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Abstract

The relative vulnerability of various habitat typge<Caulerpa racemosa var.
cylindracea invasion was investigated in the National MarirekPof Zakynthos
(lonian Sea, Greece). The densityGofacemosa fronds was modelled with
generalized additive models for location, scale stmgpe (GAMLSS), based on an
information theory approach. The species was pteses much as 33% of 748
randomly placed quadrats, which documents its aggre establishment in the area.
The probability of presence of the alga within ramdly placed 20 x 20 cm quadrats
was 83% on ‘matte morte’ (zones of fibrous remnaiis formerP. oceanica bed),
69% on rocky bottoms, 86% along the marginBadi donia oceanica meadows, 10%
on sandy/muddy substrates, and 6% withinceanica meadows. The high frond
density on ‘matte morte’ and rocky bottoms indisateeir high vulnerability. The
lowest frond density was observed witfinoceanica meadows. However, on the
margins ofP. oceanica meadows and within gaps in fragmented meadowsvela
high C. racemosa densities were observed. Such gaps within meadepvesent spots

of high vulnerability toC. racemosa invasion.

Key words: benthic ecology; biological pollutantSaulerpa racemosa; invasive

macrophytes; phytobenthos; seagrass; vulnerghviediterranean; MPA; Greece
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1. Introduction

More than 900 introduced species have been repsotéar from the Mediterranean
Sea, of which ~500 are considered as establishdng them, there are more than
100 established alien macrophytes (Zenetos e2@08). Approximately one tenth of
these species can be considered as invasiveheyehtive overcome biotic and abiotic
barriers, are able to disseminate away from thre@ af initial introduction, and have
a noticeable ecological and economic impact. Deatihbiodiversity, effects on
phytobenthic, fish and invertebrate biota, threahe ecological stability of invaded
ecosystems, and pressures on economic activigesnaong the impacts of invasive
macrophytes (Boudouresque and Verlague, 2002; demetal., 2006; Schaffelke and

Hewitt, 2007; Piazzi and Balata, 2009).

The green alg&aulerpa racemosa (Forsskal) J. Agardensu lato (Chlorophyta:
Bryopsidales) is widely distributed in tropical awdrm temperate seas (Verlaque et
al. 2003). Three intraspecific taxa@fracemosa have been identified in the
Mediterranean Sea, among whiChracemosa var. cylindracea (Sonder) Verlaque,
Huisman, and Boudouresque (Verlague et al., 2008nkand Verlaque, 2008)
(hereafteC. racemosa) is one of the most aggressive invaders in thenl{&sreftaris
and Zenetos, 2006; Verlaque et al., 2004; Klein\4adaque, 2008). This variety was
first found in the Mediterranean Sea along the &ibgoast in 1990 (Nizamuddin,
1991), being introduced from south-western Ausaréiiama et al., 2000; Verlaque et
al., 2003). It has rapidly spread throughout thireiasin, reaching as far as the
Canary Islands in the Eastern Atlantic Ocean (\{erdeet al., 2004). The species has

been reported from all kind of substrata with aetgrof benthic assemblages,



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

between 0 and 70 m depth, in both polluted and lluted areas, and has
demonstrated an excessive rate of proliferationhagia adaptability to physical
stressors (Piazzi et al., 2005; Streftaris and @sn@006; Klein and Verlaque, 2008;
Tsiamis et al., 2008). Its stolons can quickly glae and easily overgrow other
macroalgal (Piazzi et al., 2001; Piazzi and Ce@hg2006) or invertebrate species
(Kruzi¢ et al., 2008; Baldacconi and Corriero, 2009). ®uitenC. racemosa forms
compact meadows in the Mediterranean Sea (Argytral,€1999; Ruitton et al.,
2005; Klein and Verlague, 2008; Katsanevakis anes§hlou-Legaki, 2009), contrary
to its native range in south-western Australia, kehedoes not form monospecific
stands but grows intermixed with other algae (\Mpr&aet al., 2003). It has a high
potential for dispersal by fragmentation and rexdelsthment of stolons (Ceccherelli
and Piazzi, 2001), formation of propagules (Renartcand Meinesz, 2002), and

sexual reproduction (Panayotidis and Zu§e?001).

