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SUMMARY: The photosynthetic plasticity of the invasive green alga Caulerpa racemosa v. cylindracea (hereafter C.
racemosa) has been proposed as a relevant mechanism determining its successful performance on Mediterranean benthic
assemblages over broad depth gradients. In the present study, the photosynthetic performance of C. racemosa was evaluated
through a carbon balance approach at three invaded sites with contrasting depths (11, 18 and 26 m) and light regimes. At
each sampling depth, photosynthesis vs irradiance (P vs E) curves were performed on C. racemosa fronds and daily net
productivity values were obtained by the numerical integration of P vs E models with continuous recording of irradiance
measured on the sea floor. Photosynthetic responses were consistent with those typically exhibited by shade-adapted
macroalgal species and other Mediterranean populations of C. racemosa: a significant reduction in maximum photosynthesis
(P,.0) occurring at an intermediate depth (18 m) and a higher photosynthetic efficiency (o) and lower dark respiration rate
(Ry) at the deepest sampling depth. Mean values of daily net C balance obtained from the deeper site were only 15% lower
than those obtained from the shallower site, despite the severe reduction in light availability. This daily net carbon gain
was ca. 29% higher than would be expected if photosynthetic adjustments did not occur in the deeper algal population. The
evidence provided by these data support the hypothesis of photoacclimation in C. racemosa as an effective mechanism to
optimize algal productivity across depth gradients in the Mediterranean Sea.
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RESUMEN: FOTOSINTESIS Y BALANCE METABOLICO DIARIO DE CARBONO DEL ALGA INVASORA CAULERPA RACEMOSA VAR.
cYLINDRACEA (CLHOROPHYTA: CAULERPACEAE) A LO LARGO DE UN GRADIENTE DE PROFUNDIDAD. — La plasticidad fotosintética
del cloréfito Caulerpa racemosa v. cylindracea (C. racemosa a partir de ahora) es considerado uno de los principales
mecanismos determinantes de su éxito invasor en las comunidades bentdnicas del Mediterrdaneo. En el presente estudio
se evalda la capacidad fotosintética de C. racemosa mediante una aproximacion basada en el balance de carbono, en tres
localidades invadidas con profundidad (11, 18 y 26 m) y régimen luminico bien diferenciados. En cada profundidad, se
realizaron curvas Fotosintesis vs Irradiancia (F vs I) con frondes del alga y se estimé la productividad neta diaria mediante
la integracion numérica de los modelos F vs I con registros en continuo de irradiancia PAR incidente sobre el fondo.
Las respuestas fotosintéticas fueron consistentes con las descritas en macroalgas adaptadas a ambientes poco iluminados,
asi como con las mostradas en otras poblaciones mediterraneas de C. racemosa: reduccion significativa de la fotosintesis
maxima (P,,,,) a profundidades intermedias (18 m), y una mayor eficiencia fotosintética (o) y menor tasa de respiracién en la
oscuridad (Ry) en la localidad mas profunda. Los valores medios del balance de C en la estaciéon mds profunda fueron solo un
15% mas bajo que los obtenidos en la mds somera, a pesar de la severa reduccion de la disponibilidad de luz. Esta ganancia
neta diaria de C fue un 29% mads elevada que los valores esperados si se hubieran producido los ajustes fotosintéticos
descritos en la poblacion profunda. La evidencia aportada apoya la hipdtesis de fotoaclimatacion en C. racemosa como
mecanismo efectivo para optimizar la productividad algal a lo largo de gradientes de profundidad en el Mediterraneo.

