
       Indicators of change: alien invasive species shifting 
ecosystems from species to ecosystem level 	


S. Deudero-  Instituto Español de Oceanografía (IEO). Centro Oceanográfico de Baleares. Muelle de Poniente s/n, 07015 Palma de 
Mallorca, Spain. (salud.deudero@ba.ieo.es)	

	

	
 INTRODUCTION- AIMS	


Species invasions are increasing worldwide producing ecological effects on native communities by inducing changes in biodiversity and ecosystem 
functioning that result in economical costs. Most studies deal with biodiversity changes on few species or assemblages. MPAs are not protected 
against species invasions, and worldwide fragmented knowledge on ecosystems responses is provided. In this study a new approach integrating 
changes at community level and functional biodiversity after macroalgal invasions over seagrass beds have been applied. Changes in functional 
biodiversity of invaded systems have been revealed after application of stable isotope as tracers of matter and energy fluxes on key species. 
Modifications of trophic strategies at benthic species have been encountered as an ecological adaptation to invasion. Several case studies at algae, 
invertebrates and fishes applying biomarkers of oxidative stress have evidenced physiological responses of different taxa at invaded mats. Activation 
of defense mechanisms of enzymes after production of reactive oxygen species ROS is found in most studied species. Combination of different 
techniques has been proven to be providing better holistic comprehension of mechanisms underlying species invasions. An array of indicators of 
change at temperate mediterranean ecosystems is presented with different approaches to assess coastal species responses. 	
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macroalgae: C. prolifera, Padina pavonica, Halimeda tuna,
Halopteis filicina, Corallina sp., Dictyota dichotoma and the
seagrass P. oceanica. All these primary producers were
used for stable isotopes analyses.

Mixing model (Isosource) outputs for d13C and d15N
showed that D. dichotoma, C. prolifera and C. taxifolia
were the main algae contributing to the diet of the
gastropoda B. reticulatum (Table 1). D. dichotoma con-
tributed with 22%, C. prolifera with 22% and C. taxifolia
with 21% to the diet of B. reticulatum living in the areas
with C. taxifolia, whereas the contribution of P. oceanica in
this area was only 6%. These results suggested an
herbivorous pressure over the invasive macroalgae
C. taxifolia associated to the presence of B. reticulatum and
consequently supports the aquarium experiments about the
herbivorous pressure of B. reticulatum over C. taxifolia.

In the aquarium study, fronds and stolons of Caulerpa
growing in the aquariums with B. reticulatum showed
signals of herbivorism with visual evidence of Bittium
feeding.

Caulerpenyne concentration measured in fronds from
C. taxifolia is presented in Fig. 2. No caulerpenyne was
detected in the seagrass P. oceanica. The levels of
caulerpenyne were significantly higher in fronds of
C. taxifolia at the end of the experiment after 1 week of
cohabitate C. taxifolia with B. reticulatum (initial values:
3.3370.43mg caulerpenyne/gDW, final values: 6.287
0.61mg caulerpenyne/gDW, F(1,10) ¼ 15.2, p ¼ 0.003).

The antioxidant enzyme activities and MDA levels in
B. reticulatum homogenates living in the C. taxifolia
aquarium and in the P. oceanica aquarium without
caulerpenyne are shown in Table 2. We measured the
antioxidant enzyme activities—CAT, GPx, GR and GST—
as markers of oxidative stress. CAT presented similar
activities in animals from both aquariums (p ¼ 0.80). GPx
(10.871.0 vs. 13.970.8 nKat/mg prot, F(1,10) ¼ 5.49,
po0.05), GR (15.172.1 vs. 23.772.3 nKat/mg prot,
F(1,10) ¼ 7.43, p ¼ 0.02) and GST (211720 vs.
278724 nKat/mg prot, F(1,10) ¼ 5.26, po0.05) activities
were significantly higher in animals living in presence of
C. taxifolia respect to animals living in P. oceanica
aquarium. MDA concentration, used to evaluate the lipid
peroxidative status in caulerpenyne exposed and non-
exposed animals, showed no significant differences between
the two different environments (p ¼ 0.44).
Antioxidant enzyme activities in fronds of C. taxifolia

are presented in Table 3. CAT and GR activities
significantly increased in algae after cohabitating and
suffering from herbivorism by the presence of B. reticula-
tum. CAT activity increased from 10.370.7K/mg prot to
17.971.3K/mg prot (F(1,10) ¼ 25.9, po0.001), and GR
activity from 4.2870.37nKat/mg prot to 5.4070.43nKat/mg
prot (F(1,10) ¼ 5.44, p ¼ 0.042). GPx maintained the same
values in both environments (p ¼ 0.79).

4. Discussion

Field results reported the ingestion of C. taxifolia by the
gastropoda B. reticulatum. This result means a great
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Table 1
Mean 1–99 percentiles and range of probable contributions (proportion)
of primary producers to Bittium reticulatum diet

Mean 1–99 percentile Range

Caulerpa prolifera 0.219 0.00–0.55 0.00–0.95
Caulerpa taxifolia 0.211 0.00–0.65 0.00–0.99
Corallina sp. 0.078 0.00–0.35 0.00–0.45
Dictyota dichotoma 0.222 0.00–0.65 0.00–0.95
Halimeda tuna 0.102 0.00–0.45 0.00–0.70
Halopteris filicina 0.169 0.00–0.65 0.00–0.99
Padina pavonica 0.028 0.00–0.15 0.00–0.20
Posidonia oceanica 0.061 0.00–0.30 0.00–0.40
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Fig. 2. Caulerpenyne concentration in fronds from Caulerpa taxifolia
before and after exposure to Bittium reticulatum. Values were computed as
means7S.E.M. One-way ANOVA. *Significant differences between initial
and final concentration, po0.05.

Table 2
Antioxidant enzyme activities and MDA levels in Bittium reticulatum

P. oceanica C. taxifolia

CAT (K/mg prot) 43.175.1 44.974.5
GPx (nKat/mg prot) 10.871.0 13.970.8!

GR (nKat/mg prot) 15.172.1 23.772.3!

GST (nKat/mg prot) 211720 278724!

MDA (nmol/mg prot) 5.2370.62 6.0570.78

Antioxidant enzyme activities and MDA levels in Bittium reticulatum.
One-way ANOVA.
!Significant differences between Posidonia oceanica and C. taxifolia,

po0.05. Values were computed as means7S.E.M., po0.05.

Table 3
Antioxidant enzyme activities in Caulerpa taxifolia

P. oceanica C. taxifolia

CAT (K/mg prot) 10.370.7 17.971.3!

GPx (nKat/mg prot) 1.8570.19 1.7970.16
GR (nKat/mg prot) 4.2870.27 5.4070.43!

Antioxidant enzyme activities in fronds of Caulerpa taxifolia. One-way
ANOVA.
!Significant differences between Posidonia oceanica and C. taxifolia.

Values were computed as means7S.E.M., po0.05.
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Gastropod Bittium reticulatum	


Ecological markers: Reactive Oxygen Species ROS (oxidative stress biomarkers) and Stable Isotopes	


biomass, and can prevent the adequate oxygenation of rhizomes
thus affecting the vitality of P. oceanica (Ruiz and Romero, 2001).
The nearly complete coverage of P. oceanica leaves by L. lallemandii
is likely to reduce the irradiance reaching the seagrass, especially
the young leaves. Ruiz and Romero (2001) described that the
reduction of light availability promoted a reduction of the photo-
synthetic activity and a decrease of the sucrose content of
P. oceanica.