C. racemosa was initially reported in Greece from Zakynthositgl and Pylos Bay
(lonian Sea) in 1993 (Panayotidis and Montesari®4) Since then, the species has
been spreading extremely rapidly along Greek caaxlst is now found on the

majority of the Greek coastal areas (Tsiamis e28l10; Salomidi et al., 2009).

There are a few studies in the literature companmgsion success @. racemosa

on different substrates such as varying shoot teasifPosidonia oceanica (L.)

Delile meadows (Ceccherelli et al., 2000) or défartypes (encrusting, flamentous,
and erect) of vegetation layers (Ceccherelli ¢t28102). However, the extent to which
biotic and abiotic interactions influence the sprre&the alga is not fully understood,

although there are some relevant efforts (e.gleBwdnd Benedetti-Cecchi, 2008). So
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far, there is no comparative study investigatirgreslative vulnerability of the main
Mediterranean habitat types@ racemosa invasion. To provide such insight, in the
present study we investigated the relative vulnétabf a variety of habitat types to
C. racemosa, in one of the sites of its first appearance mehrly 90’s (Laganas Bay,
Zakynthos Island, lonian Sea). Special focus wasrgon various substrate types
within fragmentedPosidonia oceanica meadows. Hereafter, vulnerability is defined
as the susceptibility to the introduction, estdirient and spatial spread of the

invader, i.e. how easily it may attain high demsiti

Until lately Marine Protected Areas (MPAS) wereadished to protect biodiversity
via the complete removal of human exploitation atiter activities, and thus were
intended to be “islands” of nature and tranquilitya sea of hostile environment
(Simberloff 2000; Boudouresque et al. 2005). Howewvemany cases MPAs have
not been able to stop or limit the expansion o&sive alien species. For example, the
boundaries of many northwestern Mediterranean regurarks offered no protection
to the invasion of the green alGaulerpa taxifolia, once it was present along
neighboring coasts (Meinesz 1999). Internationgd@hg is usually prohibited in
MPAs but recreational or small fishing boats coedgially well be the vectors of
alien species introductions. Indeed an assessrémt anportance of recreational
boating carried out in 100 yachts in Scotland lagiomed that boating must be
considered as a high risk vector for non-nativegse(Ashton et al. 2006). The
spreading of botiCaulerpa racemosa andC. taxifolia in the western Mediterranean
was facilitated by fishing activity, in particulby bottom trawlers and trammel nets
(Relini et al. 2000; Magri et al 2001). Restrictiveasures on the activities of

recreational and fishing boats within MPAs mighvéa positive effect by
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decelerating the invasion rates of some alien npdaytes. Another aim of this study
was to investigate whether protection measuresmah MPA (the National Marine

Park of Zakynthos) had any effect Gnracemosa spread.

Specifically, we tested the following hypotheses:

1. Various habitat types have different vulnerabit@iythe invasive alg&.
racemosa.

2. Within fragmentedPosidonia oceanica meadows vulnerability differs among
structural substrate types such as the meadow mangi gaps of various sizes
without aliveP. oceanica.

3. Protection measures in MPAs, especially restristiom recreational boating
and fishing activities, effectively restrain thegpe@xision ofC. racemosa.

For all the points above we aimed to quantify tbeeptial differences among

habitats/substrate types and management zonebypaiately modelling the

frond density ofC. racemosa.

2. Materialsand M ethods

2.1 Study area

The survey was conducted in the National Marin&k B&Zakynthos (NMPZ) (Fig.

1). The bay of Laganas in Zakynthos Isl. hostatlest important known nesting

aggregation of the endangered loggerhead sea, Qetletta caretta (Linnaeus,
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1758), in the Mediterranean. NMPZ was founded 89 Qvith the protection of the

critical nesting habitat of the loggerhead seddunéing its main objective.

