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ABSTRACT: At the beginning of the 1990s a new strain of Caulerpa racemosa began to spread
rapidly throughout most of the Mediterranean Sea. Genetic investigations suggested this new variety
could be a recent hybrid between the var. turbinata-uvifera, already present in the Mediterranean
basin, and an unknown tropical strain. In summer, the season of maximal biomass development, C.
racemosa frequently compete with seagrasses. Laboratory experiments based on the construction of
Pversus E curves and pigment analysis demonstrated the high capacity of this alga to reorganise its
photosynthetic apparatus in relation to the available light under the canopy of a Cymodocea nodosa
meadow. Using the same methodological approach, we also investigated the adaptive capacity of the
var. occidentalis to winter environmental conditions, certainly the most critical for a tropical seaweed.
Although maintenance metabolism was also suggested by a remarkable biomass decrease, C. race-
mosa var. occidentalis showed acclimation capacities. The ability of the alga to adapt to different light
environments may contribute to its colonisation success in Mediterranean coastal biotopes.
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INTRODUCTION

Caulerpa racemosa (Forssk.) J. Agardh is a sipho-
nous green seaweed distributed in tropical and sub-
tropical regions, in which it has an important role
both as a primary producer and a structural species
(Clifton & Clifton 1999).

Caulerpa racemosa was first recorded in the
Mediterranean Sea in 1926, when it was collected
along the Tunisian coast (Hamel 1926, 1931). Later,
its presence was reported throughout the eastern
basin with 2 varieties, var. turbinata-uvifera and var.
lamourouxii, identified on the basis of morphological
characteristics. These 2 varieties are also present in
the Red Sea, which led to the hypothesis of a lessep-
sian origin (i.e. entering via the Suez Canal) for the
Mediterranean populations (Verlaque et al. 2000).
Until very recently, these populations remained
stationary (Verlaque et al. 2000).
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A new invasive variety, up to now known as
occidentalis, has been spreading in the western and
eastern Mediterranean Sea since the early 1990s.
It seems to be taxonomically and ecologically
different from the 2 varieties already present
(Verlaque et al. 2000) and does not seem to have a
Red Sea origin, since the chronological succession of
reports does not follow the typical westward
progression of lessepsian species. Moreover, in the
Red Sea this variety is limited to Ethiopian coasts, far
from the Suez Canal (Taylor 1967). Genetic
investigations suggested that the var. occidentalis
could be a new hybrid between the variety
turbinata-uvifera and an unknown tropical strain
(Durand et al. 2002), although the whole issue of
correspondence between morphological and molecu-
lar data in the definition of Caulerpa racemosa
varieties is still under debate (Durand et al. 2002,
Fama et al. 2002).
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Caulerpa racemosa sensu lato shows a high morpho-
logical plasticity (Ohba & Enomoto 1987), probably
correlated with a physiological one, and, although this
species is very relevant in tropical and subtropical
regions, the knowledge of its basic biology is very
poor. Some investigations were made in its native ar-
eas on sexual reproduction and vegetative propaga-
tion capacity (Clifton & Clifton 1999) and on the pro-
duction of
allelopathic substances and their role as defence
against predators (Paul & Meyer. 1986, Meyer & Paul
1992). However, only a few studies have been per-
formed on its photosynthetic characteristics. Gattuso &
Jaubert (1985) found an increase in both respiration
and photosynthetic rates for the variety clavifera, in re-
lation to short-term temperature increase in an aquar-
ium. By studying photoacclimation in an aquarium,
Riechert & Dawes (1986) obtained interesting data
about photosynthetic plasticity in var. uvifera. In parti-
cular, they noticed variations in chloroplast volume,
chlorophyll b vs chlorophyll a ratio, and siphonaxan-
thin vs chlorophyll a ratio in relation to the irradiance
level. Moreover they found that, while P, changed in
the light acclimation process, Ejx remained constant
and photoinhibition suddenly occurred at a fixed irra-
diance without any plateau in the P versus E curve,
suggesting a genetic limitation to high light levels.

