either the
186 invasive organism, leading to a cryptic invasion, or unrecognized endemic lineage
187 (Geller et al. 2010; McIvor et al. 2001). Given the importance of biodiversity
188 fluctuations for ecological marine conservation, control plans and assessments of
189 the long-term ecological and evolutionary consequences of cryptic species must be
190 a priority for management agencies.

191 7.4 The Impact of Multiple Invasive Life Stages

192 Life-history strategies characterized by multiple phases of distinct morphology and
193 ploidy level are common in seaweeds (Drew 1955). Each of the life stages can
194 therefore contribute differently in the expansion potential of the species across the
195 course of an invasion, assuring its success acting either as dispersal units (Hewitt
196 et al. 2007; Zanolla et al. 2015) or seed banks (Hewitt et al. 2005). For instance, the
197 red seaweed genus Asparagopsis has a triphasic diplohaplontic heteromorphic life
198 cycle (Fig. 7.2), in which gametophytes, microscopic carposporophytes and fila-
199 mentous tetrasporophytes (Falkenbergia) of unknown ploidy level alternate
200 (Andreakis et al. 2007a; Feldmann and Feldmann 1942; Rojas et al. 1982).
201 Depending on how pronounced the heteromorphy is, each of the life-history
202 stages may eventually belong to a different functional group and is thus expected to
203 present different thermal ranges of reproduction, growth and survival (Breeman
204 1988; Eggert 2012), as well as to be subject to distinct biotic and abiotic pressures
205 (Littler and Littler 1980). Microscopic life stages are believed to be more resistant
206 (Breeman 1988) and are thus considered good candidates for long distance
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207 dispersal. Macroscopic phases on the other hand would be responsible for increased
208 biomass production and will guarantee population persistence and short distance
209 dispersal. The contribution to the population persistence of each of the life-history
210 stages, ploidy levels, clones or sexually reproduced individuals may vary. Their
211 impact will depend on the functional group affected and may reflect shifts in the
212 dominance of one versus the other according to their adaptation potentials (Van der
213 Strate et al. 2002) and the environmental characteristics of the invaded location.

214 7.5 Vectors of Introduction Promote Relocations
215 of Seaweeds: Range Shifts Versus Niche Shifts

216 A major cause of increased invasion rates is the reinforcement of multiple intro-
217 duction vectors rather than global climate change itself (Boudouresque and
218 Verlaque 2010). Aquaculture, maritime transport and the opening of interoceanic
219 canals, to mention a few, have been widely accepted as major causes for seaweed

Fig. 7.2 Life cycle of the invasive red genus Asparagopsis. White arrow indicates the
harpoon-like structures characteristic of A. armata which are absent in A. taxiformis. F!:
fecundation; R!: meiosis, n: ploidy level
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220 introductions (Williams and Smith 2007). In Europe, globalization has promoted an
221 increased number of maritime commercial shipping routes, considered responsible
222 for more than half of the introduced species in the marine environment, followed by
223 the opening of artificial water corridors between basins. Intentional or unintentional
224 introductions of invasive species through aquaculture and aquarium trade are
225 considered less relevant pathways for the spread of invasive species in Europe
226 (<1.2 %) (Katsanevakis et al. 2013). Invasive species provide unique model sys-
227 tems for ecology and evolutionary biology since the species range shift following
228 introduction can potentially be accompanied by niche shifts because of the species’
229 environmental tolerance in the introduced region (Rödder and Lötters 2009;
230 Tingley et al. 2014). A ‘niche shift’ refers to “any change in the position of either
231 the fundamental or realized (Hutchinsonian) niche of a species” (Pearman et al.
232 2008). As the exploitation of novel habitats and niches may lead to adaptive
233 radiations, the study of such organisms can provide important insights in under-
234 standing species diversification. Further, ecological niche models for predicting
235 potential distribution of invasive species may allow us to anticipate invasions
236 (Guisan et al. 2014). Niche conservatism, i.e. the extent to which niches are con-
237 served over space and time, is a useful approach for extrapolating invasive species’
238 distribution ranges and predicting their invasive risk. Niche shifts among seaweeds
239 have only been rarely documented. For instance, in Halimeda J.V. Lamouroux
240 (Verbruggen et al. 2009), despite the dispersal limitations and the conservatism of
241 the genus to tropical habitats, successful colonisation of colder environments has
242 occurred than once in the past. However, range shifts of tropical seaweeds are
243 expected to occur more frequently as a result of ongoing global warming
244 (Boudouresque and Verlaque 2010; Thuiller et al. 2005).