Palabras clave: Caulerpa racemosa, balance de carbono, especies invasoras, fotosintesis, profundidad, Mediterraneo.
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INTRODUCTION

The Mediterranean Sea harbours the greatest
number of exotic species of macrophytes in the world,
with nine species of macroalga identified as invaders
with a high potential capacity to cause harmful ef-
fects on native benthic communities (Boudouresque
and Verlaque, 2002). Of these species, the introduced
green alga Caulerpa racemosa var. cylindracea (here-
after C. racemosa) has spread extensively throughout
almost the whole Mediterranean coast (Verlaque et al.,
2003; Piazzi et al., 2005) and has become known as
one of the most notorious and aggressive invaders of
recent decades (Streftaris and Zenetos, 2006). In the
colonized sites the alga is able to develop high bio-
masses over different substrate types, constraining the
diversity of native benthic assemblages (Argyrou et al.,
1999; Piazzi et al., 2001; Balata et al., 2004; Piazzi and
Balatta, 2008; Vazquez-Luis et al., 2008; Klein and
Verlaque, 2009).

While many studies have focused on spatial patterns
and temporal dynamics of the distribution, phenology
and biomass of C. racemosa, only a few have dealt
with the potential competitive mechanisms responsi-
ble for its ecological success in sublittoral Mediterra-
nean environments (see Klein and Verlaque, 2008 for
a review). Among other plant traits (e.g. vegetative and
sexual reproductive success, production of allelopathic
substances, physiological resistance to stress), morpho-
logical and physiological plasticity has been suggested
as a likely adaptive feature enabling acclimation to a
wide range of environmental conditions in this (Klein
and Verlaque, 2008) and other C. racemosa varieties
(Peterson, 1972; Riechert and Dawes, 1986; Ohba et
al., 1992). The capacity of the alga to photoacclimate
to varying light regimes has special importance in this
context, since C. racemosa has been shown to be able
to develop down to 70 m depth (Klein and Verlaque,
2008), colonize the understory of macrophyte canopies
(Cecherelli and Campo, 2002) and maintain biomass
through time even during conditions of severe light
limitation (e.g. deep populations in winter: Cebrian
and Ballesteros, 2009). However, our knowledge of the
photoacclimative capacity of Mediterranean populations
of C. racemosa is sparse at best (Raniello et al., 2004,
2006). Raniello et al. (2004, 2006) reported interesting
data showing how C. racemosa is able to re-organize its
photosynthetic pigment system in response to varying
light conditions caused by depth gradients, seagrass can-
opies, and daily and seasonal cycles. Regarding depth
(Raniello et al., 2006), changes in pigment composi-
tion were thought to represent algal photoacclimation
responses in order to optimize light capture (increase in
a) and photosynthetic performance (decrease in Ey) as
light becomes limiting. These are common responses
seen in some macroalgae species able to develop over
broad depth gradients (Ramus et al., 1977; Markager
and Sand-Jensen, 1992; Gomez et al., 1997; Johansson
and Snoeijs, 2002). Nonetheless, the extent to which the

ability of Mediterranean populations of C. racemosa to
photoacclimate effectively is responsible for productiv-
ity and potential colonization success remains unknown.

In the present study we analyzed the phosynthetic
responses of C. racemosa in order to assess the pat-
tern of algal productivity along a depth gradient. To
this end a carbon balance approach was taken, based
on the numerical integration of photosynthesis vs ir-
radiance (P vs E) models throughout continuous meas-
urement of instantaneous irradiance recorded at the sea
floor. This mechanistic approach has been previously
demonstrated to provide reliable estimates of primary
productivity in marine macrophytes (Matta and Chap-
man, 1991; Zimmerman et al., 1994). Photosynthesis
and respiration rates of C. racemosa fronds, together
with continuous irradiance field data, were measured at
three different locations of contrasting depth and light
on the coast of the Murcia Region of SE Spain, a part
of the Spanish Mediterranean coast invaded by the alga
since 2005 (Ruiz et al., 2011).