In the Mediterranean Sea, studies on Caulerpa race-
mosa var. occidentalis have mainly been based on in
situ manipulation experiments aimed at elucidating its
interactions with seaweeds and seagrasses. Mecha-
nisms of competition are only hypothesized, and its
ecophysiology has not been studied. Some investiga-
tions revealed a substantial negative effect of this
species on resident benthic flora (Piazzi et al. 2001),
pointing to structural modifications of the benthic
macroalgal community induced by the C. racemosa
invasion. Ceccherelli et al. (2000) and Ceccherelli &
Campo (2002) studied the effects of C. racemosa var.
occidentalis introduction on a seagrass community in
the Mediterranean Sea. Their work revealed stressful
conditions for Cymodocea nodosa (Ucria) Ascherson,
Nanozostera noltii Hornemann (Tomlinson & Posluzny)
and Posidonia oceanica (L) Delile. Any negative effects
on seagrass meadows are of great concern, in view of
their major importance among the Mediterranean
coastal ecosystems (Buia et al. 2000).

Studies on the photosynthetic plasticity of Caulerpa
racemosa var. occidentalis are therefore warranted, in
order to clarify the potential relationships between
these characteristics and the high invasive capacity.

Thus, in the present work 2 fundamental aspects
were investigated: (1) In summer, the season of maxi-
mal biomass development, Caulerpa racemosa var.
occidentalis frequently co-occurs with Cymodocea

nodosa on sandy substrata in shallow water. In fact,
this alga seems to have a higher colonization success
on sandy substrata pre-colonized and consequently
stabilized by seagrasses. Under these conditions, the
photosynthetic apparatus capacity in the exploitation
of light filtered by the seagrass canopy could be funda-
mental. Thus, experiments based on the construction
of P versus E curves and pigment analysis were per-
formed, in order to investigate the capacity of the algae
to reorganize its photosynthetic apparatus in relation
to the optimal exploitation of available light under the
C. nodosa canopy. (2) For a tropical alga the most criti-
cal season in the Mediterranean Sea is expected to be
winter. For this reason, the adaptive capacity of the
var. occidentalis to winter environmental conditions
was also investigated, using the same experimental
approach reported above. The aim was to understand
whether C. racemosa var. occidentalis acclimates (or
shows tolerance) to winter conditions, different from
those typical of its area of origin.

MATERIALS AND METHODS

Study site and plant material. Caulerpa racemosa
thalli were collected at shallow depths (3 to 5 m) from
a sampling site located at Castello Aragonese, Island of
Ischia, Gulf of Naples (40°43'N, 13°57'E). In summer
(August 2001), thalli were collected from a 5 m deep
Cymodocea nodosa meadow, characterised by 2 levels
of shoot cover, dense (Dm) and sparse (Sm), as well as
from nearby rocks at 3 m depth (RS = rocks in sum-
mer). In winter (February 2002), due to the lack of C.
racemosa in the meadow, only thalli growing on rocks
were sampled (RW =rocks in winter).

Prior to experiments, thalli were kept in the labora-
tory in running seawater at the temperature recorded
in the field (25 or 27°C in summer and 14.5°C in win-
ter). Preliminary analysis revealed that such conditions
did not significantly alter the alga's photosynthetic
performance for up to 1 wk (R.R. unpubl. data).

Upon collection, thalli used for the determination of
pigments were cleaned free from epiphytes and imme-
diately stored at —20°C to minimize any change in
pigment content.

Field light measurements. Maximum noon scalar
irradiance (E,), expressed as pmol m2 s™!, was deter-
mined on 2 typical sunny days, in summer and in win-
ter respectively, by means of a QSI-140 quantum meter
(Biospherical Instruments). Measurements were taken
immediately above and within the Cymodocea nodosa
canopy in both dense and sparse meadows in summer
and above the nearby rocks in both summer and win-
ter. Light transmission in the canopy was calculated as
a percentage of the above canopy irradiance.
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Estimation of daily H,,. The daily period of photo-
synthetically saturating irradiance (Hs,) was estimated
for each growth condition of Caulerpa racemosa using
the formula from Zimmermann et al. (1995):

Hgy = D[1-(2/m) x sin"Y(E/Ey)]

where D is the daily photoperiod in h, Ej is the irradi-
ance required to saturate photosynthesis and E,, is the
maximum noon scalar irradiance.

Pigment analysis. Chlorophyll content of thallus
sections used for the photosynthesis experiments was
determined spectrophotometrically in 90% acetone
extracts, according to Jeffrey & Humphrey (1975).

