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Abstract
The sacoglossan Elysia timida (Risso, 1818) is typical of shallow sea areas and coastal lagoons. It retains symbiotic
functional chloroplasts derived from its algal food Acetabularia acetabulum (Linnaeus) for 45 days. However, some
aspects of the photosynthetic behaviour of the mollusc-chloroplast association are unknown. This work studies the
photosynthetic characteristics of E. timida from a lagoon environment (Mar Menor), defined between 25 and 600 µmol
quanta m–2 s–1 by the photosynthetic-irradiance curve. Experimental data were fitted to different exponential models and
models based on Michaelis-Menten kinetics. Among the latter, the model that bests fits to the experimental data was
identified. Furthermore, it incorporates respiration values and allows an estimation of compensation irradiance (Ic : 11.89
µmol quanta m–2 s–1). This model showed a rapid saturation of the photosynthetic apparatus at relatively low irradiance
values (Ik: 31.33 µmol quanta m–2). Excess light seems to be modulated by the mollusc's opening and closing of their
parapodia. Mean P/R values (Production versus Respiration relationship) are above 0.91; considered high in coralzooxanthellae symbioses. The photosynthetic efficiency of the symbiotic chloroplasts is fairly high, taking into account
that sacoglossans are more active than corals and have a higher respiration rate.
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1. Introduction
Sacoglossan gastropods are a vast group of herbivorous
opistobranch molluscs that feed suctorially, mainly on
green syphonaceous algae through a uniseriate radula
(Jensen, 1996, 1997; Marín and Ros, 2004). Retention of
plastids is common among these molluscs, which engulf
chloroplasts phagocytotically into the digestive cells during
feeding. Some sacoglossans studied maintain the
chloroplasts photosynthetically active for weeks or months
(Kawaguti and Yamasu, 1965; Trench, 1975; Clark and
Bussacca, 1978; Hinde, 1980; Stirts and Clarks, 1980;
Clark, 1992; Marín and Ros, 1993; Rumpho et al., 2000;
Muniain et al., 2001). Functional chloroplasts
photosynthesize inside the mollusc cell, evolving oxygen
and producing photosynthates like glucose and other
carbohydrates, lipids, and even proteins (Greene, 1970;
Greene and Muscatine, 1972; Trench et al., 1973; Hinde
and Smith, 1975; Hinde, 1978; Scheuer, 1979).
*The author to whom correspondence should be sent.

Furthermore, these molluscs have shown both
morphological and behavioural adaptations associated with
a better use of photosynthesis and control of energy
production. One of these adaptations is an enlargement of
the digestive gland surface area, either generating
branching in the form of cerata where chloroplasts are
stored, or flattening and increasing the area in the form of a
leaf, thus increasing the photosynthetic area. In species with
photosynthetic ability, the photosynthetic symbiont is often
orientated towards the light; these species are capable of
regulating excessive irradiance by closing the parapodia
(Rahat and Monseline, 1979; Monseline and Rahat, 1980;
Weaver and Clark, 1981).
Photosynthesis-irradiance fit curves have been
traditionally used in physiological studies of algae since
they provide important information on the photosynthetic
apparatus. Values of the photosynthesis versus irradiance
relationship are often fitted to mathematical functions to
obtain a series of parameters to describe predictive models
of primary production (Gattuso and Jauvert, 1985). These
curves can be an interesting tool to describe the energy
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production parameters of symbiotic sacoglossanchloroplasts (Wägele and Johnsen, 2001).
Elysia timida is a Mediterranean sacoglossan that lives in
well-lit and shallow littoral habitats (Bouchet, 1984; Marín
and Ros, 1988; Thompson and Jacklin, 1988) and is very
common in the Mediterranean coastal lagoons. Marín and
Ros (1992, 1989, 2004) have found that Acetabularia
acetabulum (Linnaeus) is the exclusive food source in
Mediterranean waters, although recent observations would
demonstrate that the mollusc exhibits a greater feeding
versatility, incorporating brown algae in the months when
A. acetabulum is absent (Giménez Casalduero, 2004).
Several studies found that E. timida obtains kleptoplasts
from algal food sources (Rahat, 1976; Rahat and
Monseline, 1979; Marín and Ros, 1989; 1992; Ros and
Marín, 1991), which remain active during 45 days in the
absence of food (Marín and Ros, 1993). Previous studies on
E. timida have focused on the description of its symbiotic
chloroplasts (Bouchet, 1984; Ros and Rodríguez, 1985),
and its photobiology (Monseline, 1979; Rahat and
Monseline, 1979). Also, recent studies have demonstrated
some genetic differences between the population of E.
timida from a coastal lagoon (Mar Menor) and the
Mediterranean populations (González-Wangüemert et al.,
2006). There is abundant information available on this
species; however, little is known about the sacoglossanchloroplast energy production relationship. This work
studies the photosynthetic parameters of E. timida
individuals occurring in a Mar Menor lagoon environment.