Within the marine area of the NMPZ there are thmaén management zones (A, B,
C) in Laganas Bay and a buffer zone (la) (FiglriZone A no recreational boat
activity is allowed, in Zone B boats are allowecktder with a speed limit of 6 knots
but anchoring is forbidden, and in Zone C boatsaioeved to travel with a speed
limit of 6 knots and also to anchor. Commerciahifigy using mobile gear and
recreational fishing is prohibited in all zonesc(uding the buffer zone) and
commercial fishing using static gears is prohibitedone A from the beginning of
May until the end of October. The management zdoesot conform to some
specific features of the marine environment, baytWwere established almost
exclusively on criteria regarding undisturbed agpyfoof turtles to the nesting
beaches. The three management zones and the bofeiprovide a quasi-
experimental setting of varying level of protecti®mom very low in la to high in

zone A), which was exploited in this study to test third hypothesis.

2.2 Field work

Field work was conducted during the first fortnigihtOctober 2009. Two
independent surveys were conducted. The aim dirgtesurvey was to assess
vulnerability of all main habitat types of the seyvarea, while the second survey
focused orPosidonia oceanica beds, specifically on the relative vulnerabilify o
different substrate types within fragmented meaddéwagmented meadows are

defined as those where the continuity of the meadanterrupted by gaps of various
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sizes without alivé®. oceanica (mentioned as ‘patches’ hereafter), which could be
either sandy or ‘matte morte’ areas, i.e. zondtobus remnants (dead rhizomes) of

a formerP. oceanica bed.

In the first survey, three 50-m line transects waneveyed with SCUBA diving in
each of 23 sites. The selection of the 23 siteshaaed on the following
requirements: (1) good spatial coverage of theystumda; (2) representative samples
on all major habitat types of the study area; @yaow range of surveyed depths. The
latter requirement was to avoid adding depth asxéira covariate, as there is an
important bathymetry-related variation©f racemosa density (Salomidi et al., 2009),
and also for logistical reasons for diving. Thuspeeasurements were conducted at
depths between 5 and 13 m. The above restrictamsed a non-uniform spatial
distribution of the sampling sites in the studyaar®@pecifically, the central regions of
zones B and la were not sampled as they were dgnéeap (reaching 70 m in zone
la), while the shallow regions (north part of z&)ehad exclusively sandy bottoms

(all other habitat/substrate types were absent).

The line transects were defined with a nylon Imerked with water-resistant
numbered signs every five meters, that was deplagedy a diving reel. After
deploying each line transect, the numbe€ofacemosa fronds within a 20x20 cm
guadrat was counted at each sign, i.e. eleven mezasuats were conducted along
each line. For each quadrat, the habitat type ¥sasl@gged. Five different habitat
types were identified: unvegetated sandy bottonsH@&idonia oceanica meadows

(PO); ‘matte morte’ (MM); margins d?®. oceanica meadows, usually with sandy
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bottoms or ‘matte morte’ (PM); and rocky bottoms.(Rlithough, PM is strictly not a

separate ‘habitat type’ than PO, we catachresyicalé this terminology hereafter.

In the second survey, the numbeiCofacemosa fronds within 20x20 cm quadrats
was measured in a total of 44 patches distributed isites (Fig. 1), where
fragmentedP. oceanica meadows was the dominant ecotope. In each si@0-an

line was deployed defining a straight line trans@éhen the line crossed a patch,
frond measurements were conducted in six locatorgg the line, representing three
different substrate types: at the two intersectwintfie patch margin and the line
(PM), within theP. oceanica meadow at a 2 m distance from the margin of thehpa
(PO), and in two randomly chosen spots within thtelp (Pa) (Fig. 2). The size of the

patch, defined as its maximum dimension (in m), alae recorded.

2.3 Modelling frond counts

Some distinctive features of data collected orathiendance of organisms (count
data) are: (i) the tendency to contain many zehloega(zero-inflated dataset); (ii)
overdispersion, defined as the extra variationctviis not explained by the Poisson
distribution alone; (iii) heterogeneity of variasggvhere the variance of the
distribution of the response variable changes exjblanatory variables). Failure to
account for these issues will cause bias in pammestimations and the associated
measures of uncertainty, can reduce the capatolitietect relationships, or even lead