Photosynthetic pigment identification and quantifi-
cation were made by HPLC (high pressure liquid
chromatography). Pigments from 0.3 g of frozen tissue
were extracted with a mini-Potter homogenizer in
100 % acetone saturated with CaCOj. The extract was
diluted to 50 % in methanol and 300 pl of ammonium
acetate (1 M) was added to 1 ml of extract. After 5 min,
the extract was injected in a Hewlett Packard Series
1100 HPLC. A 3 pym Cg BDS column (100 x 4.6 mm) was
used and the mobile phase was composed of 2 solvent
mixtures: A (methanol:aqueous ammonium acetate,
70:30) and B (methanol). The gradient between the sol-
vents was the same as in Vidussi et al. (1996). Pigments
were detected at 440 nm using a HP photodiode array
detector Model DAD Series 1100, which gives the
400-700 nm spectrum for each detected pigment. Sin-
gle pigments were identified and quantified using
chlorophyll and carotenoid standards obtained from
the VKI (Water Quality Institute, International Agency
for *C Determination, Denmark). Whenever pigment
standards were not available, quantification was
accomplished by applying specific extinction coeffi-
cients from the literature.

Estimates of photosynthesis versus irradiance para-
meters. Photosynthesis and respiration of Caulerpa
racemosa were estimated from oxygen evolution rates
of thallus fragments in 2 Clark-type electrodes (Rank
Bros) connected to a 2-channel chart recorder. The
apparatus is fundamentally as described in James &
Larkum (1996). Each electrode was fitted to a 5 ml
incubation chamber filled with filtered seawater. Tem-
perature around the electrode chamber was controlled
by means of a Braun circulating water bath. Light was
provided by a Leitz Pradovit slide projector and neutral
density filters were used to change irradiance levels.

Thallus portions of about 3 cm were placed within
the electrode chamber at a salinity of 38 psu and at a
temperature of 14.5, 25 or 27°C, depending upon the
value recorded in the field at the time of collection.
Thallus portions were exposed to 18 irradiance levels
ranging from 0 to 1400 pmol m2s™!, measured with the
quantum scalar irradiance meter. Following the expo-

sure to each irradiance level (lasting at least 2 min),
dark respiration (R) was measured.

Rates of oxygen evolution at different irradiances,
normalized both to biomass (fresh weight, fw) and
chlorophyll a content of the thallus fragments, were
used to generate P versus E curves. The main P versus
E characteristics (maximum photosynthetic rate, Py;
irradiance required to saturate photosynthesis, E})
were modelled and described with the exponential
function of Webb et al. (1974), using SigmaPlot soft-
ware (SPSS) for elaboration. Quadratic or hyperbolic
functions used with our data did not show higher
model skills in terms of R? (data not shown). The initial
slope of photosynthesis (o) was calculated as the ratio
between P, and Ej, while the compensation irradiance
(E.) was estimated from the ratio R versus o. R was
determined as the mean of dark respiration rates mea-
sured after exposure to different irradiances.

Short-term acclimation experiments. Experiments
aiming to study the short-term acclimation were per-
formed by keeping summer thalli, collected on rocky
substratum, overnight at 14.5°C (in situ winter temper-
ature), prior to the determination of P versus E curves.
These thalli will be referred to in the following as RSa
(RS acclimated thalli).

Experimental design and statistical treatment. Nine
Pversus E curves were generated for each growth con-
dition (Sm, Dm, RW, RS and RSa) by using an individ-
ual thallus portion for each curve. In order to exclude
any site effect, 3 thalli were collected from each of
3 different sparse (Sm) areas and 3 different dense
(Dm) areas within the Cymodocea nodosa meadow
and, similarly, both in winter and in summer, samples
from the rocky substrate were taken at 3 different
areas (for a total number of 9 replicates).

Two additional thalli from each area were collected
and used for pigment composition analysis, yielding a
total of 6 replicates for each growth condition.

A Student's t-test was performed to compare the
data sets relative to Sm and Dm conditions, in the
Cymodocea nodosa meadow, and to compare RS and
RW samples or RSa and RW samples.