Cellular antioxidant status is used to evaluate the ability of
organisms to resist an environmental stress situation. It was well
established that cyanobacterial toxins produce adverse effects in
aquatic plants, as evidenced by increased antioxidant enzymes
and reduced photosynthetic oxygen production (Mitrovic et al.,
2004). It has been published that lophocladines from Lophocladia
exhibited cytotoxicity to several human cell lines (Gross et al.,
2006). Lipid peroxidation, measured by the amount of MDA, and
the levels of protein carbonyl derivatives are some of the most
important results of an attack by hydroxyl radicals. These variables
are considered markers of cellular damage (Geffard et al., 2001).
P. oceanica epiphytized by L. lallemandii appeared to undergo an
oxidative stress, since a significant increase in both MDA levels
and protein carbonyl derivates were observed. The antioxidant
mechanisms seemed to have been overwhelmed, since the antiox-
idant enzyme activities were not strong enough to prevent mem-
brane lipid peroxidation and protein oxidation.

GSH is a multifunctional thiol tri-peptide found in all eukary-
otes and it is involved in the defence against metal-stress (Okam-
oto et al., 2001). Its functions include: (a) antioxidant activity
against oxiradicals (Alscher, 1989), which are induced by some
metals, (b) the primary precursor for the formation of metal-com-
plexing thiol peptides, phytochelatins (Cobbett and Goldsbrough,
2002) and (c) complexation of metals by sulphydryl coordination
(Scott et al., 1993). In the present work, GSH concentration in
P. oceanica increased in the presence of L. lallemandii, probably as
a response to this stressful situation. GSH is tightly regulated in
P. oceanica leaves in order to maintain sufficiently high concentra-
tions for other essential cellular functions.

Chemical defences are a well known mechanism in algae to
avoid herbivorism and epiphytism (Dumay et al., 2002; Erickson
et al., 2006). It has been evidenced that algae produce higher con-
centrations of defensive compounds in areas subject to high herbi-
vore pressure (Paul and Fenical, 1986). Aside from the synthesis of
defensive metabolites, the production of ROS has been shown to
have a significant contribution towards the survival of algae

against pathogens (Bouarab et al., 2001; Küpper et al., 2002), It
has been suggested that the release of H2O2 may act as a chemical
defence against herbivores and epiphytes or as an allochemical in
direct competition with other algal species (Choo et al., 2005). Col-
len and Pedersen (1994) also reported the role of H2O2 in the for-
mation of volatile halogenated defensive compounds. H2O2 is a
longer-lasting reactive species electrically neutral and is able to
pass through cell membranes. Its longevity allows H2O2 to reach
considerable distances from its site of production (Wojtaszek,
1997). It has been demonstrated that ROS can be produced extra-
cellularly in terrestrial plants and in the marine macroalga Dasycla-
dus vermicularis (Scropoli) Krasser through the reaction of a cell
wall-bound peroxidase and plasma membrane bound NADPH oxi-
dase (Bolwell et al., 1998; Ross et al., 2006). In fact, the use of spe-
cific inhibitors of NADPH oxidase has confirmed the presence of an
NADPH oxidase system in various algal lineages (Küpper et al.,
2002; Ross et al., 2005). H2O2 has also been known to act as cellular
messenger for the induction of the antioxidant defence system in
response to oxidative stress (Forman and Torres, 2002). Mitrovic
et al. (2004) indicated that exposure of the aquatic plant Lemna
minor to cyanotoxins increases the formation of ROS during the
biotransformation of the toxin. The increase in H2O2 production
in epiphyted P. oceanica suggest that oxidative stress is a mecha-
nism involved in the interaction of the invasive L. lallemandii and
the seagrass P. oceanica. This increase of ROS could be a defensive
mechanism activated in the situation of host-epiphyte competence
induced by epiphytism, the presence of lophocladines in the envi-
ronment or the interaction of the two factors.

Antioxidant defence enzymes play an important role in cellular
antioxidant defence systems and protect from oxidative damage.
The increase of catalase, SOD and GPX activities is related to the
higher production of reactive oxygen species, which will be detox-
ified as result of the antioxidant reactions. Temperature, salinity,
heavy metals and pollutants are important environmental stress-
ors that can induce an activation of antioxidant mechanisms in
several species (Ferrat et al., 2003; Monserrat et al., 2007). It was
shown that seagrasses and particularly P. oceanica are very sensi-
tive to variations in environmental quality (Ferrat et al., 2003).
The great increase in MDA and carbonyl derivatives could be indic-
ative of hydroxyl radical attack altering the structures of lipids and
proteins. The higher increase in antioxidant enzyme activities were
in GPX probably as a result of its dual function, detoxifying lipid
hydroperoxides to alcohols and reducing free H2O2 to water. Mitro-
vic et al. (2004) demonstrated an inhibition of photosynthetic oxy-
gen production, which was dependent on the anatoxin-a
concentration. This reduction may have been due to the increased
formation of ROS and, consequently, to the oxygen consumption
during the toxin biotransformation. Increasing levels of ROS in P.
oceanica under L. lallemandii-epiphytism overwhelmed the antiox-
idant response and induced cellular damage, as the increased lipid
peroxidation and protein oxidation confirm. These results indicate
that the damage caused to lipids and proteins was not induced by a
breakdown of the system responsible for reducing ROS, because
antioxidant enzyme activities are increased in the presence of
the epiphyte. Instead the oxidative damage was caused by
increased oxidative stress through increased production of ROS.
Therefore, it can be hypothesized that the antioxidant status of
P. oceanica may play a role in the control of epiphytism. As the
epiphytes cover a greater part of the host plants, Posidonia’s photo-
synthetic performance and equally its antioxidant status will
diminish. This will result in the deterioration of the seagrass
meadows.

In conclusion, the regression of P. oceanica seagrass meadows
has been related to anthropogenic impacts such as eutrophication,
coastal constructions, anchoring, dumping, and sewage loads,
among others. Biological effects are also contributing to seagrass

Fig. 2. Representative image of Posidonia oceanica epiphyted by invasive Lophocl-
adia lallemandii.
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(Molecular probes!) with H2O2 in the presence of horseradish per-
oxidase. Assays were performed at 25 "C in a 96-well microplate
fluorimeter (FLx800, Bio-tek instruments!). Homogenates were
added in each well containing horseradish peroxidase 0.1 U ml!1

and Amplex Red reagent 10 lM. The rate of H2O2 production was
calculated using a standard curve of H2O2.

2.8. Statistical analysis

Statistical analysis was carried out using a statistical package
(SPSS 14.0 for Windows!). The statistical significance was com-
pared by one-way analysis of variance (ANOVA). Results are ex-
pressed as mean ±S.E.M. and p < 0.05 was considered statistically
significant.