245 7.6 Multiple Introductions from a Single Source

246 Biological invasions may involve the introduction of multiple contingents of
247 individuals from the same source or multiple introduced individuals from more than
248 one source. Asparagopsis armata Harvey is common in temperate seas and is
249 believed to be native in Southern Australia and New Zealand (Dixon 1964). Two
250 cryptic lineages have been recently reported within this species (lineages 1 and 2)
251 (Dijoux et al. 2014). Lineage 1 has been introduced to northern Mediterranean Sea,
252 Western Europe, Japan and the US west coast. Analysis of nuclear, mitochondrial,
253 and plastid molecular markers revealed a unique southern Australian origin of
254 invasive Mediterranean populations of lineage 1 of A. armata (Andreakis et al.
255 2007b). This conclusion is supported by the lack of genetic structuring among
256 invasive populations, the shared haplotypes between recipient and donor regions
257 and the invasive history of this species (Andreakis et al. 2007b; Feldmann and
258 Feldmann 1942).
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259 Codium fragile subsp. tomentosoides (van Goor) P.C. Silva is a well-recognized
260 invasive green seaweed. This taxon is characterized by low genetic variation both
261 within its introduced (Mediterranean Sea, Northwest Atlantic, Northern European
262 and South Pacific) and native (Japan) range although parthenogenesis, prevalent in
263 this genus, may also contribute to this (Prince and Trowbridge 2004). Introduced
264 Codium populations shared unique haplotypes with the subspecies donor region.
265 Eight different haplotypes were recovered in Japan and only one of them could be
266 found exclusively in the Mediterranean Sea. The latter was clearly different from
267 the haplotypes present in other introduced locations (Provan et al. 2005, 2008).
268 The “aquarium-Mediterranean strain” of Caulerpa taxifolia (M. Vahl) C. Agardh
269 has invaded the Mediterranean Sea through aquarium trade (Meusnier et al. 2002).
270 Phylogenetic studies of the aforementioned strain which was released from
271 aquarium facilities revealed the origin of these invasive populations to be the
272 tropical and subtropical region of Australia (Meusnier et al. 2002). However,
273 invasive Australian populations of this same taxon were suggested to be derived
274 from different source regions (Schaffelke et al. 2002).

275 7.7 Introductions from Multiple Sources

276 In many cases, invasive populations are the result of introductions from multiple
277 sources. This type of introduction is often overlooked when the so-called cos-
278 mopolitan species are believed to be native in many regions or when successfully
279 established invasive populations act as propagule donors. Asparagopsis taxiformis
280 (Delile) Trevisan de Saint León represents a clear example (Fig. 7.3). Multiple
281 lineages are known from the Mediterranean Sea, the Atlantic and the Indo-Pacific
282 Oceans. Interestingly, invasive behaviour has been reported for solely lineages 2
283 and 3 in the Mediterranean region (Andreakis et al. 2007b; Boudouresque and
284 Verlaque 2010) and South Africa (Bolton et al. 2011), respectively. Further, lineage
285 2 recently expanded its distributional range in southern Portugal and the
286 Mediterranean Sea, and it is considered an invasive taxon characterized by high
287 genotypic diversity (Andreakis et al. 2009). Two more lineages have been recently
288 described, both confined to South Pacific and Western Australia (Dijoux et al. 2014;
289 Andreakis et al., in press). To what extent these Asparagopsis lineages represent
290 biologically different species, ESUs or groups of distinct genotypes, still requires
291 further assessments (Dijoux et al. 2014; Zanolla et al. 2014, 2015). However,
292 Mediterranean strains of lineage 2 might represent a distinct ecotype for that lineage
293 found in Australia (Andreakis et al. 2007b; Dijoux et al. 2014) and the Hawaiian
294 Islands (Sherwood 2008) and not a distinct genetic variant. This is confirmed by its
295 distinct morphology, photosynthetic performance and the identical mitochondrial
296 haplotypes shared among Mediterranean Australian, Hawaiian and African isolates
297 (Zanolla et al. 2014, 2015).
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298 7.8 Differences Between Donor and Introduced
299 Populations