RESULTS

On a typical sunny day in summer, an E;, value of
834 nmol m~2 s™! was measured above the canopy of
Cymodocea nodosa, while, on the same day, E,, values
recorded within the dense and the sparse canopy were
332 and 709 pmol m~2 s7!, respectively. Light transmis-
sion values were therefore estimated to be 40 % in the
dense canopy and 85 % in the sparse one. On the rocky
substrate values of 1000 and of 600 pmol m~2 s! were
recorded in summer and winter sunny days, respec-
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Fig. 1. Mean Pversus E curves for Dm (dotted line and circles)
and Sm (dashed line and triangles) samples. Irradiance in
pmol m2 s7!; photosynthetic rate in pmol O, g' fw h'!

tively. On the days in which measurements were
taken, water clarity conditions were similar, with an
attenuation coefficient of PAR equal to 0.3 m™t,

Hi,; periods were 11.9 and 12.5 h, respectively, for
dense and sparse growth conditions in summer. On the
rocky substratum, the Hg, periods were 8 h in winter
and 13.5 in summer.

2

tions (15 umol photons m™2 s7! and 29 pmol photons

m2s7!, respectively).

Results on pigment composition in the 2 light condi-
tions (Sm and Dm) are summarized in Table 2. Chloro-
phyll a, chlorophyll b, siphonaxanthin and siphonein
concentrations (in pg per gram of fw) were significantly
higher (p £0.01) in samples from high density (Dm) than
from low density meadow (Sm). Lutein and antheraxan-
thin concentrations were significantly higher (p <0.01) in
Sm than in Dm thalli, while zeaxanthin was not found in
our samples, even at the highest irradiance levels. In
thalli collected in dense meadow, the values of chloro-
phyll b versus chlorophyll a, siphonaxanthin versus
chlorophyll a and siphonein versus chlorophyll a were
higher (p <0.01) than values obtained for thalli from the
sparse meadow. The (siphonaxanthin + siphonein)
versus lutein ratio was dramatically higher under the
lowest light regime than under the highest one.

Winter and summer comparisons
Results of the comparisons between photosynthetic

performances of summer and winter thalli, analysed at
field temperature, are reported in Table 3a. Mean P

Table 1. Mean values + SE of Pversus E curve parameters for Sm and Dm samples

Dense and sparse Cymodocea
nodosa meadow areas comparison

(Pp-chl = P, by chl a png; Py,-fw = P, by g fw; Ej = saturating irradiance; E, = com-
pensation irradiance; o = photosynthetic efficiency; R = dark respiration). p =

significance level of Student's t-test

Mean values of photosynthetic para-
meters from P versus E curves (Fig. 1),

and of dark respiration and E. are pro-
vided in Table 1. The P, value normal-
ized to the chlorophyll a content
(P — chl) was significantly higher
(p £0.05) in the Sm samples (0.15 pmol
O, pg chl a "' h™!) than in Dm samples

Sm samples Dm samples P
Py,-chl (nmol O, pg(chl a)™* h™!) 0.15 + 0.07 0.09 + 0.03 <0.05
Py-fw (umol O, g-fw~! h™!) 12.19 + 4.48 11.76 + 5.85 0.83
o 0.06 + 0.02 0.10 £ 0.04 <0.01
E; (mmol m2s7Y) 198 + 38 107 + 34 <0.01
R (umol O, g-fw ! h™!) 1.91 +0.59 1.59 +0.58 0.18
E. (amol m~2 571 29+ 7 15+ 4 <0.01

(0.09 pmol O, pg chl a! h!), while
P, values for Sm and Dm samples were
not significantly different if normalized
to gram of fresh weight (Py,-fw). The o

Table 2. Mean values + SE of Sm and Dm sample pigment content (ug g=! fw)
and ratios between selected pigments. chl a = chlorophyll a; siphn = siphonein;
siphx = siphonaxanthin; lut = lutein. p = significance level of Student's t-test