3. Results

3.1. Mean biomass of invasive Lophocladia lallemandii

There was no presence of L. lallemandii in P. oceanica collected at
the control site. L. lallemandii biomass expressed as dry weight in
leaves of epiphytized P. oceanicawas 16.3 ± 2.1 g m!2. The ratio be-
tween P. oceanica biomass (including leaves, sheaths and rhi-
zomes) versus L. lallemandii biomass was 10.7 (174 g P. oceanica
DW/ 16.17 g L. lallemandii DW).

3.2. Posidonia oceanica shoot densities

There was no evidence of significant differences in P. oceanica
shoot densities collected at the control station in 2002 and in
2006 (Fig. 1). The presence of L. lallemandii induced an important
reduction of shoot densities in medium spatial scale with signifi-
cant differences between epiphytized P. oceanica plots and control
plots (270 ± 10 shoots/m2 and 571 ± 15 shoots/m2 respectively,
p < 0.05).

3.3. Markers of oxidative damage

The concentration of MDA and the concentration of protein car-
bonyl derivatives (Table 1) were significantly higher in the leaves
of P. oceanica epiphytized by L. lallemandii compared to the leaves
of P. oceanica without the epiphyte (p < 0.05).

3.4. GSH concentration

The leaves of P. oceanica epiphytized by L. lallemandii had a
higher GSH concentration (Table 1) than the leaves of P. oceanica
without the epiphyte (p < 0.05).

3.5. Antioxidant enzyme activities

All antioxidant enzyme activities measured – Catalase, GPX and
SOD – (Table 1) were significantly higher in the leaves of P. ocea-
nica epiphytized by L. lallemandii compared to the leaves of P. oce-
anica control shoots (p < 0.05).

3.6. H2O2. production

We measured the H2O2 production, and the results, expressed
as pmols of H2O2 mg protein!1 min!1, are presented in Table 1.
Samples of P. oceanica with the epiphyte L. lallemandii generated
more H2O2 than samples where this epiphyte was absent
(p < 0.05).

4. Discussion

Shoots of P. oceanica were collected in Dragonera Island
(Western Mediterranean) from two contrasting conditions, with
and without the invasive epiphytic macroalgaeL. lallemandii. Visual
inspection of L. lallemandii epiphytized P. oceanica indicated that
the epiphytized shoots had shorter leaves and lower shoot densi-
ties (Fig. 2) than in those locations where the shoots were not
epiphytized by L. lallemandii. Our observations were consistent
with those of Ballesteros et al. (2007) that showed a decrease in
size and weight of shoots, as well as leaf chlorosis, leaf necrosis,
and shoot death in those shoots epiphytized by L. lallemandii.

The epiphytism of L. lallemandii over P. oceanica leaves is mainly
in the summer and autumn due to the tropical affinities of genus
Lophocladia, with higher summer temperatures suitable for its
development (Cebrian and Ballesteros, 2007). L. lallemandii reduces
its epiphytism rates during winter and spring, mainly disappearing
from leaves and remaining restricted to the rhizome stratum.
Therefore, the effect of L. lallemandii on P. oceanica is mainly con-
fined to periods of high water temperatures, whereas during win-
ter and spring, P. oceanica do no longer suffer the negative effects of
L. lallemandii (Ballesteros et al., 2007). Consequently the antioxi-
dant response measured due to the epiphytism is temporally
restricted to summer and autumn.

Seagrasses are known to be affected by the epiphytic growth of
benthic algae (Ozimek et al., 1991). Hypoxic or anoxic conditions
induced by shading reduced photosynthetic activity and leaf
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Fig. 1. Mean shoots densities in Posidonia oceanicameadows determined in October
2002 and 2006 in the control station and in 2006 in the epiphytized station. Values
are expressed as mean shoots densities/m2 ± s.e.m. N = 10 samples in each location.
(*) Indicates significant differences respect control station in 2006, One-way
ANOVA, p < 0.05.

Table 1
Oxidative damage markers and antioxidant system in Posidonia oceanica

P. oceanica P. oceanica + L.
lallemandii

MDA (nmol/mg prot) 5.75 ± 0.27 8.28 ± 0.80"

Protein carbonyl derivates (nmol/mg
prot)

4.57 ± 0.47 9.47 ± 0.89"

GSH (nmol/g prot) 76.7 ± 4.7 101 ± 6"

Catalase (mK/mg prot) 71.2 ± 6.3 91.3 ± 6.9"

GPX (nKat/mg prot) 0.90 ± 0.09 1.71 ± 0.17"

SOD (pKat/mg prot) 7.67 ± 0.36 9.73 ± 0.45"

H2O2 (pmol/min#mg prot) 3.73 ± 0.36 4.62 ± 0.42"

Markers of oxidative damage (MDA concentration protein carbonyl derivates), GSH
concentration, antioxidant enzyme activities (Catalase, GPX and SOD) and H2O2

generation in the leaves of Posidonia oceanica not epiphytized and epiphytized by
Lophocladia lallemandii. Values are expressed as means ±S.E.M, n = 8 samples in each
location. (*) Indicates significant differences, One-way ANOVA, p < 0.05.

A. Sureda et al. /Marine Environmental Research 66 (2008) 359–363 361

(Molecular probes!) with H2O2 in the presence of horseradish per-
oxidase. Assays were performed at 25 "C in a 96-well microplate
fluorimeter (FLx800, Bio-tek instruments!). Homogenates were
added in each well containing horseradish peroxidase 0.1 U ml!1

and Amplex Red reagent 10 lM. The rate of H2O2 production was
calculated using a standard curve of H2O2.

2.8. Statistical analysis

Statistical analysis was carried out using a statistical package
(SPSS 14.0 for Windows!). The statistical significance was com-
pared by one-way analysis of variance (ANOVA). Results are ex-
pressed as mean ±S.E.M. and p < 0.05 was considered statistically
significant.

3. Results

3.1. Mean biomass of invasive Lophocladia lallemandii

There was no presence of L. lallemandii in P. oceanica collected at
the control site. L. lallemandii biomass expressed as dry weight in
leaves of epiphytized P. oceanicawas 16.3 ± 2.1 g m!2. The ratio be-
tween P. oceanica biomass (including leaves, sheaths and rhi-
zomes) versus L. lallemandii biomass was 10.7 (174 g P. oceanica
DW/ 16.17 g L. lallemandii DW).

3.2. Posidonia oceanica shoot densities

There was no evidence of significant differences in P. oceanica
shoot densities collected at the control station in 2002 and in
2006 (Fig. 1). The presence of L. lallemandii induced an important
reduction of shoot densities in medium spatial scale with signifi-
cant differences between epiphytized P. oceanica plots and control
plots (270 ± 10 shoots/m2 and 571 ± 15 shoots/m2 respectively,
p < 0.05).

3.3. Markers of oxidative damage

The concentration of MDA and the concentration of protein car-
bonyl derivatives (Table 1) were significantly higher in the leaves
of P. oceanica epiphytized by L. lallemandii compared to the leaves
of P. oceanica without the epiphyte (p < 0.05).

3.4. GSH concentration

The leaves of P. oceanica epiphytized by L. lallemandii had a
higher GSH concentration (Table 1) than the leaves of P. oceanica
without the epiphyte (p < 0.05).