MATERIALS AND METHODS
Study area

The present study was performed at 3 sampling sta-
tions located at 3 separate locations at different depths
on the coast of the Murcia Region of SE Spain: a shal-
low station (S, 11m, Isla Grosa; 37°43’N, 00°42’E), an
intermediate station (I, 18 m, Cabo Tinoso; 37°32°N,
00°44°E) and a deep station (D, 26 m, Calblanque;
37°32°N, 1°07°E) (Fig. 1). These depths are represent-
ative of the current bathymetric range of C. racemosa
on the Murcian coast (10-30 m, Ruiz ef al., 2011). At
the time of sampling, the selected stations were located
in the most invaded areas (in terms of colonized sur-
face area) of the Murcian coast, with the alga present at
stations I and D since 2005 and at station S since 2006.
The most commonly invaded benthic communities are
the unvegetated sediments and photophilic macroalgal
assemblages on hard substrates found at station S and
the coastal detrital sediments found at stations I and D,
the latter being dominated by rhodoliths.
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F1G. 1. — Location of sampling stations: shallow (—11 m, S), interme-
diate (—18 m, I) and deep (-26 m, D).
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Field measurements: PAR irradiance and algal
biomass

All field work was performed by SCUBA divers at
the end of summer (August 2008), a time of year in
which the development of the alga is close to maxi-
mum in many areas of Murcia (personal observation)
and other Mediterranean regions (Klein and Verlaque,
2008; but see Cebrian and Ballesteros, 2009). Incident
irradiance on the sea floor was determined at each
sampling station from continuous recording of in-
stantaneous PAR irradiance (E, wmol quanta m?2 s,
400-700 nm; Kirk, 1994), obtained via the deployment
of a spherical 4 m quantum sensor (Alec Electronics,
MDS MKS, Japan) for a period of 21 days (12 August
to 1 September). All sensors were placed at a height
of 5 cm from the sea floor. During the measuring pe-
riod, the accumulation of epiphytes or particles on the
sensor surface was observed to be negligible and no
associated decline in incident light with time was ob-
served. Quantum sensors were programmed to record
at 10-minute intervals (n=144 measurements per day).
A mean daily light cycle was obtained for each sam-
pling station, characterized by maximum instantaneous
irradiance at noon and the integrated daily irradiance
(mol quanta m2 d'). In addition, measurement of sub-
surface instantaneous irradiance (E,) was performed at
noon on 5 standard days (i.e. those with full sunlight,
a cloudless sky and calm weather) using a flat, cosine-
corrected 2w sensor connected to a LI-COR quantum
meter (model LI-190SA). Mean E, and noon instan-
taneous irradiance values measured at the sea floor on
the same days were used to calculate both the percent-
age of E, reaching the seabed and the water-column
attenuation coefficient (K4, m''; Kirk, 1994) for each
sampling station. Measurements of both sensor types
were intercalibrated in the laboratory and showed a
very strong linear relationship (R?=0.998) with a con-
stant factor of 1.176.

At each sampling station, the abundance of C. race-
mosa was determined by measuring its total biomass
(fronds, stolons and rhizoids) in six replicate quadrats
of 400 cm?, randomly positioned within a surface area
of 25 m? colonized by the alga. Plant material of each
sample was placed in dark plastic bags before being
sorted, dried at 70°C (24 h) and weighed for biomass
quantification (g dw m2) in the laboratory.

Measurement of photosynthesis and dark
respiration rates

Samples of C. racemosa collected at each station
were transported to the laboratory in cooled and aer-
ated containers for the measurement of photosynthetic
and respiration rates and the determination of photo-
synthetic parameters. Prior to photosynthetic measure-
ment, plants were held overnight in dark conditions
and at a controlled temperature. Photosynthesis vs ir-
radiance (P vs E) curves of C. racemosa assimilatory