parameter also showed a significant dif-
. . . Dm samples Sm samples P

ference (p <0.01), being twice as high for
samples collected in the dense Cymod- Chlorophyll a 23.02 + 1.48 12.83 +2.40 <0.01
ocea nodosa meadow than in the sparse Chlorophyll b 9.79 £ 0.55 4.49 + 0.87 <0.01
one, while E, was significantly higher in S¥phona?(anth1n 11.83 £ 0.70 4.26 +1.31 <0.01
the sparse condition of growth than in Siphonein 14.59 £ 1.30 6.64 = 1.62 <0.01
p grov , Lutein 0.30 = 0.005 0.94 = 0.27 <0.01
the dense one. The respiration rate did Antheraxanthin 0.47 +0.01 0.84 +0.15 <0.01
not seem to be influenced by the differ- Violaxanthin 6.88 £ 2.67 572+ 1.74 0.39
ent growth conditions. The different val- Chlorophyll b/chl a 0.43 £ 0.02 0.35£0.02 <0.01
ues of o associated to the same dark res- S?phona?canthm/chl a 0.51 +0.03 0.33 £ 0.08 <0.01
X K . i Siphonein/chl a 0.63 = 0.06 0.52 +0.08 <0.01
piration value yielded a different E. (siphn-+siphx)/lut 91.65 + 16.38 11.94 + 2.24 <0.01

value between dense and sparse condi-
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Table 3. Mean values + SE of Pversus E curve parameters. (a) At in situ tem-
perature for RS and RW thalli; (b) at 14.5°C for RW and RSa thalli. For
definitions of parameter see Table 1. p = significance level of Student's t-test

0.01). The (vio+ant+zea) versus chl a, an-
theraxanthin versus (vio+ant+zea) and
zeaxanthin versus (vio+ant+zea) ratios, cor-

responding to the so-called photoprotective
RS thalli RW thalli p xanthophyll cycle, were significantly

@ higher (p £0.01) in RW thalli.
P-fw (pmol O, g~! fw h™!) 18.69+5.09  6.66 + 1.65 <0.01 Results of short-term acclimation to win-
E; (nmol m2 s 156 + 44 74 + 16 <0.01 ter temperature of summer thalli (RSa) are
o B 3 0.12+0.02  0.11+0.03 0.35 reported in Table 3b. After an overnight ac-
}; (tmrg);l?ﬁ’g s’f;N ™) 2.01181;0571 1'41241;0590 8;3 climation of summer thalli to the tempera-
< - - ' ture recorded in February in the field
(b) . (14.5°C), Pversus E curves were performed
P,,-chl (umol O, ng (chla)™ h™) 0.05 + 0.01 0.05 £ 0.02 0.29 at the same temperature. Comparing RSa

Py-fw (amol O, g~! fw h™Y) 570 £ 1.44 6.66 £ 1.65 0.21 )

E, (pmol m™2 s 29 + 7 74 + 16 <0.01 and RW sample performances, recorded at
E, (pmol m2s7Y) 3+1 14+9 <0.01 14.5°C, significant differences in Ej (higher
o 0.20 + 0.04 0.11+0.03 <0.01 in RW), o (higher in RSa), R (higher in RW)
R (pmol O, g~ fw h'Y) 0.64£0.10 1.42+£0.90 <0.05 and consequently in E. were found. P,,-chl

and P,,-fw were not different between sum-
mer and winter thalli.

Table 4. Mean values + SE of pigment concentration (ug g! fw) and pig-
ment ratios of RS and RW samples. vio = violaxanthin; ant = antheraxanthin;
zea = zeaxanthin (for definitions of other parameters see Table 2). p =

significance level of Student's t-test DISCUSSION
RS thalli RW thalli p Dense and sparse Cymodocea nodosa
meadow comparisons
Chlorophyll a 11.25 +2.34 23.36 £ 5.66 <0.01
Chlorophyll b/chl a 0.34 £ 0.02 0.31 £ 0.03 0.07 s C g
Siphonaxanthin/chl a 0.25 + 0.04 0.24 + 0.06 0.65 Although benefitting from significant ad-
Siphonein/chl a 0.41 + 0.02 047 + 0.11 0.27 vantages in terms of substrate stability and
Lutein/chl a 0.010 + 0.005 0.034 +0.011 <0.01 edaphic resources, Caulerpa racemosa liv-
(siphn+siphx)/lut 78.80 + 42.32 21.17 + 5.98 <0.05 ing in Cymodocea nodosa meadows grows
Zeaxanthin/chl a 0 0.02.+0.01 =0.01 in a highly spatially variable light environ-
Antheraxanthin/chl a 0.03 = 0.01 0.14 = 0.04 <0.01 ghly spatially : g
Violaxanthin/chl a 0.38 + 0.04 0.38 + 0.03 0.78 ment. In fact, in the Mediterranean coastal
(vio+ant+zea)/chl a 0.41 +£0.04 0.55 +0.07 <0.01 site studied, thalli growing in the dense por-
zea/(vio+ant+zea) 0 0.04 +0.01 <0.01 tion of the meadow experience a reduction
ant/(vio+ant+zea) 0.08 + 0.02 0.26 = 0.06 <0.01 of ca. 50% of light availability in compari-
son to thalli growing among sparse shoots.