3.5. Antioxidant enzyme activities

All antioxidant enzyme activities measured – Catalase, GPX and
SOD – (Table 1) were significantly higher in the leaves of P. ocea-
nica epiphytized by L. lallemandii compared to the leaves of P. oce-
anica control shoots (p < 0.05).

3.6. H2O2. production

We measured the H2O2 production, and the results, expressed
as pmols of H2O2 mg protein!1 min!1, are presented in Table 1.
Samples of P. oceanica with the epiphyte L. lallemandii generated
more H2O2 than samples where this epiphyte was absent
(p < 0.05).

4. Discussion

Shoots of P. oceanica were collected in Dragonera Island
(Western Mediterranean) from two contrasting conditions, with
and without the invasive epiphytic macroalgaeL. lallemandii. Visual
inspection of L. lallemandii epiphytized P. oceanica indicated that
the epiphytized shoots had shorter leaves and lower shoot densi-
ties (Fig. 2) than in those locations where the shoots were not
epiphytized by L. lallemandii. Our observations were consistent
with those of Ballesteros et al. (2007) that showed a decrease in
size and weight of shoots, as well as leaf chlorosis, leaf necrosis,
and shoot death in those shoots epiphytized by L. lallemandii.

The epiphytism of L. lallemandii over P. oceanica leaves is mainly
in the summer and autumn due to the tropical affinities of genus
Lophocladia, with higher summer temperatures suitable for its
development (Cebrian and Ballesteros, 2007). L. lallemandii reduces
its epiphytism rates during winter and spring, mainly disappearing
from leaves and remaining restricted to the rhizome stratum.
Therefore, the effect of L. lallemandii on P. oceanica is mainly con-
fined to periods of high water temperatures, whereas during win-
ter and spring, P. oceanica do no longer suffer the negative effects of
L. lallemandii (Ballesteros et al., 2007). Consequently the antioxi-
dant response measured due to the epiphytism is temporally
restricted to summer and autumn.

Seagrasses are known to be affected by the epiphytic growth of
benthic algae (Ozimek et al., 1991). Hypoxic or anoxic conditions
induced by shading reduced photosynthetic activity and leaf
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Fig. 1. Mean shoots densities in Posidonia oceanicameadows determined in October
2002 and 2006 in the control station and in 2006 in the epiphytized station. Values
are expressed as mean shoots densities/m2 ± s.e.m. N = 10 samples in each location.
(*) Indicates significant differences respect control station in 2006, One-way
ANOVA, p < 0.05.

Table 1
Oxidative damage markers and antioxidant system in Posidonia oceanica

P. oceanica P. oceanica + L.
lallemandii

MDA (nmol/mg prot) 5.75 ± 0.27 8.28 ± 0.80"

Protein carbonyl derivates (nmol/mg
prot)

4.57 ± 0.47 9.47 ± 0.89"

GSH (nmol/g prot) 76.7 ± 4.7 101 ± 6"

Catalase (mK/mg prot) 71.2 ± 6.3 91.3 ± 6.9"

GPX (nKat/mg prot) 0.90 ± 0.09 1.71 ± 0.17"

SOD (pKat/mg prot) 7.67 ± 0.36 9.73 ± 0.45"

H2O2 (pmol/min#mg prot) 3.73 ± 0.36 4.62 ± 0.42"

Markers of oxidative damage (MDA concentration protein carbonyl derivates), GSH
concentration, antioxidant enzyme activities (Catalase, GPX and SOD) and H2O2

generation in the leaves of Posidonia oceanica not epiphytized and epiphytized by
Lophocladia lallemandii. Values are expressed as means ±S.E.M, n = 8 samples in each
location. (*) Indicates significant differences, One-way ANOVA, p < 0.05.
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Invasive Lophocladia 
lallemandii epiphytes 
Posidonia oceanica 	


macroalgae: C. prolifera, Padina pavonica, Halimeda tuna,
Halopteis filicina, Corallina sp., Dictyota dichotoma and the
seagrass P. oceanica. All these primary producers were
used for stable isotopes analyses.

Mixing model (Isosource) outputs for d13C and d15N
showed that D. dichotoma, C. prolifera and C. taxifolia
were the main algae contributing to the diet of the
gastropoda B. reticulatum (Table 1). D. dichotoma con-
tributed with 22%, C. prolifera with 22% and C. taxifolia
with 21% to the diet of B. reticulatum living in the areas
with C. taxifolia, whereas the contribution of P. oceanica in
this area was only 6%. These results suggested an
herbivorous pressure over the invasive macroalgae
C. taxifolia associated to the presence of B. reticulatum and
consequently supports the aquarium experiments about the
herbivorous pressure of B. reticulatum over C. taxifolia.

In the aquarium study, fronds and stolons of Caulerpa
growing in the aquariums with B. reticulatum showed
signals of herbivorism with visual evidence of Bittium
feeding.

Caulerpenyne concentration measured in fronds from
C. taxifolia is presented in Fig. 2. No caulerpenyne was
detected in the seagrass P. oceanica. The levels of
caulerpenyne were significantly higher in fronds of
C. taxifolia at the end of the experiment after 1 week of
cohabitate C. taxifolia with B. reticulatum (initial values:
3.3370.43mg caulerpenyne/gDW, final values: 6.287
0.61mg caulerpenyne/gDW, F(1,10) ¼ 15.2, p ¼ 0.003).

The antioxidant enzyme activities and MDA levels in
B. reticulatum homogenates living in the C. taxifolia
aquarium and in the P. oceanica aquarium without
caulerpenyne are shown in Table 2. We measured the
antioxidant enzyme activities—CAT, GPx, GR and GST—
as markers of oxidative stress. CAT presented similar
activities in animals from both aquariums (p ¼ 0.80). GPx
(10.871.0 vs. 13.970.8 nKat/mg prot, F(1,10) ¼ 5.49,
po0.05), GR (15.172.1 vs. 23.772.3 nKat/mg prot,
F(1,10) ¼ 7.43, p ¼ 0.02) and GST (211720 vs.
278724 nKat/mg prot, F(1,10) ¼ 5.26, po0.05) activities
were significantly higher in animals living in presence of
C. taxifolia respect to animals living in P. oceanica
aquarium. MDA concentration, used to evaluate the lipid
peroxidative status in caulerpenyne exposed and non-
exposed animals, showed no significant differences between
the two different environments (p ¼ 0.44).
Antioxidant enzyme activities in fronds of C. taxifolia

are presented in Table 3. CAT and GR activities
significantly increased in algae after cohabitating and
suffering from herbivorism by the presence of B. reticula-
tum. CAT activity increased from 10.370.7K/mg prot to
17.971.3K/mg prot (F(1,10) ¼ 25.9, po0.001), and GR
activity from 4.2870.37nKat/mg prot to 5.4070.43nKat/mg
prot (F(1,10) ¼ 5.44, p ¼ 0.042). GPx maintained the same
values in both environments (p ¼ 0.79).