to incorrect inference (Matrtin et al., 2005; Stagpioulos and Rigby, 2007).
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Herein, generalized additive models for locatiarals and shape (GAMLSS; Rigby
and Stasinopoulos, 2005) were applied to effegtieehfront the abovementioned
issues. GAMLSS are regression type models thatowss many of the limitations
associated with the popular generalized linear nso@d®_M; McCullagh and Nedler,
1989) and generalized additive models (GAM; Haatid Tibshirani, 1990). In
GAMLSS the exponential family distribution assuroptifor the response variable is
relaxed and replaced by a general distribution fgrand the systematic part of the
model is expanded to allow modelling not only af thean (or location) but also
other parameters of the distribution (Stasinopoatos Rigby, 2007). For fitting the
models, thegamlss package (Stasinopoulos and Rigby, 2007) was usBdvi.2.8.0

(R Development Core Team 2008).

Inference was based on the information theory aagr¢gBurnham and Anderson,
2002), i.e. an integrated processagiriori specification of a set of candidate models,
model selection based on the principle of parsimasgording to Akaike’s

information criterion (AIC; Akaike, 1973), and tlestimation of parameters and their

precision.

For data collected in the first survey, two categgirvariables, habitat typédbitat)
and the corresponding management zone of the NM#&)(were used as potential
predictor variables of th€. racemosa frond counts. Seven different GAMLSS, i =
0 to 6, were fitted (Table 1). Either only the measponse (modets—gs) or both the
mean response and the standard deviation (mggeajs) were modelled, with one or

both predictor variables, i.e. in modelsgs the standard deviation was assumed

10
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constant, while ilg,—ge dependent on the predictor variables. Magetas the null

model, with no predictor variable, whidgg was the full model.

To identify the best underlying distribution of thesponse variable, six potential
distributions were compared: Poisson, negativerhiab(Anscombe, 1950), zero-
inflated Poisson (Lambert, 1992), Poisson-inveraassian (Dean et al., 1989),
Sichel (Rigby et al., 2008), and Delaporte (Rigbgle 2008). Comparisons among
different error distributions were based on thérubdel @s), and selection was based
on AlC.

The AIC differencesA; = AIC, —AIC,,,, were computed over all candidate models.

Models withA; > 10 had essentially no support and could be odhittam further
consideration, while all models with) < 2 had substantial support (Burnham and
Anderson 2002). To quantify the plausibility of kanodel, given the data and set of

six models, the ‘Akaike weightl; of each model was calculated, where

W = exp(—O.SAi)/Zj exp-054;) . The ‘Akaike weight’ is considered as the weight o

evidence in favour of modebeing the actual best model of the available tet o
models (Akaike, 1983; Buckland et al., 1997; Bumband Anderson, 2002).
Estimates of the relative importance of predictariableg was made by summing
the Akaike weights across all the models in thendwdre each variable occurs.fy];
the larger the sum of Akaike weights the more ingratrthat variable is, relative to

the other variables (Burnham and Anderson, 2002).

For data collected in patches witlnoceanica meadows (second survey), two

potential predictor variables were included in ¢thedidate models, patch sizezé),

11
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which was a continuous variable, and the locatioih® sampled quadrat in the region
of the patchlpcation). Location was a categorical variable with three levels {d,
and PO) (Fig. 2). Seven different GAMLSS,i = 0 to 6, were fitted (Table 2). Either
only the mean response (modkejsh;) or both the mean response and the standard
deviation (model$s,—hs) were modelled, with one or both predictor varsbiModel

ho was the null model, with no predictor variable, s was the full model. The
same approach as with the data of the first sumaes/followed for the identification

of the best underlying statistical distribution dadmodel selection.

3. Results

3.1 Vulnerability of habitat types (Survey 1)

Among the six tested distributions, negative birelrgave the lowest AIC and was
selected as the underlying distribution for modglime counts of. racemosa fronds
(Table 3). The Delaporte distribution also had safisal support by the data with

only 1.9 units higher AIC score, while all othesttibutional assumptions were not

supported 4; >>10).