fronds were generated by following the incubation
methods described by Walker (1985) and Cayabyab
and Enriquez (2007). Photosynthetic and respiration
rates were obtained by measuring oxygen flux evolu-
tion with a Clark-type O, electrode installed in a DW3
chamber (Hansatech, UK) connected to a controlled
temperature circulating bath. The incubation medium
was filtered seawater at a temperature equal to that
measured in the field during plant collection: 23°C
for stations S and I and 18°C for station D. Dark res-
piration rate was calculated after an initial incubation
interval of 15 min in darkness (initial R;), with net
oxygen production (P) subsequently determined for 13
light levels of between 14 and 1500 mmol quanta m
s'! provided by an LS2 tungsten-halogen light source
(Hansatech, UK). After exposure to the final level of
light intensity, the frond was returned to darkness and
the final dark respiration rate was determined (final
Ry). No significant differences were found between ini-
tial and final respiration rates in any of the incubations
performed. Four C. racemosa frond replicates of ca. 2
cm length were incubated for each sampling station.
Prior to incubations, NaCO; was added to the incuba-
tion chamber up to a concentration of 5 mM to prevent
carbon limitation and N, was bubbled into the water
to maintain oxygen concentrations within a saturation
range of 20-80%.

Rates of oxygen flux were normalized to biomass
(fresh weight, fw) and plotted against E values to con-
struct the P vs E curve, from which the photosynthetic
parameters were then derived. The maximum rate of
net photosynthesis (net-P,,,,) was estimated by averag-
ing the maximum P values obtained at saturating ir-
radiances, with gross photosynthesis (gross P,,,,) then
obtained by adding R, to net-P,,,. Photosynthetic ef-
ficiency (o) was estimated from the slope of the regres-
sion line fitted to the initial linear part of the curve. The
point of compensation irradiance (E,) was calculated as
the intercept on the irradiance axis and the saturation
irradiance (E,) as the quotient between a and net-P,,,.
Mean values of E; and E; obtained at each sampling
station were then employed to calculate the light-
compensation (H.) and light-saturation (H,) periods,
respectively, for each daily light curve obtained from
continuous light measurement at the sea floor.

Daily metabolic carbon balance

For the calculation of sampling station carbon bal-
ance, the net photosynthetic rate (P) was derived for
each irradiance value of the entire light time series
obtained for that station using the following Michaelis-
Menten function fitted to each P vs E data set:

P = [gross P, -E/(E+E,)] + R, (Baly, 1935)
where gross P,,., Ex and R; are mean maximum gross

photosynthesis, saturation irradiance and dark respira-
tion rate obtained from the P vs E curves, respectively.

SCI. MAR., 75(4), December 2011, 803-810. ISSN 0214-8358 doi: 10.3989/scimar.2011.75n4803



806 « J. BERNARDEAU-ESTELLER et al.

This model is the best of a number of functions that
have been previously found to fit well with P-E plots
obtained for Caulerpa species (Gatusso and Jaubert,
1985; Chisholm and Jaubert, 1997). The accuracy of
this application was evaluated by non-linear least-
squares regression at 95% probability (Sigma-Plot, Jan-
del Scientific). Daily net photosynthesis was obtained
by numerical integration of calculated P values over
24-h periods, before being transformed into equivalent
carbon units (daily net C gain, mg C g! fw d!) us-
ing the ratio g C:g 0,=0.3, assuming a photosynthetic
quotient of 1.0 (Matta and Chapman, 1991; Rosenberg
etal., 1995).

If photoacclimation does occur, the photoacclima-
tion efficiency can be estimated as the proportion of
daily net photosynthesis due to changes in photosyn-
thetic parameters (Ruiz and Romero, 2001; Cayabyab
and Enriquez, 2007). For this purpose, we considered
that if photoacclimation does not occur at the deeper
stations (I and D), then the P vs E curve obtained from
these stations must be equal to that obtained for plants
from the shallower station, S. Therefore, by integration
of the P vs E curve from station S with light data from
stations I and D, we can simulate the daily net photo-
synthesis that would be expected for plants from these
deeper sites if photoacclimation did not occur. The
photoacclimation efficiency can then be calculated as
the relative percent difference between the simulated
values and the real values, which were previously ob-
tained using the respective P vs E curves.