4. Discussion

Field results reported the ingestion of C. taxifolia by the
gastropoda B. reticulatum. This result means a great

ARTICLE IN PRESS

Table 1
Mean 1–99 percentiles and range of probable contributions (proportion)
of primary producers to Bittium reticulatum diet

Mean 1–99 percentile Range

Caulerpa prolifera 0.219 0.00–0.55 0.00–0.95
Caulerpa taxifolia 0.211 0.00–0.65 0.00–0.99
Corallina sp. 0.078 0.00–0.35 0.00–0.45
Dictyota dichotoma 0.222 0.00–0.65 0.00–0.95
Halimeda tuna 0.102 0.00–0.45 0.00–0.70
Halopteris filicina 0.169 0.00–0.65 0.00–0.99
Padina pavonica 0.028 0.00–0.15 0.00–0.20
Posidonia oceanica 0.061 0.00–0.30 0.00–0.40

8

4

0
Initial Final

C
a
u

le
rp

e
n
y

n
e
 (

m
g

/g
D

W
)

*

Fig. 2. Caulerpenyne concentration in fronds from Caulerpa taxifolia
before and after exposure to Bittium reticulatum. Values were computed as
means7S.E.M. One-way ANOVA. *Significant differences between initial
and final concentration, po0.05.

Table 2
Antioxidant enzyme activities and MDA levels in Bittium reticulatum

P. oceanica C. taxifolia

CAT (K/mg prot) 43.175.1 44.974.5
GPx (nKat/mg prot) 10.871.0 13.970.8!

GR (nKat/mg prot) 15.172.1 23.772.3!

GST (nKat/mg prot) 211720 278724!

MDA (nmol/mg prot) 5.2370.62 6.0570.78

Antioxidant enzyme activities and MDA levels in Bittium reticulatum.
One-way ANOVA.
!Significant differences between Posidonia oceanica and C. taxifolia,

po0.05. Values were computed as means7S.E.M., po0.05.

Table 3
Antioxidant enzyme activities in Caulerpa taxifolia

P. oceanica C. taxifolia

CAT (K/mg prot) 10.370.7 17.971.3!

GPx (nKat/mg prot) 1.8570.19 1.7970.16
GR (nKat/mg prot) 4.2870.27 5.4070.43!

Antioxidant enzyme activities in fronds of Caulerpa taxifolia. One-way
ANOVA.
!Significant differences between Posidonia oceanica and C. taxifolia.

Values were computed as means7S.E.M., po0.05.
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IgG) conjugate directed against the primary antibody. After that, the
membranes were treated with luminol and the light produced was
detected by short exposure to a Molecular Imager Chemidoc XRS
(Bio-Rad Laboratories). Image analysis was performed using Quan-
tity One-1D analysis software (Bio-Rad Laboratories). Carbonyl
levels of the control group were arbitrarily referred to as 100%.

2.7. 8-Hydroxy-20-deoxyguanosine (8-OHdG)

The supernatant from the gonad homogenates was used to
detect 8-OHdG concentration (ng/mg protein) using a competitive
enzyme-linked immunosorbent assay kit following the instructions
of the manufacturer (Assay Designs, Inc., MI, USA). This kit employs
a monoclonal antibody specific for 8-OHdG quantification. The final
absorbance was measured at 450 nm. 8-OHdG concentration was
obtained using a standard curve of known concentration.

2.8. Statistical analysis

Statistical analysis was carried out using a statistical package
(SPSS 18.0 for Windows!). A ShapiroeWilk W-test was applied to
assess the normal distribution of the data, thus preventing a type 2
error test. The statistical significance of the data was assessed by
one-way ANOVA. When significant differences were found, DMS
post-hoc testing was used to determine the differences between
the groups involved. Results were expressed as mean ! S.D. and
p < 0.05 was considered statistically significant.

3. Results

Antioxidant enzyme activities determined in the gonad
homogenates of the sea urchins are reported in Table 1. No signif-
icant differences in any activity were evidenced between the
control group and the group fed with P. oceanica. No significant
differences we evidenced in CAT activity. SOD activity was signifi-
cantly increased in the L. lallemandii group when compared with
the control group and P. oceanica groups (p < 0.05). GPX and
GR activities were significantly higher in sea urchins fed with
C. racemosa and L. lallemandii when compared with the control
group and P. oceanica groups, and GR activity was higher in
L. lallemandii respect to C. racemosa group (p < 0.05).

GST activity in the gonads of P. lividus was presented in Fig. 1.
GST activity was significantly higher in sea urchins fed with
C. racemosa and L. lallemandii when compared with the control
group and P. oceanica groups, and this activity was also higher in
L. lallemandii compared with C. racemosa group (p < 0.05).

The levels of GSH are reported in Fig. 2. No significant differ-
ences were evidenced between control and P. oceanica groups. GSH

levels were significantly higher in sea urchins fed with C. racemosa
and L. lallemandii, and the levels were also higher in L. lallemandii
respect to C. racemosa group (p < 0.05).

The markers of oxidative damageelevels of MDA, protein
carbonyl derivates and 8-OHdGein gonads of the sea urchins are
presented in Table 2. No significant differences were observed
between any of the analyzed groups.

4. Discussion

The current study showed that the invasive macroalgae L. lal-
lemandii and C. racemosa intake could induce antioxidant adapta-
tions in the sea urchin P. lividus, without evident signs of cellular
damage in the macromoleculeselipids, proteins and DNAeof the
gonads. It was evidenced that generalist native herbivores can
incorporate alien species into their diet which can contribute to
suppress the spread of these invaders (Parker et al., 2006).
However, in a recent study it was reported that P. lividus showed
a preferential feeding on the native seagrass when compared with
exotic algae (Tomas et al., 2011). The spread of alien species causes
ecological changes threating biodiversity (Parker et al., 1999). This
scenario is especially acute at the Mediterranean with 955 intro-
duced species (Zenetos et al., 2010), among which macroalgae
(Boudouresque and Verlaque, 2002) are of special concern by
altering ecosystem structure and function and developing into

Table 1
Antioxidant enzyme activities.

Control P. oceanica C. racemosa L. lallemandii

Catalase (K (s"1)/mg
protein)

101 ! 25 104 ! 32 123 ! 29 124 ! 35

Superoxide dismutase
(pmol/min/mg
protein)

0.95 ! 0.08 0.97 ! 0.10 1.08 ! 0.24 1.24 ! 0.30*

Glutathione peroxidase
(nmol/min/mg
protein)

1.11 ! 0.11 1.19 ! 0.11 1.38 ! 0.18* 1.54 ! 0.21*

Glutathione reductase
(nmol/min/mg
protein)

2.85 ! 0.84 2.78 ! 0.78 5.25 ! 1.34* 7.15 ! 1.67*,#

Enzymatic activities determined in the gonad homogenates of the sea urchin
Paracentrotus lividus. *p < 0.05 when compared with control and P. oceanica
(one-way ANOVA analysis). #p < 0.05 when compared with C. racemosa. Values are
expressed as mean ! S.D.

Fig. 1. Glutathione S-transferase (GST) activity in gonads of Paracentrotus lividus.
Values were computed as means ! S.D. One-way ANOVA. *Significant differences
respect control and Posidonia oceanic groups. # Significant differences between
C. racemosa and L. lallemandii groups, p < 0.05.

Fig. 2. Reduced glutathione (GSH) levels in gonads of Paracentrotus lividus. Values
were computed as means ! S.D. One-way ANOVA. *Significant differences respect
control and Posidonia oceanic groups. # Significant differences between C. racemosa
and L. lallemandii groups, p < 0.05.
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tity One-1D analysis software (Bio-Rad Laboratories). Carbonyl
levels of the control group were arbitrarily referred to as 100%.