versus E curves for RW and RS thalli are represented in

Fig. 2. P, normalized to gram of fw was significantly 20 )

different (p < 0.01) between winter and summer sam-

ples (6.66 umol O, g~! fw and 18.69 pmol O, g~* fw, re- 15

spectively) as well as E,, which was twice as high for
summer thalli than for winter ones (p <0.01). However,
o, R and consequently E. did not differ between RW
and RS thalli, suggesting a lack of regulation by the
seasonal cycle for these parameters.

Results for pigment composition are summarized in
Table 4. Chlorophyll a concentration was significantly
higher (p £ 0.01) in winter than in summer thalli, while
chlorophyll b, siphonaxanthin and siphonein versus
chlorophyll a ratios were not significantly different in
the 2 seasons. However, the lutein versus chlorophyll a
ratio was significantly higher (p <0.01) in RW samples
than in RS ones. Similar results were found for anther-
axanthin and zeaxanthin versus chlorophyll a ratios (p <

P 10 iH

| ¥
i o e
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Irradiance

Fig. 2. Mean P verus E curves for RS (dotted line and circles)
and RW (dashed line and triangles) thalli at in situ tempera-
ture (27°C in summer and 14.5°C in winter). Irradiance in

pmol m2 s!; photosynthetic rate in pumol O, g 'fw h'!
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Under the 2 conditions considered here, Caulerpa
racemosa var. occidentalis does not seem to experience
different levels of physiological stress in relation to light
availability and/or competition with Cymodocea nodo-
sa, as far we can judge from the lack of difference in
respiration rates between Dm and Sm thalli. On the
contrary, there is an adaptation of the photosynthetic
characteristics to both conditions, as shown by their sig-
nificant differences in Dm and Sm thalli.

Results can be interpreted as modifications in size
and arrangement of the photosynthetic apparatus. As-
suming a defined turnover time for the reaction centres
(RCs), P, -fw can be used as an index of the number of
reaction centres per unit biomass (Lobban et al. 1985).
In this case, high values of P,,-fw correspond to a high
number of RCs. P,,-chl concentration is related to the
percentage of chlorophyll alocated in the light harvest-
ing system. Considering a definite turnover time for
RCs, a low value of P, -chl corresponds to a high per-
centage of total chlorophyll a in the harvesting system
(Lobban et al. 1985). Thus, the non-significant differ-
ence of P,-fw, together with significant difference for
P,,-chl, suggests that in the 2 light conditions the alga
has the same number of reaction centres by unit of bio-
mass, but a different percentage of total chlorophyll a
located in the light harvesting system. This could be
due to a different requested efficiency in the light har-
vesting in relation to a different light regime, as also re-
vealed by the twice as high value of o (an index of the
light-harvesting system efficiency) in the dense rather
than in the sparse Cymodocea nodosa meadow. This
result reveals a strong adaptation of the Caulerpa race-
mosa var. occidentalis photosynthetic apparatus to the
light characteristics of its microhabitat. The same ap-
plies to saturation irradiance (Ej), which showed a
lower value at the lowest light condition. This differ-
ence in Ey determines the increase in the length of the
H,, period available to Dm thalli, allowing the alga to
be light saturated for a longer period per day also under
the dense canopy.