300 Genetic variation of introduced seaweed populations may differ significantly from
301 the donor populations because (a) individuals transported under suboptimal con-
302 ditions are subjected to negative selection, (b) introduction events may be multiple
303 (propagule pressure) and (c) introduced species undergo strong bottleneck events
304 following introduction. Consequently, as a general trend, the genetic profile of a
305 recently introduced population may appear less variable due to the perpetuation of
306 few successful genotypes (Voisin et al. 2005). In addition, genetic variability
307 among invasive populations may differ because of dissimilar population propaga-
308 tion mechanisms (i.e. sexual vs. vegetative propagation) and/or introduction events
309 from multiple sources (Andreakis et al. 2009).
310 Invasive species characterized by identical genetic profiles between their native
311 and introduced strains may develop adaptive phenotypic plasticity and ecophysi-
312 ological tolerance in response to the novel environmental conditions (Eggert 2012).
313 Rapid adaptation will promote a superior fitness to the introduced individuals which

Fig. 7.3 Updated distribution occurrence map in the Mediterranean Sea (a), the Alboran Sea
(b) and the Hawaiian Islands (c) for each of the Asparagopsis lineages based on genetically
delineated specimens (Andreakis et al. 2004, 2007b; Dijoux et al. 2014; Sherwood 2008).
A. armata (filled triangle); A. taxiformis L1 (X); A. taxiformis L2 (filled circle); A. taxiformis L3
(filled square); A. taxiformis L4 (filled diamond), modified from Zanolla et al. (Submitted)
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314 will be characterized by distinct ecophysiological and/or morphological traits,
315 compared to populations found in the species native range (Andreakis and
316 Schaffelke 2012). Adaptive plasticity can therefore confer evolutionary advantages
317 to invasive species by optimizing their acclimation mechanisms (Davidson et al.
318 2011).

319 7.9 Integrative Taxonomy and Phylogeography:
320 Combining Multiple Lines of Evidence

321 In several cases, a molecular phylogeographic approach has been decisive for the
322 identification of cryptic invaders, the detection of organisms imported via vectors of
323 transport such as ballast tanks and to infer the colonization route and the donor
324 population of introduced taxa (Bolton et al. 2011; Deagle et al. 2003). However, for
325 robust species delineation and prediction making, the combination of data from
326 multiple lines of evidence will give more realistic results (Figs. 7.1 and 7.4).
327 Molecular, morphological, physiological and geographic distribution data tested
328 against multiple species concepts (e.g. phenetic, biological and phylogenetic) ren-
329 der species delineation unambiguous. A species integrative profile can thereafter be
330 tested against observed phenetic, physiological or behavioural variants for that
331 species and assess whether these changes are (a) part of the species’ adaptation
332 potential within its plasticity range, (b) associated with genome level variations or
333 specific gene expression profiles or (c) are the result of transgenerational adaptation

Fig. 7.4 Integrating baseline disciplines from which to construct a species working hypothesis in
invasion biology
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334 mechanisms based on epigenetic modifications. The latter is often induced by
335 diversifying selection among populations invading different habitats (Lee 2002;
336 Weinig 2000).
337 The invasive red seaweed genus Asparagopsis (Montagne) provides a good
338 example of combining molecular, morphological and ecophysiological data in
339 resolving taxonomic issues. Previous reports on the presence of Asparagopsis
340 species worldwide were limited to reporting the species sensu lato rather than the
341 corresponding cryptic lineage itself. This misidentification resulted in erroneous
342 distribution maps and a general failure to identify species where molecular studies
343 had not been employed. Immediate Asparagopsis lineage delineation is now pos-
344 sible, even without molecular screening, by means of a set of vegetative and
345 reproductive diagnostic morphological characters. These characters have been
346 identified from morphological studies performed on genetically delineated speci-
347 mens of Asparagopsis lineages collected from sites where these lineages are con-
348 sidered either introduced or native (Zanolla et al. 2014).