2.7. 8-Hydroxy-20-deoxyguanosine (8-OHdG)

The supernatant from the gonad homogenates was used to
detect 8-OHdG concentration (ng/mg protein) using a competitive
enzyme-linked immunosorbent assay kit following the instructions
of the manufacturer (Assay Designs, Inc., MI, USA). This kit employs
a monoclonal antibody specific for 8-OHdG quantification. The final
absorbance was measured at 450 nm. 8-OHdG concentration was
obtained using a standard curve of known concentration.

2.8. Statistical analysis

Statistical analysis was carried out using a statistical package
(SPSS 18.0 for Windows!). A ShapiroeWilk W-test was applied to
assess the normal distribution of the data, thus preventing a type 2
error test. The statistical significance of the data was assessed by
one-way ANOVA. When significant differences were found, DMS
post-hoc testing was used to determine the differences between
the groups involved. Results were expressed as mean ! S.D. and
p < 0.05 was considered statistically significant.

3. Results

Antioxidant enzyme activities determined in the gonad
homogenates of the sea urchins are reported in Table 1. No signif-
icant differences in any activity were evidenced between the
control group and the group fed with P. oceanica. No significant
differences we evidenced in CAT activity. SOD activity was signifi-
cantly increased in the L. lallemandii group when compared with
the control group and P. oceanica groups (p < 0.05). GPX and
GR activities were significantly higher in sea urchins fed with
C. racemosa and L. lallemandii when compared with the control
group and P. oceanica groups, and GR activity was higher in
L. lallemandii respect to C. racemosa group (p < 0.05).

GST activity in the gonads of P. lividus was presented in Fig. 1.
GST activity was significantly higher in sea urchins fed with
C. racemosa and L. lallemandii when compared with the control
group and P. oceanica groups, and this activity was also higher in
L. lallemandii compared with C. racemosa group (p < 0.05).

The levels of GSH are reported in Fig. 2. No significant differ-
ences were evidenced between control and P. oceanica groups. GSH

levels were significantly higher in sea urchins fed with C. racemosa
and L. lallemandii, and the levels were also higher in L. lallemandii
respect to C. racemosa group (p < 0.05).

The markers of oxidative damageelevels of MDA, protein
carbonyl derivates and 8-OHdGein gonads of the sea urchins are
presented in Table 2. No significant differences were observed
between any of the analyzed groups.

4. Discussion

The current study showed that the invasive macroalgae L. lal-
lemandii and C. racemosa intake could induce antioxidant adapta-
tions in the sea urchin P. lividus, without evident signs of cellular
damage in the macromoleculeselipids, proteins and DNAeof the
gonads. It was evidenced that generalist native herbivores can
incorporate alien species into their diet which can contribute to
suppress the spread of these invaders (Parker et al., 2006).
However, in a recent study it was reported that P. lividus showed
a preferential feeding on the native seagrass when compared with
exotic algae (Tomas et al., 2011). The spread of alien species causes
ecological changes threating biodiversity (Parker et al., 1999). This
scenario is especially acute at the Mediterranean with 955 intro-
duced species (Zenetos et al., 2010), among which macroalgae
(Boudouresque and Verlaque, 2002) are of special concern by
altering ecosystem structure and function and developing into

Table 1
Antioxidant enzyme activities.

Control P. oceanica C. racemosa L. lallemandii

Catalase (K (s"1)/mg
protein)

101 ! 25 104 ! 32 123 ! 29 124 ! 35

Superoxide dismutase
(pmol/min/mg
protein)

0.95 ! 0.08 0.97 ! 0.10 1.08 ! 0.24 1.24 ! 0.30*

Glutathione peroxidase
(nmol/min/mg
protein)

1.11 ! 0.11 1.19 ! 0.11 1.38 ! 0.18* 1.54 ! 0.21*

Glutathione reductase
(nmol/min/mg
protein)

2.85 ! 0.84 2.78 ! 0.78 5.25 ! 1.34* 7.15 ! 1.67*,#

Enzymatic activities determined in the gonad homogenates of the sea urchin
Paracentrotus lividus. *p < 0.05 when compared with control and P. oceanica
(one-way ANOVA analysis). #p < 0.05 when compared with C. racemosa. Values are
expressed as mean ! S.D.

Fig. 1. Glutathione S-transferase (GST) activity in gonads of Paracentrotus lividus.
Values were computed as means ! S.D. One-way ANOVA. *Significant differences
respect control and Posidonia oceanic groups. # Significant differences between
C. racemosa and L. lallemandii groups, p < 0.05.

Fig. 2. Reduced glutathione (GSH) levels in gonads of Paracentrotus lividus. Values
were computed as means ! S.D. One-way ANOVA. *Significant differences respect
control and Posidonia oceanic groups. # Significant differences between C. racemosa
and L. lallemandii groups, p < 0.05.
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Echinoderm Paracentrotus lividus	


Bryozoan Reteporella grimaldii	


higher than those at invaded seagrasses (13.39

colonies m-2 ± 1.09; one-way ANOVA; P\ 0.05;

Fig. 2).
The patterns of spatial distribution of Reteporella

grimaldii at noninvaded versus invaded seagrass beds

clearly differ at the invasion level and among sites
(ANOVA, P\ 0.01; Table 1). On the contrary,

differences among transects nested in sites were not

encountered (Table 1).
Linear regression on Posidonia oceanica shoot

densities and Reteporella grimaldii abundance

(Fig. 3) show a fourfold decrease in the number of
colonies in denser seagrass beds. There is an average

of 5 colonies corresponding to seagrass densities

of 250–350 shoots m-2 for invaded plots, increasing
to 15–20 colonies in dense meadows of 500–

600 shoots m-2 corresponding to noninvaded plots
(Fig. 3).

Antioxidant enzyme activities and MDA concen-

tration are presented in Table 2. Reteporella
grimaldii living in Lophocladia lallemandii plots

presented higher CAT and GPx activities compared

with R. grimaldii from Posidonia oceanica plots.