Differences in E; between Dm and Sm thalli and the
absence of photo-inhibition disagree with the previ-
ously commented results of Riechert & Dawes (1986) on
Caulerpa racemosa var. uvifera. Photoacclimation is
also clear considering pigment composition. Chloro-
phyll a concentration in C. racemosa tissue is higher in
Dm than in Sm thalli, which concurs with the previous
hypothesis on the presence of more chlorophyll a mole-
cules in the light harvesting system. Under the dense
canopy of Cymodocea nodosa, chlorophyll b, sipho-
naxanthin and siphonein show the same trend (increas-
ing values), linked to an increase of light harvesting
system efficiency, especially in the exploitation of
green light (Kageyama at al. 1977, Yokohama et al.
1977, Yokohama 1981). In fact, green light could be rel-

evant in this ecosystem, since other wavelengths can be
already harvested by the seagrass leaves, before reach-
ing the alga upright axes. In contrast, lutein was more
abundant in the sparse meadow than in the dense one.
This result is coherent with the fact that lutein is consid-
ered a photoprotective pigment (Yokohama 1983). In
Dm thalli, the (siphonaxantin + siphonein) versus lutein
ratio is higher than in Sm thalli, in agreement with
these pigments’ roles and with their biosynthetic rela-
tionship. In fact, the relationship among these 3 pig-
ments has been established and lutein is considered the
precursor of siphonaxanthin, from which siphonein is
synthesized by oxidation (Yokohama 1983).

A well-known pigment cycle is the so-called 'xantho-
phyll cycle’, based on violaxanthin-antheraxanthin-
zeaxanthin interconversion. In this light-dependent re-
versible cycle, zeaxanthin and antheraxanthin work as
photoprotective pigments (Demmig et al. 1988, Dem-
mig-Adams 1990, Vershinin & Kamnev 1996, Young &
Frank 1996). Antheraxanthin concentration is higher in
Sm thalli (much more exposed to high light) than in Dm
ones, while zeaxanthin is not revealed either in Sm or in
Dm thalli. Assuming that no loss of zeaxanthin has oc-
curred in the short time between collection of samples
and their freezing, this result suggests that light inten-
sity is not sufficient to induce the complete activation of
the xanthophyll cycle, even in the low density areas.
Moreover no line downturn, associated with photoinhi-
bition, occurred in the Pversus E curves, contrary to re-
sults by Riechert & Dawes (1986). These results could
be explained by the tropical origin of the analysed spe-
cies, which is probably well adapted to the high light
regime typical of tropical regions.

Winter and summer comparisons

A majorissue when dealing with algae of tropical ori-
gin is adaptation to the seasonal variability typical of
temperate seas. Caulerpa racemosa achieves a biomass
maximum in summer and a minimum in winter, with
thalli made up only by short stolones with sparse upright
axes (pers. obs.).

By comparing Pversus E curves derived for RS and RW
samples, respectively, summer and winter in field tem-
peratures, a survival metabolism was in winter, and this
was suggested by the consistent biomass reduction ob-
served in this season. Both P,-fw and E; were signifi-
cantly lower in winter. The decline in Ej allows a length-
ening of H,,, while, on the other hand, quantum
efficiency (o) does not seem to increase in comparison to
summer, so that an increase in the exploitation of subsa-
turing irradiance is not achieved. Yet, dark respiration
also turns out to be independent of the seasonal cycle.
The observation that R was equivalent in summer and in
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winter, in spite of the kinetic effect of temperature, may
justify the formulation of 2 alternative theories. The first
one consists of an increased number of catabolic reac-
tions connected with increasing energetic needs, due to
'low temperature’ stress; the second one concerns an ac-
climation process, in which the synthesis of a larger
amount of enzymes or the synthesis of alloenzymes
would compensate for the kinetic effect of temperature.
No supposition about molecular organization of the pho-
tosynthetic apparatus in summer and winter could be
formulated on the basis of data collected at different tem-
peratures for summer and winter thalli, respectively. Un-
der these conditions, in fact, the physiological conse-
quences of a possible different organisation of the
photosynthetic apparatus in summer and in winter could
be confused with the temperature kinetic effect on Pver-
sus E performance. Thus, as for summer thalli, dark res-
piration rate was determined at in situ winter tempera-
ture, after an overnight acclimation. Under this
condition, summer thalli (RSa) showed a lower respira-
tion rate than winter ones. The higher catabolic rate at
low temperature for winter thalli might support the hy-
pothesis of a modification in the enzymatic apparatus in
along-term acclimation process. Further studies involv-
ing protein analysis may elucidate this point.