349 7.10 The Utility of Combining Multiple Lines of Evidence
350 in the Study of Invasive Seaweeds

351 Species distribution modelling (SDM) calculates the similarities of environmental
352 affinities between locations where a species occurs and locations where the same
353 species has never been reported. As a consequence, SDM can be used to forecast
354 distribution ranges using environmental variables as predictors (Austin 2002). In
355 invasion biology, SDMs are routinely used to identify potentially suitable settle-
356 ment areas of invasive species. However, since SDMs require the compilation of
357 georeferenced data (species presence or absence), the precise taxonomic identifi-
358 cation and deep knowledge of the target species’ ecophysiological optima have
359 become of paramount importance for the reliable performance of the models.
360 Accurate information on the taxonomy, distribution and ecophysiological limits of
361 species or lineages can be combined in SDM to provide crucial knowledge in
362 biodiversity research and invasion biology. For instance, in the case of a cos-
363 mopolitan species, the occurrence of that species in locations not suggested by the
364 models may indicate a novel cryptic ESU, which can represent either an endemism
365 or a cryptic introduction that requires further attention for management and
366 conservation.
367 A combination of field and laboratory work, aiming to identify the taxonomic
368 position and understand the physiology, demography, phenology, population
369 dynamics and impact on the local community of an invasive organism, is necessary
370 to detect biological invasions but also designates them as pests (Meinesz 2007). The
371 astonishing success of invasive species relies on their extraordinary adaptation
372 potential. As a process, adaptation relies on the improvement of multiple functional
373 traits in the life cycle of an organism capable of enhancing its fitness, survival and
374 resilience against novel environmental conditions. Consequently, adaptation
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375 potential cannot be understood by means of one approach. The extreme adaptive
376 responses in invasive seaweeds can be clearly visible (e.g. noticeable ecophysio-
377 logical and morphological differences between native and introduced populations)
378 or invisible. The latter category includes adaptive responses associated with posi-
379 tively selected genetic variants in response to novel conditions or responses asso-
380 ciated with transgenerationally inherited epigenetic polymorphisms. The latter in
381 their turn are induced by environmental cues, and might not be detectable by
382 traditional sequence analysis approaches (i.e. no differences at the DNA sequence
383 level between native and introduced populations). Thus, the invasive behaviour
384 observed in an organism cannot be explained on the basis of one line of evidence.
385 The importance of the integrative approach becomes further obvious when the
386 communication of scientific knowledge goes through stakeholders responsible for
387 the implementation of management plans and decision making.
388 An integrative approach has been implemented in the genus Asparagopsis, one
389 of the few cases where haplotype analysis, historical demography and SDM were
390 combined to assess lineage-specific invasive risk (Zanolla et al., submitted),
391 lineage-specific photosynthetic plasticity in response to a range of temperatures
392 (Zanolla et al. 2015) and morphological differentiation among cryptic lineages of
393 genetically delineated tetrasporophytes and gametophytes locally and globally
394 (Zanolla et al. 2014). Further, vegetative and reproductive traits were examined
395 taking as a model an established population of this invasive taxon (Zanolla et al.,
396 submitted). This comprehensive multifaceted approach allowed characterization of
397 the genetic composition, colonization strategy and lineage-specific potential for
398 short and long distance dispersals as well as invasion risk.

399 7.11 Modern Technology and Metabarcoding in the Study
400 of Invasive Seaweeds