2. Material and Methods
Specimens
Sacoglossans were collected from the coastal lagoon of
Mar Menor (SE Spain), at a depth of 0.5–2 m, and
transported to the laboratory in an ice box within 3 h
following collection. The specimens were deposited in 36 L
aquaria in aerated and filtered sea water at a temperature of
23–25°C, similar to the mean temperature values estimated
in the field collection sites. A total of 184 individuals were
used. Experiments were conducted during the two days
following collection.
Estimation of dry weight/length relationship
Dry weight/length relationship was estimated for a total
of 61 molluscs to obtain biomass of individuals prior to
treatment, with the aim of avoiding possible alterations in
size during the experiment. Sacoglossans were recorded
with a video camera in a Petri dish at a known distance. By
watching the recording, the images of individuals reaching
maximum stretching were selected. The exact length (mm)
was estimated by analyzing the images. The size value used
resulted from the arithmetic mean of all length values

obtained for a given individual (Giménez-Casalduero,
1999). Then, individuals were placed in a heater at 100°C
for 24 h to estimate dry weight. The relationship between
length (mm) of the individual and its biomass (g) was
determined by linear regression analysis.
Photosynthesis versus irradiance curve
Photosynthesis versus irradiance (P-I) curve for E. timida
was estimated between 25 and 600 µmol quanta m–2 s–1,
using a total of 123 individuals. Biomass of sacoglossans
was estimated as described above. Net oxygen production
rate was measured using closed-chamber respirometry
techniques, similar to those described by Chapelle and Peck
(1995), and oxygen concentration was obtained by
comparisons with control chambers (experimental
chambers containing no molluscs and run in parallel).
Three of the individuals measured were placed in a 15 ml
incubation chamber containing seawater filtered through
0.47 µm-pore Millipore filters. There was enough room in
the chambers for each slug to unfold its parapodia. The
initial oxygen was calculated from oxygen values obtained
from two aliquots of 2.5 ml; then the chamber was
hermetically closed and placed in the incubation system at
constant light and temperature (23°C) for the entire
experimental period (2 h). The treatment was repeated for
the different irradiance values (25, 50, 100, 200, 300, 400,
and 600 µmol quanta m–2 s–1), which were obtained by
combining 40 W halogen lamps and natural filters.
Respiration rate was based on results obtained with
incubation chambers kept in the dark; the chambers were
prepared following the method described above, but were
covered with aluminium film to avoid photosynthesis. A
total of 20 dark chambers were measured. Three incubation
chambers plus one in dark conditions and the control one
were placed for each irradiance value simultaneously. After
the incubation period, dissolved oxygen concentration was
estimated by a modification of the Micro-Winkler
methodology (Fox and Wingfield, 1938) based on the
adaptation by Peck and Uglow (1990).
Oxygen concentration in the incubation chambers was
measured using couloximetric techniques (Peck and Uglow,
1990). Measurements were performed by adding sodium
thiosulfate (0.001 N), previously standardized with
potassium iodide (Parsons et al., 1984). A 0.1 ml syringe
containing thiosulfate, attached to a micrometer and
connected to the water sample from the incubation chamber
was used. Thiosulfate was gradually added until endpoint
was reached, which was identified by the change of colour
in the sample and was detected with the luxometer. During
measurement, the sample was homogenized using a
magnetic stirrer. The volume added to the sample until
endpoint was reached with a micrometer. This chemical
method of oxygen measurement is especially sensitive, with
2% accuracy (Fox and Wingfield, 1938; Ramus, 1981).
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Table 1. Fitness models used of photosythesis versus irradiance relationship. P: Photosynthesis rate; Pmax: maximum photosynthesis rate
at saturation irradiances; I: irradiance; R: respiration rate in darkness; a: photosynthetic efficiency at irradiances below saturation.
Model

Reference

(1)
(2)
(3)

Exponential
F = a. I*e^ (–a*I / (Pmax*e))
F = Pmax* (1–e^ (–a*I/Pmax))
F = Pmax* (1–e^ (–a*I/Pmax)) + R

Jassby and Platt (1976)
Gattuso and Jaubert (1985)
Terrados (1991)

(4)
(5)
(6)

(Michaelis and Menten, 1913)
F = (Pmax*a*I) / (Pmax + a * I)
F = (Pmax*a*I) / (Pmax + a * I) + R
F = Pmax* (I – R/a) / ((Pmax/a) + (I – R/a))