The best models of the expected numbet.oficemosa fronds werey, (W, = 49.7%)
andgs (Ws = 50.3%) with almost equal support, while all athedels had essentially
no support4; >>10). The habitat type was more important as ptedvariable ofC.
racemosa frond counts [w(habitat) = 1.00] than zone [wzone) = 0.50]. Modelg,

was nested withigs (full model), and their only difference was in tinelusion of

12
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zonein ge. In relation to habitat typdngbitat) the output of the two models did not
differ, and thus onlgg is presented herein (Fig. 3). Models that considi@onstant
variance o—gs) had essentially no suppott; ©>10) indicating that heterogeneity of
variances could not be ignored in our case. Assassiby normal QQ-plots (plots of
the quantiles of the normal distribution against distribution of the residuals), the
normalized residuals of modg] behaved well, while in modek, which is the same
asgs for the mean response but did not include standevéation modelling, the

residuals deviated from the normal distributiorg(fe 4).

C. racemosa was found in 245 of the 748 quadrats that weregpéaan(33%). The
probability of presence within a randomly placedx2Z0 cm quadrat was 83% in
MM, 69% in R, 86% in PM, 10% in S, and 6% in POeTitond density was the
highest on matte morte and rocky bottoms (mosttkyaeefs with photophilic
macroalgal assemblages, dominatedCigstoseira spp.) and the lowest withi.
oceanica meadows (Fig. 3; Table 4}. racemosa was completely absent in
unfragmented robu$t. oceanica beds, and was only recorded in a few spots offow
oceanica density in fragmented meadows. On the margirfa oteanica meadows,
intermediateC. racemosa densities were observed. On sandy bott@rraicemosa
density was generally low and highly variable (RY.Similar values of frond density
were observed in the three management zones 0fiNRZ (A, B, and C), while a

slightly lower mean value was observed in the buft;e la (Fig. 3; Table 4).

3.2 Vulnerability of fragmented P. oceanica meadows (Survey 2)

13
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Among the six tested distributions, negative birelrgave the lowest AIC and was
selected as the underlying distribution for modglime counts of. racemosa fronds
(Table 3). The Delaporte distribution also had sarttgal support, the Sichel
distribution had substantially less support, whileother distributional assumptions

were not supported\(>>10).

The best model of the expected numbeC.afacemosa fronds in the region of
patches withirP.oceanica meadows wak, (W, = 59.6%) (Table 2). Moddis also

had substantial suppomid = 23.0%), and models andhz had essentially less
support. The other models were not supported bgale (\; >>10). Location was
more important as a predictor variable®iracemosa frond counts [w(location) =
1.00] than patch size [Msize) = 0.33]. Only modeh, is presented herein; g size
was included as an additional variable but it waissignificant either for the mean (p
= 0.22) or for the standard deviation (p = 0.7B)she did not provide any additional
information and was not investigated further. Medblat assumed constant variance
(go—g3) had less support M/go—g3) = 17.4%] than models assuming heterogeneous
variances [wW( gs—0s) = 82.6%]. Modeh, provided a good absolute fit, as assessed by

the Q-Q plot and the distribution of normalizedidesls.

C. racemosa was present in 50% of the quadrats in PM, 19.3%ade in Pa, and
only 4.5% of those in PO. The frequency of presarithe alga in PM was
significantly higher than the frequency of preseimcBa (chi-square test, p < 0.001).
The frond density in Pa (2.0-8.5 fronds in 20 xxg0quadrats; 95% CI) was not
significantly different (p = 0.19) than the frondrasity in PM (4.7-11.3 fronds) but

was significantly higher (p < 0.001) than the fratehsity in PO (0.03-0.32 fronds)

14
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(Fig. 5). Conditional on presence, the count€.afacemosa fronds did not differ
between Pa (7.8-12.9 fronds) and PM (9.4-13.3 &phdt were significantly lower
in PO (1.1-3.3 fronds) (95% Tukey test, based grtdansformed counts to

homogenize variances).