401 Global climate change, human-mediated transport and extensive urban develop-
402 ment of coastal zones are responsible for increasing rates of marine species intro-
403 ductions but also conspicuous behavioural and/or phenetic changes in many
404 endemic, bloom-forming taxa. Because of eutrophication or accidental release, both
405 native and introduced organisms can possibly and unexpectedly turn into pests.
406 Therefore, the complete prevention of seaweeds invasions or native algal blooms
407 appears nearly impossible in the long term. However, focusing on taxonomic
408 groups associated with high rates of invasibility risk and the establishment of early
409 warning protocols, especially in vulnerable areas, can help reduce the speed and
410 ecological impact of invasions. Modern high throughput molecular approaches
411 possess the resolution power and the affordability to unravel many aspects of the
412 biology of invasive organisms at functional and molecular levels. Novel technology
413 has the potential to address questions and examine behavioural changes associated
414 with the metabolomic, proteomic, genomic and transcriptomic profiles of an
415 invasive organism but also the influences of bacterial symbionts in the species
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416 response against environmental cues. A major outcome is expected in genomic
417 and/or proteomic identification of biomarkers to be used for assessing invasive
418 potential in high-risk groups. The same marker profiles can be used to monitor the
419 possibilities of invasiveness in endemic taxa. In addition, genomic approaches are
420 expected to resolve the influence of polyploidy in inducing invasiveness in sea-
421 weeds. Polyploidy has already been proven to be relevant in the invasiveness of
422 higher plants (Pandit et al. 2011) and has been proposed as a mechanism capable of
423 supporting invasiveness in green (Caulerpa) and red (Asparagopsis) algal genera
424 (Andreakis et al. 2007a; Varela-Álvarez et al. 2012). The correlation between
425 invasive potential and increased ploidy levels in these species is likely explained by
426 increased levels of heterozygosity associated with polyploidy (Brochmann et al.
427 2004). Increased heterozygosity may support the ecological success of an intro-
428 duced alien by balancing the loss of diversity due to population bottleneck and low
429 sexual recombination that take place at early stages of introduction (reviewed in
430 Varela-Alvarez et al. 2012).
431 Next-generation sequencing-based eDNA/RNA metabarcoding from environ-
432 mental samples is expected to play a crucial role in the monitoring, detection and
433 identification of introduced, transported or invasive species (Chown et al. 2015).
434 Although not extensively applied in assessing biological invasions, eDNA/RNA
435 metabarcoding has so far showed promising results (Armstrong and Ball 2005;
436 Ficetola et al. 2008; Saunders 2009). The technology relies on the same general
437 principle of the regular DNA barcoding for species identification. Short DNA
438 sequences (barcodes) originated upon a previously agreed, high-resolution DNA
439 marker are compared to barcodes produced from well-identified voucher specimens
440 deposited in reference databases. This approach can be designed to capture more
441 than one species and can be applied in all steps of the invasion history (Fig. 7.1), or
442 the species life stages (Fig. 7.2), to provide constant monitoring support and
443 information for early detection and identification of dispersal vectors, therefore
444 allowing estimates on the demography, population dynamics and dispersal of the
445 invasive organism (Metzker 2010). Although initially the short DNA reads (ca.
446 100 bp) limited the use of NGS for DNA metabarcoding purposes, this downside
447 has been now attenuated by the sequencing of longer reads produced by many
448 platforms (e.g. >500 bp; Illumina, MiSeq, http://www.illumina.com/systems/miseq/
449 performance_specifications.ilmn). At present, however, a real drawback of
450 metabarcoding remains the current limited availability of reference databases
451 (Cristescu 2014).

452 7.12 Conclusion

453 The combination of novel DNA-based analytical methodologies with traditional
454 approaches has the potential to alleviate the methodological and conceptual cri-
455 tiques charged at invasion science (Richardson and Ricciardi 2013).
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456 Several European countries have officially recognized the need for surveillance
457 and monitoring of invasive species (No 1143/2014 of 22 October 2014; http://ec.
458 europa.eu/environment/nature/invasivealien/index_en.htm). With the rapid identi-
459 fication and detection of non-native species being the top priority, DNA metabar-
460 coding, in particular, represents an efficient and affordable method to identify
461 transported species or detect the presence of invasive pests from minute quantities
462 of DNA from environmental samples (Darling and Mahon 2011). To be successful,
463 this approach requires the rapid description of the cryptic species and the parallel
464 development of accurate reference databases, consisting of type voucher specimens
465 associated with specific environmental profiles and lineage-specific barcodes (e.g.
466 BoLD) (Ratnasingham and Hebert 2007).
467 An integrative approach to biological invasions can provide realistic solutions by
468 documenting global patterns of the invasion process and by identifying areas into
469 which direct management actions are immediately required (i.e. introduction vec-
470 tors, marine protected zones, areas of intense maritime traffic). As the vertiginous
471 socio-economic development of many countries of the world struggles to stay
472 ecologically sustainable, the consequences of biological invasions still remain
473 global and irreversible. This interface requires the use of common language and
474 sense from both scientists and politicians towards rapid and effective balancing of
475 management actions at national and international levels.
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