Data analysis

A one-way ANOVA (Quinn and Keough, 2002)
was used to assess the significance of differences in ir-
radiance, algal biomass and photosynthetic parameters
between sampling depths. Prior to this, data were trans-
formed when the assumption of homoscedasticity was
not fulfilled. A post-hoc multiple pairwise comparison
of means, the Student-Newman-Keuls test (SNK; Quinn
and Keough, 2002), was used when ANOVA revealed
significant differences between depths. All significant
effects were tested at a probability level of P=0.05.
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F1G. 2. — Daily variation in sea floor irradiance at each sampling

station. Data are presented as the average of 21 d (see methods sec-

tion). These curves were used to estimate the daily period of light

saturation (Hy) and compensation (H,) from saturation (E;) and

compensation (E,) irradiances obtained in the P vs E curves (see
Table 2).

RESULTS

The irradiance measurements of the studied stations
showed a well-defined gradient related to depth (Fig. 2,
Table 1). Relative to their mean value obtained at sta-
tion S, both the noon instantaneous irradiance and the
integral of daily irradiance decreased significantly at
the other two stations: by 20% and 19%, respectively,
at station I and by 42% and 36% at station D (1-way
ANOVA, p<0.05; Table 1). Both the mean noon sub-
surface irradiance (E,) and the water-column attenu-
ation coefficient (K;) showed very similar values be-
tween sampling stations, with no significant differenc-
es being observed (Table 1). Mean noon instantaneous
irradiance at the sea floor represented 33.6%, 26.2%
and 21.6% of E, for stations S, I and D, respectively.

Total algal biomass showed significant differences
between sampling depths (F=8.3, P<0.05; Fig. 3). The
highest mean value was obtained at the shallowest
depth, station S (62.6+17.4 g dw m?2), decreasing by
20% at station I (49.7+8.5 g dw m?) and by 73% at
station D (16.9+2.9 g dw m™).

TABLE 1. — Summary of irradiance measurements at each sampling station, determined from continuous light measurement at the sea floor
during a 21 day period (i.e. daily light curves; Fig. 2) and instantaneous irradiance just below the surface measured at noon on standard sunny
days (n =5). Data are presented as means + standard error. MS = means squares, F = F statistic, *P < 0.05, **P < 0.01, n.s. = not significant.

Sampling station One-way ANOVA
Measurement: S (- 11 m) 1(-18 m) D (-26 m) MS F
Daily light curves at sea floor:
Noon instantaneous irradiance
(umol quanta m?2 s!) 442 + 28 354 £21 254 £ 17 40686 146.86%*
Integrated daily irradiance
(mol quanta m?2d") 11.74 £ 0.56 9.47 +0.30 7.52+0.24 0.047 19.56%*
Sub-surface irradiance:
Noon instantaneous irradiance
E, (umol quanta m s!) 1710 £ 78 1677 £ 224 1659 £ 219 42432 0.44 n.s.
Water-column attenuation coefficient
Ky(m™) 0.098 + 0.01 0.082 +0.01 0.095 £ 0.01 0.000007 0.25 n.s.
% E, 36.68 26.24 21.6 - -
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FIG. 3. — Total biomass (g DW m-?) of C. racemosa at each sampling

station. Data are presented as means and standard errors (n = 6). Dif-

ferent letters indicate groups of homogeneous means obtained in the
post-hoc test SNK (P < 0.05).

The P vs E curves of C. racemosa fronds obtained
at each station are presented in Figure 4, with mean
values of the photosynthetic parameters summarized in
Table 2. All photosynthetic parameters showed signifi-
cant variation between sampling depths. Mean net and
gross P, and E, showed a substantial and significant
decrease with depth, although no significant differences
were found between mean values of these parameters
at stations I and D (SNK, P>0.05), which were signifi-
cantly lower than those obtained at station S (Table 2).
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F1G. 4. — Photosynthesis vs irradiance (P vs E) curves determined

from C. racemosa fronds at sampling stations S (full circles), I (full

squares) and D (empty triangles). Points are means + SE (n = 4).

The solid line represents the curve model fitted to experimental data
(see methods section).