Fig. 2 Mean number of Reteporella grimaldii colonies per m2

at sampling sites 1, 2, and 3 in Posidonia oceanica meadows
(grey bars) and Posidonia oceanica meadows invaded by
Lophocladia lallemandii (white bars)

Table 1 Nested multifactorial analysis of variance on mean
number of colonies of Reteporella grimaldii at noninvaded
Posidonia oceanica seagrass plots and at plots invaded by
Lophocladia lallemandii

Source of variation df MS F P

Invasion 1 17,136.30 790.805 0.000

Site 2 33.10 1.527 0.210

Transect (invasion 9 site) 42 48.05 2.217 0.000

Residual 432 21.67

Cohran’s test (C) 0.0009

Significant effects are indicated in bold

Fig. 3 Linear regression between Posidonia oceanica shoot
density and Reteporella grimaldii abundance. m colonies at
noninvaded Posidonia oceanica meadows; j colonies at
Posidonia oceanica meadows invaded by Lophocladia
lallemandii

Table 2 Antioxidant enzyme activities and MDA concentra-
tion in Reteporella grimaldii (n = 8 colonies)

Reteporella
noninvaded

Reteporella ? Lophocladia

Catalase 65.5 ± 7.3 113 ± 9*

SOD 3.61 ± 0.34 4.61 ± 0.51

GPX 4.31 ± 0.15 5.2 ± 0.30*

MDA 0.80 ± 0.06 1.08 ± 0.03*

Catalase (mK/mg prot), SOD (pKat/mg prot), GPX (nKat/mg
prot) activities, and MDA concentration (nmol/mg prot) in
Reteporella grimaldii invaded and noninvaded by Lophocladia
lallemandii

* Significant differences between plots (one-way ANOVA,
P\ 0.05). Mean ± SEM

Fig. 4 Relative contributions of carbon and nitrogen sources to
Reteporella grimaldii at Posidonia oceanica seagrass plots and
Lophocladia lallemandii plots based onmean stable isotope values
(±standard deviation). All possible sources were represented: m
POM particulate organic matter, seagrass detritus = detritus from
Posidonia oceanica, L. lallemandii = Lophocladia lallemandii
samples, P. oceanica = Posidonia seagrass samples; s for
RL = Reteporella grimaldii from invaded plots by Lophocladia
lallemandii, RP = Reteporella grimaldii from noninvaded plots
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Energy fluxes- Trophic web changes	


Invasive macroalgae generate trophic web changes	


For the EROD assay livers were homogenised in homogenisation
buffer (50 mM Tris–HCl, KCl 150 mM, pH 7.4) and centrifuged at
10,000 g for 20 min at 4 °C. The supernatant was then centrifuged for
60 min at 100,000 g at 4 °C. Precipitate was recovered and
resuspended in 100 mM phosphate buffer, 20% glycerol, pH 8.0. The
EROD assay was performed using a Bio-Tek Fluorescence Microplate
Reader (BioTek Instruments). The fluorescence of coumarin was
determined by measuring the excitation at emission wavelengths of
360 and 460 nm.

Malondialdehyde (MDA), a marker of lipid peroxidation, was
analysed by a MDA-specific colorimetric assay kit (Calbiochem, San
Diego, CA, USA) following the manufacturer's instructions. Briefly, liver
homogenates or standard were placed in glass tubes containing n-
methyl-2-phenylindole (10.3 mM) in acetonitril:methanol (3:1). HCl
12 Nwas added and sampleswere incubated for 1 h at 45 °C (Ince et al.,
2007). Absorbance was measured at 586 nm. The MDA concentration
was calculated using a standard curve of known concentration.

2.7. Statistical analysis

Differences in antioxidant response and isotopic composition at
invaded and non-invaded sites were compared by nested multifac-
torial ANOVA (STATISTICA, 7.0). The factors considered were Invasion
(fixed, two levels: invaded sites and non-invaded sites) and Site
(random, nested in “Invasion”, two levels, sites). Size related changes
in the prey frequency of occurrence, preys relative abundance and
isotopic signatures were tested to establish size classes ranges if
necessary.

To determine which of themost frequent and abundant prey in the
stomach contents (i.e. C. racemosa, shrimps, squat lobsters and
polychaetes, among others) were assimilated by S. cantharus at each
site (invaded/non-invaded), we estimated the potential contributions
for each source by isotope mixing models using IsoSource version
1.3.1 software (Phillips and Gregg, 2003). The model was used to
estimate the potential contributions of most frequent preys observed
in S. cantharus stomach contents. For each prey, the mean, 1st to 99th
percentiles and range of probability contributions to the consumer at
increments of 1% were determined (Decottignies et al., 2007; Ince
et al., 2007; Pitt et al., 2008). Tolerance was calculated as half this
amount (0.5* increment*maximum differences between sources)
(Phillips and Gregg, 2001; Decottignies et al., 2007). In the absence
of consumer-specific isotope discrimination factors an assumed
discrimination of 1.3‰ was applied for carbon (McCutchan et al.,
2003). Trophic fractionation is much larger for δ15N than for δ13C
(McCutchan et al., 2003; Behringer and Butler, 2006), so this must be
corrected based on a reported average fractionation increase of 2.2‰
per trophic level; the precise value depends on the diet as it can be
higher when feeding on invertebrates or high-protein diets
(McCutchan et al., 2003; Li and Dudgeon, 2008) which provide
much better information in the IsoSource analyses.

3. Results

3.1. Presence of C. racemosa in the stomach contents

In the preliminary survey to locate sampling areas, C. racemosa was
absent from the stomach contents of individuals from Ibiza (n=10),
Formentera (n=12) and Mallorca (north coast) (n=25) while
individuals from Palma Bay (n=30) and SanTelmo (n=5) contained
C. racemosa in the stomach contents. Due to the low number of captures
in SanTelmo two invaded sites were located in Palma Bay. The two non-
invaded sites were located on the north coast of Mallorca.

Sampling in Palma Bay and Mallorca North coast involved the
capture of 160 individuals and the analyses their stomach content. C.
racemosa was present in the stomach of a total of 76.3% of the
individuals captured at invaded sites. The size (TL) of S. cantharus in

the invaded area ranged from 12 to 24 cm. No size differences were
observed in the prey frequency of occurrence for each locality. No
differences in the frequency of occurrence of C. racemosa in the
stomach contents were observed between the two invaded sites. In
both invaded and non-invaded areas the most frequent prey in the
stomach contents were shrimps (Caridea) (frequency of occurrence
57.89% and 78.32% respectively), squat lobsters (Anomura) (frequen-
cy of occurrence 10.53% and 30.21% respectively) and polychaetes
(Aciculata) (frequency of occurrence 15.79% and 7.10% respectively).
Other macroalgae (mainly rodophyta) were also present in the
stomach contents both in invaded and non invaded sites (frequency of
occurrence 18.42% and 10.00% respectively).

A total of 550 invertebrate preys had been observed in the S.
cantharus stomach contents; 330 invertebrates prey in C. racemosa
invaded sites and 220 in the control sites. No size differences were
observed in the prey relative abundance for each treatment. Caridea
invertebrate preys showed the highest relative abundance both in
invaded and non invaded sites (54.64% and 57.07% respectively).
Respect to the others category preys in invaded and non invaded sites,
the relative abundance of polychaetes was 7.49% and 5.00% (respec-
tively), for squad lobsters 10.49% and 15.80% (respectively). Amphi-
pods also presented an important relative abundance in invaded sites
3.33% and non-invaded sites 2.00%. The relative abundance in the
stomach contents of nematodes was also remarkable with 2.12% in
invaded sites and 3.01% in control sites. Other category preys
observed in the stomach contents were amphipods, crabs, sipuncu-
lids, isopods, mysids, copepods, ostracods and chaetognaths.