Gattuso and Jaubert (1985)
Pérez (1989)
Pérez (1989)

Photosynthetic parameters were estimated using the (P-I
curve). Numerous models were fitted to describe the P-I
curve, depending on the material analyzed (Platt et al.,
1980; Lapointe et al., 1984; Carpenter, 1985). The models
most widely mentioned in the literature are exponential
(Jassby and Platt, 1976; Gattuso and Jaubert, 1985; Pérez,
1989; Terrados, 1991) and those based on MichaelisMenten kinetics (1913) (Gattuso and Jaubert, 1985; O'Neal
and Prince, 1988; Pérez, 1989). Six models were selected
among the different ones analyzed, three exponential
models and three based on Michaelis-Menten kinetics
(Table 1). Curves were fitted using nonlinear techniques.
The ability of each model to explain the variation (R2) in
the data was compared. The goodness of fit of each
equation was estimated on the basis of the fidelity index
(FI) used by Nelson and Siegrist (1987):
FI = (Σn(Ooi – Oei)2 / n
where Oo: Oxygen production values observed; Oe: Oxygen
production values expected. The equation yielding the
lowest FI values is the best fit. Maximum photosynthesis
rate (Pmax) was estimated as the mean of the highest
irradiance values obtained experimentally. Photosynthetic
efficiency or initial slope (α) was estimated by fitting the
nonlinear regression models between 20–600 µmol quanta
m–2 s–1. The saturation irradiance (Ik) value was estimated
from the intercept of initial slope tangent and Pmax (Pollard,
1999).

formula most commonly used is based on work by
Muscatine and Porter (1977):
P/R = Gross Ps (24 h) / Rc (24 h)
where P/R is the percentage of the contribution by the
symbiotic photosynthesizing organism; gross Ps is the
photosynthetic production of the symbiotic organism, and
Rc is the oxygen consumed by the host-symbiont
association.
An approximation to the method proposed by Muscatine
and Porter (1977) was employed for the sacoglossanchloroplast association. The photosynthetic production of
the symbiotic organism (gross Ps) was estimated from
theoretical values obtained in the P-I curve, taking into
account daily irradiance variation in the lagoon, following
Terrados (1991) and Ruíz (2000), as a measure of oxygen
production at different irradiance conditions. Furthermore,
24 h respiration values were calculated based on the mean
of all hourly respiration values obtained experimentally in
the incubation chamber in the dark and multiplied by 24.
Data were fitted to the different P-I curve models using
SIGMA PLOT nonlinear curve fitter (Jandel Scientific,
1992).
0,012

0,010

0,008

0,006

Ik = Pmax / α
0,004

Dry weight (g)

The photosynthesis-respiration (P/R) ratio in organisms
with symbiotic associations is frequently used to interpret
the Production (P) versus Respiration (R) relationship
(Beyers, 1966; Kanwisher and Wainwright, 1967; Pillai and
Nair, 1972). In general, (P) and (R) values used to calculate
P/R coefficients are obtained in 24 hours. P is expressed as
the amount of oxygen produced in 24 hours, and R as the
oxygen consumed by an organism in 24 h dark period. The
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Figure 1. Linear regression of the length (mm) of E. timida
with respect to its dry weight (g). Medium dash line
corresponds to 95% confidence intervals; dotted line is the
prediction intervals.
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Figure 2. Irradiance-production curves; effect of light intensity on net photosynthesis rate for E. timida, at 23°C. Regression estimated for
the interval of 20–600 µmol quantum m–2 s–1 for the exponential models tested (models 1, 2 and 3) and models based on MichaelisMenten Kinetics (models 4, 5 and 6).

3. Results
Results of fitting dry weight and length data revealed a
linear regression of positive slope (Fig. 1) that corresponds
to the equation:
DW = 0.00242 + 0.00031L (a)