These differences were greater for station D (38% for
net P, 37% for gross P,,,, and 57% for E,) than for
station I (28%, 25% and 38%, respectively). A similar
general pattern was found for R, and E_, but here the
significant differences were caused only by the low
mean values of these parameters obtained at station D,
which were both ca. 33% lower than those obtained at
stations S and I. This variation in mean photosynthetic
and respiration rates resulted in the gross P,,,:R, ratios
measured at stations I (6.25) and D (7.39) being very
close to that obtained at station S (7.78). Photosyn-

TABLE 2. — Photosynthetic parameters derived from P vs E curves and daily net carbon gain calculated for each sampling station. Data are

presented as mean =+ standard error. Different letters indicate groups of homogeneous means obtained in the post-hoc test SNK (P<0.05). MS

= means squares, F=F statistic, ¥*P<0.05, **P<0.01. Mean values of H, H, and daily C gains calculated under the assumption of no photoac-
climation are indicated in the lower part of the table, as well as the photoacclimation efficiency (see the Materials and Methods section).

Sampling station (depth)
(18 m)

One-way ANOVA

Variable S (11 m) D (26 m) MS F
net-P ..
(umol O, g fw h) 1200+ 0.8 2 8.60 £ 0,1° 750040 0.04 27.0%*
Ry
(umol O, g fw'! h'!) 1.76 £0.15 2 1.64 +0.04 * 1.17+041° 0.01 5.80%
gross Pl‘ﬂilX
(umol O, g fw'!' h'!) 13.77+0.92 2 10.25+0.16° 8.65+0.50°" 24.35 13.72%*
o
(umol O, g fw™! h''//umol quanta m?2s") 0.05 +0.012 0.05 +0.01* 0.08 £0.01°" 0.004 7.20%
k
(umol quanta m? s'!) 229.50£17.9 @ 14170 £35.0° 98.90 +4.8" 0.48 12.7%%
(umol quar;tam'2 s 22.60 + 3.4 &b 37.30. 882 1520£7.0° 0.25 5.00%
K
(h) 64+04% 7.8+0.2° 83+0.2°% 20.50 12.4%*
HC
(h) 11.9+0.12 108 +0.1° 11.9+0.12 8.70 69.8%%*
Daily net C gain
(mg C g FW-1 d) 0.45+0.03 2 0.33+0.01° 0.38 £0.01° 0.07 9.80%*
simulation of photoacclimation
no photoacclimation: efficiency
I(18 m) D (26 m) I(18m) D(26m)
H
(h) 57+03 40+03 -26.9% -52%
H,
(h) 11.5 +0.05 11.5+0.01 -3.6 -3.6
Daily net C gain
(mg C g FW-1 d) 0.36 +0.02 0.27 £0.01 +9% - 28.9%

SCI. MAR., 75(4), December 2011, 803-810. ISSN 0214-8358 doi: 10.3989/scimar.2011.75n4803
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thetic efficiency (o) was significantly higher at station
D than at the shallower two. The average daily periods
of light compensation (H,) and saturation (H,) obtained
by intercepting the mean E, and E, derived from the
P vs E curves (Table 2) with the daily light curves
(Fig. 2) are also shown in Table 2. While mean H, was
quite similar at each sampling depth, mean H, showed
a slight but significant increase with depth, with the
absolute difference between stations S and D being
almost 2 hours. The daily metabolic carbon balance
was highly positive at all sampling depths, although
the mean net C gain was 26% and 16% lower at sta-
tions I and D, respectively, relative to the mean values
calculated for station S (Table 2). When considering a
scenario of no photoacclimation (Table 2), the mean
H, values of stations I and D were very similar to those
obtained via their respective P-E models. However
mean H, values recalculated at these stations were ca.
27% and 52% lower, respectively. The mean daily net
C gain calculated for station I under the assumption of
no photoacclimation was similar to that obtained using
the P-E model for this station, but was ca. 29% lower
at station D.