The photosynthetic performance of summer thalli af-
ter a short-term acclimation to winter temperature dif-
fers to that with the overall seasonal acclimation. As
stated previously, P, per biomass unit may be viewed
as an index of the number of reaction centres (RCs),
whereas P, normalised by chlorophyll a content is in-
dicative of the chlorophyll a percentage allocated in the
light harvesting system. However, these definitions
only hold true when a definite turnover time for RCs is
assumed (Lobban et al. 1985). By simply comparing re-
sults obtained at the same temperature with RSa and
RW thalli, we might conclude that the number of RCs
per biomass unit is the same in the 2 seasons, as well as
the chlorophyll a partitioning between RCs and the
light harvesting system. But, on the other hand, results
on pigment analysis revealed a chlorophyll a content
about twice as high in summer than in winter thalli, im-
plying a probable different turnover time for RCs in
summer and winter. The different turnover time sug-
gests a change of the enzymatic apparatus, occurring
on a seasonal scale and not detectable after an
overnight acclimation.

The short-term acclimation experiment revealed an in-
crease of a.value at low temperature for summer samples
of Caulerpa racemosa var. occidentalis, in accordance
with the results of Terrados & Ros (1992) who analysed
summer and winter thalli of Cauterpa prolifera collected
along the Spanish coast. Atlow temperature, in summer
thalli, an increase of o was registered, while, in winter
samples, oo decreased at high temperature.

The pigment content analysis showed chlorophyll a
concentration increases in winter, as well as the con-
centration of the 3 most important accessory pigments of
the light harvesting system: chlorophyll b, siphona-
xanthin and siphonein. Ratios between each of these
3 pigments and chlorophyll a do not substantially
vary between the 2 seasons in question. The increased
concentrations of light harvesting pigments might be
due to an increase in the light harvesting efficiency dur-
ing winter, characterised by a lower light regime. How-
ever, the similar ratio between chlorophyll b, siphonax-
anthin or siphonein and chlorophyll a could be due to the
same quality of available light for RS and RW thalli.

Surprisingly, concentrations of lutein (photoprotective
pigment) and antheraxanthin (intermediate pigment of
the xanthophyll cycle) are higher in winter than in sum-
mer and, moreover, the xanthophyll cycle proceeds to
zeaxanthin synthesis only in winter. High values of
lutein, antheraxanthin and zeaxanthin versus chloro-
phyll a ratios indicate a development of the photopro-
tective mechanisms. These features suggest that in win-
ter Caulerpa racemosa is more sensitive to high light
values, probably in relation to a higher harvesting pig-
ment content. Another explanation might be that the
lowest temperature in winter, implying a lower rate of
enzymatic reactions involved in the dark step of photo-
synthesis (Vanema et al. 1999) and in the enzymatic pro-
cess of repair (Kyle 1987, Aro et al. 1990, Calberg et al.
1992), might determine photo-oxidative damage also at
a low light intensity.

Thus, we can conclude that seasonal acclimation in-
volves biochemical and physiological responses to
changes in temperature and light, allowing, in winter,
the persistence of a reduced algal biomass, but, at the
same time, sufficient to ensure the massive spreading oc-
curring in the next favourable season.

In plants, there are 2 different ways of adaptation to
light intensity (Lobban et al. 1985). The first one corre-
sponds to a change in the number of reaction centres (as
indicated by P,,-fw value) in relation to light availability,
while photosynthetic efficiency (o) does not change. The
second one is an increase of o at lower irradiance level,
while P, -fw remains constant. Few studies on seaweeds
have been conducted. Our results on Caulerpa racemosa
var. occidentalis are consistent with both strategies,
showing a remarkable plasticity in photosynthetic traits.
In fact, for an optimal exploitation of light in the Cy-
modocea nodosa canopy, the alga adopts the first strat-
egy, while over the seasonal cycle, acclimation of this
species seems to correspond to the second way. More-
over, C. racemosa var. occidentalis shows a certain plas-
ticity of its pigment pool, modifying amounts and/or ra-
tios in relation to variability of the environmental light.

This high physiological plasticity and the well-docu-
mented morphological one ( et al. 1987) indicate a re-
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markable adaptation capacity to different microhabitats
and to their temporal variations over season. This high
plasticity and the successful vegetative propagation by
fragmentation (Ceccherelli et al. 2001) might explain the
rapid and extensive spread of this variety in a temperate
area like the Mediterranean Sea.
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