3.2. Stable isotope analyses

S. cantharus from the same locality did not present size differences
in the isotopic signatures. According to this result and that no
differences in prey frequency of occurrence were observed, no size
intervals were considered. There were differences in the δ13C, δ15N
and the C:N ratio of muscle between invaded and non-invaded sites.
The δ13C and C:N ratio also differed between sites of the same
invasion status (Table 1). δ13C values varied between treatments,
being enriched at invaded sites (−16.67‰±0.09) compared with
non-invaded sites (−17.67‰±0.08). Likewise the δ15N signatures
varied with mean values of 10.22‰±0.22 for invaded localities and
low values for the non-invaded ones (9.32‰±0.18) (Fig. 2).
The isotopic signature at the invaded sites ranged from −17.29‰ to
−15.44‰ for δ13C, and from 9.12‰ to 14.45‰ for δ15N. Conversely,
values for the non-invaded sites ranged between −18.01‰ and
−16.68‰ for 13C isotopic signatures and between 5.75‰ and 10.37‰
for 15N. The C:N ratios exhibited a narrow range of variability between
S. cantharus in invaded and non-invaded sites, being 1.97–2.12 and
1.92–2.1, respectively. The mean C:N values (±SE) obtained
at invaded sites was 2.01±0.0002 while at non-invaded sites it was
1.96±0.009.

Analysis of the contributions of food sources using the IsoSource
routine showed differences in carbon and nitrogen sources in S.
cantharus related to their origin from invaded/control sites. C. racemosa
mean contribution was 20.7±16.2% and 6.6±5.8% respectively to the
total carbon and nitrogen sources in the fish from invaded sites. The
main sources of carbon and nitrogen for S. cantharus at invaded and

Table 1
Nested multifactorial analysis of variance of isotopic composition (δ C13, δ N15 and C:N
ratio).

df δC13 δN15 C:N

Invaded 1 14.55*** 11.91*** 0.045***
Site (invaded) 2 0.86** 2.32 0.012**
Error 48 0.12 0.89 0.001

MS means square, ***p<0.001 **p<0.01 *p<0.05.
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20 to 40 m (over coralligenous bottoms and rocky reefs) which could
also act as a barrier against predators of invertebrates (authors
personal observations).

Isotopic values provide information related to shifts in food
sources (Pinnegar and Polunin, 2000; Deudero et al., 2004) of
S. cantharus. The isotopic composition of the fish was similar between
sites with equal treatments but differed between invaded/non-
invaded sites. The main food sources for S. cantharus were
invertebrates such as squad lobsters (Galathea spp.), shrimps and
polychaetes. The contribution of C. racemosa as a carbon and nitrogen
food source was low, despite the high frequency of occurrence in the
stomach contents. The contribution of δ13C by C. racemosa was in the
same range as other invertebrate food sources (shrimps and
polychaetes), but the δ15N contribution of C. racemosa was very low
compared with invertebrate food sources. For δ15N the contribution of
invertebrate preys, especially shrimps and polychaetes, was similar
between invaded and non-invaded sites, which reflect its importance
in the S. cantharus diet.

δ13C has been used to track animalmovements between areas with
different food sources (Kurle and Worthy, 2001) and to evaluate the
importance of different food sources (Pinnegar and Polunin, 2000). In
this case, the contribution of C. racemosa as one of the main food
sources for S. cantharus is clear. It has been documented that fish
usually produce C:N ratios ranging between 3.3 and 5.1 (McCon-
naughey and McRoy, 1979). In the present work, the C:N of
S. cantharus ranged from 1.92 to 2.12, and no differences were
found between individuals at invaded and non-invaded sites which
presented similar C:N values, indicating that none were experiencing
feeding stress. The low C:N ratiosmay be due to the high proportion of
protein in the diet, which was of high quality (Waddington and
MacArthur, 2008). Moreover, the C:N ratio indicates diet quality and
explains the degree of fractionation among the individual compounds
of C:N within diets (Waddington and MacArthur, 2008). Thus, similar
values of C:N ratios imply that S. cantharus had a similar dietary
quality in invaded and non-invaded sites. The δ15N values are more
representative of the assimilation of the food sources since they are
related to metabolic and physiological processes (Sweeting et al.,
2007). Metabolic fractionation differs between carnivores and
herbivores; while in carnivores metabolic fractionation is dominant
because animal-derived nitrogen is biochemically more homoge-
neous and dominated by proteins, in herbivores both assimilative and
metabolic factors affect fractionation (Vander Zanden and Rasmussen,
2001). Herbivorous fish also have a very long alimentary tract to
increase absorption efficiency (Mill et al., 2007). S. cantharus is not
exclusively herbivorous and in some localities feeds mainly on
invertebrates (Goncalves and Erzini, 1998) and it does not have a
long alimentary tract like exclusive herbivores. Therefore, for this
species it may be necessary to ingest a large amount of Caulerpa to
assimilate carbon and nitrogen. On the other hand, the assimilation
rates of invertebrates were very large in fish caught at the invaded
sites, which could imply that animal-derived nitrogen was the best
assimilated.

Cellular antioxidant status is widely used as a tool to evaluate the
ability of organisms to resist environmental stress (Frenzilli et al.,
2004) and the effects of invasive species on faunistic communities
(Sureda et al., 2006, 2009; Box et al., 2008b). The efficiency of ROS

detoxification and stress tolerance has been reported by several
authors (Porte et al., 2002; Cavas and Yurdakoc, 2005). CAT is
involved in H2O2 detoxification and SOD uses the superoxide anion to
produce H2O2. GST participates in the detoxification of lipid hydro-
peroxides using GSH as a substrate. EROD is used as a potential
biomarker of the presence of xenobiotics in the aquatic medium
(Fatima and Ahmad, 2005). The antioxidant response observed in
S. cantharus feeding on C. racemosa mats involved increased
antioxidant and detoxifying activities (CAT, SOD, EROD and GST)
compared to those in fish feeding in non-invaded habitats. These
results imply that the ingestion of C. racemosa produces a detoxifying
response in S. cantharus. To evaluate whether toxicity is negatively
affecting this species we used MDA as a useful marker of lipid
peroxidation. MDA concentration did not differ significantly between
treatments, but the higher MDA values obtained for invaded sites
were only just outside the limit of significance.

This study has presented a combination of methodologies such as
stomach contents analysis, stable isotope determinations and antiox-
idant response quantifications to allow us to understand the
contribution of the ingestion of C. racemosa in the diet of S. cantharus.
This fish feeds on C. racemosa but does not assimilate important levels
of this food source. Previous work in this field demonstrated the
toxicological effects of Caulerpa on invertebrate and fish species
(Sureda et al., 2006, 2009; Box et al., 2008b). The same effect was
observed in S. cantharus with increased antioxidant levels in
individuals living in C. racemosa. The toxicity of the alga altogether
with its low assimilation by the fish, in contrast with the high
assimilation of invertebrates, indicates that the ingestion of
C. racemosa is at least in part accidental while the fish are attempting
to access the invertebrates that live under the fronds and stolon net
formed by C. racemosa. The invertebrate community in C. racemosa is
very diverse and some groups such as polychaetes (Box et al., in
press), molluscs and decapods are highly abundant and diverse (Box,
2008; Box et al., 2008a).

In conclusion, S. cantharus feeds on C. racemosa in invaded areas
but does not use this source as its main carbon and nitrogen source.
One possible reason is the toxicity of the algae which has a
physiological effect on the fish. Thus the faecal pellets contain high
amounts of C. racemosa, which in most cases maintain the integrity of
fronds and stolons, which are not completely digested. Further work
must be done to check the selection of prey of this fish in invaded
ecosystems.
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