DISCUSSION

Photosynthetic responses observed along the
studied depth gradient essentially consisted of: a) an
increase in photosynthetic efficiency at sub-saturating
irradiances (a); b) a decrease in the maximum pho-
tosynthetic rates at saturating irradiances (gross- and
net-P,,,,); and ¢) a reduction of the respiratory demand
(Ry). Clearly, the simplicity of the sampling design
employed in this study (i.e. a comparison between the
three, single sampling sites) precludes interpretation
of the reported photosynthetic behaviour of C. race-
mosa across sampling depths exclusively in terms of
photoacclimation. In fact, despite the clear pattern of
light reduction (Fig. 2 and Table 1), other local factors
not controlled by the experimental design can also vary
with depth and influence photosynthetic performance.
However, the photosynthetic responses observed in
this study are in good agreement with general meta-
bolic strategies used by sublittoral macroalgae to op-
timize light use and productivity under variable light
conditions (Markager and Sand-Jensen, 1992; Kirk,
1994; Pérez-Lloréns et al., 1996; Gomez et al., 1997,
Lobban and Harrison, 1997; Gémez, 2001). Further-
more, our results are highly consistent with differences
in photosynthetic behaviour reported by other studied
Mediterranean populations of C. racemosa between
shallow and deep habitats (Raniello et al., 2006). Im-
portantly, the authors of these studies also interpreted
there results as being due to photoacclimation.

The pattern of variation of photosynthetic param-
eters was not uniform between sampling depths. The
decline in photosynthetic rates (net and gross P,,,,)
and E, represents the most significant photosynthetic
response of fronds at the intermediate depth (I, 18 m).

No further decline in photosynthetic rate was observed
at the deepest station (D, 26 m), but the lowest light
requirements (E, and E. mean values) were recorded
here. This is likely due to the increase in photosyn-
thetic efficiency (a) and the decrease in respiration
activity (Ry), both considered clear adaptations for
the growth and survival of macroalgae under limiting
light conditions (Markager and Sand-Jensen, 1992;
Goémez, 2001).

Higher photosynthetic efficiencies (o) is a common
feature of macroalgae to reduce light requirements for
photosynthesis in low light environments and is usu-
ally achieved through adjustment of light-harvesting
pigments, i.e. the size of the absorption cross-section
(Goémez et al., 1997, Lobban and Harrison, 1997,
Falkowski and Raven, 2007). Accordingly, high ratios
of both chlorophyll » and siphonaxanthin to chlorophyll
a have been reported for a number of Caulerpa species
living in deep-water environments (Yokohama and
Misonou, 1980; Riechert and Dawes, 1986; Williams
and Dennison, 1990; Raniello et al., 2006), although
no changes in a and pigment contents were found for
the other Mediterranean invader C. taxifolia across a
depth range similar to that of this study (Chisholm and
Jaubert, 1997). Studying a Mediterranean C. racemosa
population, Raniello et al. (2006) found increased
concentrations of these accessory pigments with depth
parallel to an increase in o and a decline in E; derived
from ETR curves, which is consistent with the photo-
synthetic behaviour of the alga reported in this study
for the deepest station (D) using P vs E curves. All this
evidence suggests that the plasticity of o can be an im-
portant photoacclimatory mechanism of C. racemosa
to cope with light reduction with depth.