4. Discussion

The habitat types investigated were found to haaekedly different vulnerabilities to
the Caulerpa racemosa invasion.The highest frond densities were observed in matte
morte and rocky habitat types, indicating theihngiinerability. On sandy/muddy
bottoms the frond density was substantially loweligating lower vulnerability of

this habitat type, especially in unstable soft saba. Similar qualitative observations
have been reported elsewhere, e.g. at Marseikese. racemosa meadows have
colonized matte morte areas and coarse sedimethdsandy bottoms were only
poorly colonized by few stolons (Ruitton et al.08). Under certain condition€,
racemosa may form compact dense mats on soft bottoms lakt swats seem to
mostly occur in matte morte zones (Argyrou etE99; Ruitton et al., 2005) or areas
where native meadows pre-existed, e.@Canlerpa prolifera beds (S.K., pers. obs.),

and not in previously unvegetated sandy/muddy budto

Probability ofC. racemosa presence if?. oceanica meadows was low and the alga
was mostly restricted in the narrow margins ofshagrass meadows and in gaps
within fragmented meadows. As demonstrated bydtuidy,C. racemosa average

density was high in the meadow margins and in gatcihile it abruptly declined to
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practically zero within the meadow at a short diseafrom the margin. Thus, in
fragmented seagrass meadows, the sandy or matte paiches represent the spots of
high vulnerability toC. racemosa invasion. As indicated by the significantly higher
probability ofC. racemosa presence in PM than in Pa locations, the mardins o
patches represent the preferable location witliragmented meadow for the
successful establishment of the alga. Other studigs indicated that both the

vertical and horizontal algal growth is negativelffluenced by seagrass density, and
dense and health. oceanica meadows represent a barrier to the colonizaifd

racemosa (Ceccherelli et al., 2000; Klein and Verlague, 2008

The above results seem to be partly due to thediagpmechanism of the species by
fragmentation, which is one of the main reasongHerfast spread @. racemosa in
the Mediterranean. Fragments of the species, peatog either natural or
anthropogenic (fishing gear, anchoring) procedsa# to stabilize for some time on
the substrate in order to get firmly anchored wlhiir rhizoids and become resistant
to hydrodynamic forces. Once anchored, the stalth&longate and the clone will
quickly expand locally. Matte morte, rocky habitatad the margins ¢&. oceanica
meadows provide appropriate substrates with maeyhengs and other spots of easy
attachment of algal fragments, contrary to sandgbhgisubstrates. For example,
fragments drifting by waves or currents will easiy brought to a halt when they
reach the margin of a sea grass meadow as thegeti#dntangled to sea grass
rhizomes or leaves. Similarly, on sandy/muddy bu#at is not uncommon to
observeC. racemosa fragments attached to small ‘hard’ objects sucmasne litter

or sponge colonies, while the alga is completeseabfrom everywhere else in the

surrounding soft bottom (SK, pers. obs.). Such lodjdcts probably act as anchoring
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points of driftingC. racemosa fragments. We assume that this mechanism of
attachment of algal fragments is the cause of atanbal part of the variation @.

racemosa frond density among habitat/substrate types.

In seagrass beds that are not in a good state filaigimentation, large areas of matte
morte, low shoot density) vulnerability & racemosa invasion would be higher.
Scars created by anchoring in seagrass beds sallfalour the distributional
expansion of the alga. It has been demonstrateddad anchoring has a destructive
impact on seagrass meadows destroying many shodtsr@ating scars that can take
a long-time to be re-colonized, especially in meeslof slow growth seagrass species
such ag°. oceanica (Francour et al., 1999; Milazzo et al., 2004; Gexelli et al.,

2007; Montefalcone et al., 2008). Thus, anchonmi. ioceanica beds creates
favourable microhabitats for the settlement andhesmpn ofC. racemosa. In this
respect, a ban of anchoring in seagrass beds, faparbeing a management measure
for the protection of the meadow, is a measurenagjéine further distributional

expansion oC. racemosa.

Fishing, especially with mobile gears, such as ¢tgevls and boat seines, but also
with trammel nets, substantially contributes tospesad ofCaulerpa spp (Relini et

al. 2000; Magri et al 2001). Fragments of the sgeare collected by fishing gear and
then discarded by fishermen together with all biglt@and debris, sometimes far from
the fishing site. In a similar way recreational tsomay assist the dispersion@f
racemosa by fragmenting its stolons during anchoring andretransferring such
fragments to the surface seawater layers from wbager dispersion is likely.