A low respiration rate is also considered a com-
mon strategy to minimize light requirements and
carbon losses in macroalgal species growing in deep-
water habitats (Littler et al., 1986; Markager and
Sand-Jensen, 1992; Gémez et al., 1997; Johanson and
Snoeijs, 2002). In our study, the reduced dark respira-
tion observed at the station D enabled net-P,,,, and the
P:R, ratio to be maintained at levels similar to those
observed at station I. This reduction in dark respiration
has not been previously documented in Mediterranean
populations of C. racemosa, although it is consistent
with that observed in a tropical variety of C. racemosa
across a similar depth gradient (C. racemosa var uv-
ifera; Riechert and Dawes, 1986). The lower ambient
temperature at station D (18°C) than at station [ (21°C)
could also have contributed to the decrease in respira-
tory activity (e.g. Terrados and Ros, 1992). However,
previous experimental evidence for this and other vari-
eties of C. racemosa (Gattuso and Jaubert, 1985; Flag-
ella et al., 2008) indicates a low sensitivity of R to this
factor within this narrow temperature range. Similarly,
plants of the congeneric C. taxifolia collected in sum-
mer showed very constant dark respiration rates when
incubated across the temperature range between 15 and
25°C (Gacia et al., 1996). Thus, reduction in metabolic
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demands could effectively reflect a strategy of the alga
to maximize carbon gains under more limiting light
conditions.

The photosynthetic responses reported in this study
support the hypothesis that photosynthetic plasticity
may be an important mechanism accounting for the
success of C. racemosa across the depth gradients
found in Mediterranean coastal waters (Raniello ef al.,
2006), and that this can be achieved through optimi-
zation of carbon fixation as light becomes more limit-
ing (Markager and Sand-Jensen, 1992; Markager and
Sand-Jensen, 1994; Gémez, 2001). Carbon balance
calculations support this hypothesis for the studied
C. racemosa populations. At station I, reductions in
incident light and daily net productivity were similar
in magnitude (28% and 26%, respectively, relative
to station S). However, at station D, where the light
reduction is greater (41%), the daily net C gain was
only 15% lower than that estimated for the station S.
This result can only be explained by reduced light
requirements and respiratory losses (and higher pho-
tosynthetic efficiency) in C. racemosa fronds from the
deepest population, which yielded mean P:R ratios and
H, and H, periods very close to (or even higher than)
those obtained for station S. In the absence of photoac-
climation, H, values should be considerably shorter (4
h) and metabolic carbon balance ca. 29% lower than
the values actually measured in fronds from station D.
Therefore, the reported photosynthetic responses ef-
fectively resulted in an optimization of C. racemosa
productivity at the deepest site.

In conclusion, our results provide evidence support-
ing the capacity of C. racemosa to cope with changes
in the light regime caused by depth variations through
photosynthetic adjustments. Furthermore, this coping
mechanism enables deep-water C. racemosa popula-
tions to achieve positive carbon balances close to those
quantified for shallower populations, at least during a
period of the year when growth conditions are optimal
(i.e. late summer, see for example Ruitton et al., 2005).
However, generalization of this conclusion must be
made with caution until it is confirmed by similar stud-
ies at broader spatial and temporal scales. Other ques-
tions arising from our results should also be addressed
by further future research. For example, the lower
respiration rates observed for C. racemosa fronds at
station D suggest reduced growth rates at this depth
(Gbémez, 2001), which would allow carbon storage to
support algal growth and biomass under situations of
severe light limitation in these deeper waters, such as
during the winter. Although evidence for this meta-
bolic adaptation has been reported in Caulerpa species
(Robledo and Freile-Pelegrin, 2005), and has been
suggested for macroalgae species which display nega-
tive carbon balances in winter (see Dunton and Shell,
1986; Gomez, 2001), this metabolic adaptation has not
yet been demonstrated for Mediterranean C. racemosa
populations. Moreover, the existence of such adaptive
mechanisms could limit the capacity of this species to

accumulate biomass in deep assemblages (as suggested
by the lower algal abundance measured at station D).
Much more research is necessary to determine which
factor(s) are responsible for uncoupling C. racemosa
net productivity and biomass. In particular, attention
must be paid to the multiple environmental (abiotic
and biotic) factors that can influence vertical patterns
of algal abundance (Piazzi et al., 2001; Ruitton et al.,
2005, 2006; Bulleri and Benedetti-Cecchi, 2008; Ce-
brian and Ballesteros, 2009; Klein and Verlaque, 2008,
2009; Tomas et al., 2011), as well as the annual carbon
balance of the algae.
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