Currents may further disperse the fragments crdatdshing gear or anchoring and
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the alga may settle and get established in a vietsrd location. Even in zones of
absolute protection within MPAs, where both fishargl anchoring are prohibited,
such fragments may arrive with currents from neayhitng sites with no such
restrictions. In addition, the ability €. racemosa to reproduce sexually renders any
protection measures in MPAs inefficient to previiietintroduction of the species

from other locations.

Commercial fishing with nets is allowed in all mgeaent zones of NMPZ and in all
neighbouring areas with only a six-month ban inez8nanchoring is permitted

within zone C. Due to the existence of the mariakk @nd the developed eco-touristic
industry focusing on turtle-watching, there is aareased number of recreational
boats sailing in zones B and C and anchoring ireZonAs NMPZ is a semi-closed
bay,C. racemosa fragments that are produced within any of thequtidn zones are
likely to remain within the boundaries of NMPZ. ®dhe role of fishing gear and
recreational boats to the further spread of theispen NMPZ cannot be avoided by
the existing protection measures. The operatiddMPZ for the last eleven years did
not seem to decelerate the sprea@.afacemosa in Laganas Bay. On the contrary, the
species is found in the NMPZ with very high proligibs of presence within

randomly placed 20 x 20 cm quadrats on matte navdas, rocky bottoms, and the
margins ofP. oceanica meadows. For the reasons stated above (rolefohfigear

and anchoring, ability of sexual reproduction, iertexpansion of existing stolons)

no direct effect of the protection measures tosfpread of the species is anticipated in
the future, unless the protection measures wiN@meffective to improve the status of
P. oceanica meadows within NMPZ (mainly because of the baarathoring and use

of mobile fishing gear) and thus reduce favourahierohabitats, such as patches
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within meadows. However, the process of sea gexss/ery is very slow and no
short-term effects are likely. If the managemenasuees prove ineffective to protect
the P. oceanica meadows in the park and fragmentation increasteeifuture C.

racemosa will further spread covering all new matte monteass.

Although the vulnerability of seagrass meadow€ toacemosa has been sufficiently
investigated, there is a lack of knowledge on thiaerability of rocky bottoms. The
type of macroalgal assemblages (turf, encrustind,exect) and the number of algal
species seem to affect tBeracemosa invasion, with substrates dominated by turfing
algae being more vulnerable (Ceccherelli et al02X0Turfs probably physically
assist the settlement 6f racemosa by entrapment of fragments of the alga and/or
enhancing the anchoring of stolons (Bulleri and &siti-Cecchi, 2008). However,
the extent of the invasion @f. racemosa on rocky bottoms, the invasion rates,
impacts to and competition with the benthic fawarad the factors that favour
successful settlement and high densities are ishaeseed further investigation. As
found in this study, but also based on our persobsérvations in other areas of the
lonian and the Aegean Sea, the exter@.afacemosa invasion on rocky habitats is

dramatic and the consequences largely unknown.

In conclusion: (1) we verified that vulnerability €. racemosa invasion changes with
habitat and the most vulnerable habitat/substygestare matte morte areas, the
margins ofP. oceanica meadows, and rocky bottoms; (2) within fragmented
Posidonia oceanica meadows vulnerability differs among structural Sudite types

and is higher along the margins of patches withpmarent dependence on patch size;
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464 and (3) the boundaries of the NMPZ do not seenffew any protection again§l.
465 racemosa invasion, which is explained by the dispersal na@e$m of the species.
466
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Figure captions

Fig. 1: Map of the study area. The sampling sites angbtbection zones of the

National Marine Park of Zakynthos are indicated.

Fig. 2: Location (representing three different substtgpes) ofC. racemosa frond
measurements within patches in fragmermedceanica meadows. Quadrats were
placed at the two intersections of the patch maaguhthe line (PM), within the.
oceanica meadow at a 2 m distance from the margin of thehpd@O), and in two

randomly chosen spots within the patch (Pa).

Fig 3: Estimated values of the two categorical varialfhebitat type andzone) for
modelge of C. racemosa frond counts within 20 x 20 cm quadrats. Graphthef

mean response are given in the top panel and gddthe standard deviation in the
bottom panel. Values are given in the responsg fogle and the corresponding 95%
confidence intervals are indicated with dotteddindM: ‘matte morte’; PM: margins
of P. oceanica meadows; POPosidonia oceanica meadows; R: rocky bottoms; S:

unvegetated sandy bottoms.

Fig. 4. Normal QQ plots for modelg (full model) andys.

Fig. 5: Estimated mean response and standard deviatidnratemosa frond counts

in 20 x 20 cm quadrats in relation to the levelshef categorical predictor variable

location, based on modél,. Values are given in the response (log) scaletlamd
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corresponding 95% confidence intervals are indctatgh dotted lines. The three

levels of the predictor variable are defined in.Ag
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Table 1: Survey 1: Summary of the parameterisation of the seven candidate models g;
of the counts of C. racemosa fronds in 20 x 20 cm plots.

Moded Modeled distribution ~ Predictor df  AIC A Wi (%)
parameters variables

Jdo - Null 2 2748.19  462.82 0.0

01 " habitat 6 2440.25 154.88 0.0

o> u zone 5 274440  459.03 0.0

O3 " habitat + zone 9 244158 156.21 0.0

9 W o habitat 10 228539 003 497
Os U, o zone 8 2712.07  426.70 0.0

s U, G habitat + zone 16 2285.37 0.00 50.3

For each model, the Akaike Information Criterion AIC, Akaike differences A;, Akaike weights w;, and degrees of freedom (df)
are given. Model s with substantial support (A < 2) are given in bold. p, ¢ are the mean and the standard deviation of the
distribution of the response variable.



Table 2: Survey 2: Summary of the parameterisation of the seven candidate models hi
of the counts of C. racemosa frondsin 20 x 20 cm plots in the second survey (patches
in P. oceanica meadows).

Model Modeled distribution ~ Predictor df  AIC A Wi (%)
parameters variables

hy - Null 2 825.01 56.21 0.0

h; u location 4 772.92 412 7.6

h, n size 3 826.80 58.00 0.0

hs u location+ size 5 772.41 3.61 9.8

hy n,o location 6 768.80 0.00 59.6
hs U, G size 4 828.21 50.41 0.0

hg n,c location + size 8 770.71 191 23.0

For each model, the Akaike Information Criterion AIC, Akaike differences A;, Akaike weights w;, and degrees of freedom (df)
are given. Modelswith substantial support (A; < 2) aregiven in bold. p, ¢ are the mean and the standard deviation of the
digtribution of the response variable.



Table 3: Comparisons among different error distributions of the response variable
(count of C. racemosa frondsin 20 x 20 cm quadrats), based on the full models (g for
survey 1 and hg for survey 2).

Model comparisons based on g;

Distribution df AIC

Negative Binomial 16 2285.4
Delaporte 17 2287.3
Sichel 17 23364
Poisson-inverse Gaussian 16 2415.8
Zero Inflated Poisson 16 3083.9
Poisson 8 5067.3

Model comparisons based on hg

Distribution df AIC

Negative Binomial 8 770.7
Delaporte 9 772.8
Sichel 9 778.0
Poisson-inverse Gaussian 8 839.8
Zero Inflated Poisson 8 916.8
Poisson 4  2249.2




Table 4: Survey 1: Expected counts of C. racemosa frondsin 20 x 20 cm quadrats, as
predicted by model g6.

habitat type zone A zone B zone C zone la
MM 135 14.1 12.4 7.9
(9.1-20.1)  (10.7-18.6) (7.7-19.7)  (5.0-12.3)
PM 51 53 4.6 29
(3.1-8.2) (3.2-8.7) (2.6-8.3) (1.7-5.2)
PO 0.2 0.2 0.2 0.1
(0.1-0.4) (0.1-0.4) (0.1-0.4) (0.1-0.2)
R 10.1 105 9.2 59
(6.7-15.1)  (8.2-13.5) (5.6-15.0) (3.9-8.7)
S 1.0 11 0.9 0.6
(0.3-3.9) (0.3-3.9) (0.2-3.7) (0.2-2.3)

95% confidence intervals are given in parenthesis.
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