where DW is dry weight as a measure of biomass (g) and L
is length of individual at maximum stretching (mm). The
fitness model for the length versus biomass relationship
was highly significant, although the variance explained is
relatively low (r2 = 0.39, p<0.001).
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Estimation of photosynthesis parameters
Photosynthesis saturation or maximum photosynthesis
(Pmax) value obtained from experimental data was
3.96±0.14 mg O2 g–1 DW h–1, and the mean value for
respiration rate in the dark (R) was –1.93±0.07 mg O2 g–1
DW h–1. Using these basic parameters, the values of
photosynthetic efficiency at low irradiances (a) were
estimated for each model described along with the values
that show the goodness of fit, both for the coefficient of
variable (R2) and (FI) (Table 2). The parameters Pmax, R,
and a, allow us to represent P-I curves according to the
different models tested (Fig. 2). After calculating the basic
parameters, the data were fitted to the different models.
Only model 1 had a photoinhibitory response, which is not
observed in experimental data. In all cases, the analysis of
the response of the P-I curve showed that at low irradiance
values, photosynthesis is directly proportional to an
increase of irradiance, with values of photosynthetic
efficiency (α) varying from 0.0033 in model 1 to 0.1624 in
model 6. The models that best fit to the data are models 2, 4
and 6. Model 2 is exponential, but the other two are based
on Michaelis-Menten kinetics (Fig. 2), with FI values of
0.34, 0.38, and 0.25, respectively (Table 2).
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Table 2. Results of values of photosynthesis efficiency (α)
and fidelity index FI estimated for each model employed for
fitness of production data as a function of irradiance. Basic
parameters of PI curve for the best fit models (2, 4 and 6). Ic:
the compensation irradiance; Ik: saturation irradiance; R:
respiration rate.
Model

Initial slope (α)

(1)
(2)
(3)
(4)
(5)
(6)

0.033±0.005
0.074±0.013
0.007±0.001
0.118±0.027
0.009±0.002
0.124±0.020

R2

IF

0.44
0.76
0.53
0.74
0.55
0.82

0.82
0.34
0.69
0.38
0.65
0.25
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Figure 3. Daily oxygen production (mg O2 dw–1 h–1) of
E.
timida, estimated on the basis of model 6 (Pérez, 1989) (continue
line); daily cycle of incident irradiance (µmol quantum m–2 s–1)
in Mar Menor Lagoon, according to Terrados (1991) and Ruiz
(2000) (discontinued line).

Saturation irradiance (Ik), the interaction between α and
Pmax, is the irradiance value at which Pmax occurs. Fairly
low Ik values were obtained for lagoon E. timida using the
best fit curves. The value of daily photosynthetic
production of chloroplasts is obtained based on the
production curve using model 6, with Mar Menor lagoon

Ik

–

53.59

–

33.53

11.89

31.33

Table 3. Summary of optimal photosynthesis and optimal
irradiance for Sacoglossans. Taken from Weaver and Clark
(1981).
Species

I (µε/m2/s)

Reference

Costasiella lilianae

200

Elysia tuca

<100

Elysia viridis
Tridachia crispata

120–220
200–300

Oxynoe antillarum

<100

Berthelinia caribbea

<100

Weaver and Clark
(1981)
Weaver and Clark
(1981)
Gallop et al. (1980)
Weaver and Clark
(1981)
Weaver and Clark
(1981)
Weaver and Clark
(1981)

500

4

Ic

daily irradiance data (Fig. 3). A total of 44.11 mg O2 gps–1
h–1 of daily production was obtained. The daily respiration
value was obtained from the respiration mean
experimentally estimated and multiplied by 24 h, yielding
46.32 mg O2 gps–1 h–1. A value of 0.91 was calculated for
the production versus respiration ratio.

4. Discussion
The analysis of the different models of P-I curves shows
that the model that best interprets behaviour of the
photosynthetic characteristics observed in Elysia timida is
the one described by Pérez (1989) (model 6), which is
based on the kinetics of Michaelis-Menten (1913) (Table
1). This model also incorporates respiration values, which
allow us to estimate the compensation irradiance value (Ic:
11.89 µmol quanta m2 s–1), the minimum irradiance value
to compensate for respiration. Model 6 shows a rapid
saturation of the photosynthetic apparatus at relatively low
irradiance values (Ik: 31.33 µmol quanta m–2 s–1) (Fig. 2).
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The low saturation value seems to contradict the
individual's habitat (shallow, well-lit areas); however, this
rapid saturation might be influenced by a control of
parapodia, which would avoid pigment photodestruction
under light oversaturation conditions, as mentioned later.
During the experimental period a closing and opening of
parapodia was observed, which agrees with descriptions by
Rahat and Monseline (1979); parapodia were completely
open when exposed to low irradiance and gradually closed
with increasing irradiance values.
Another outstanding characteristic of the P-I curve is the
lack of photoinhibition at high irradiance. The curves
introducing photoinhibition strategies described in the
literature yield bad data fitness. The one that shows best fit
is that based on Michaelis-Menten kinetics, probably, once
again, because of the ability of sacoglossans to regulate
photosynthetic production. Thus, the photosynthetic
apparatus would not function at its maximum capacity in an
ordinary situation, but would be controlled by the parapodia
behaviour of the sacoglossan. E. timida is found in the
shallowest areas of the lagoon, where the influence of
irradiance varies seasonally. From March to June,
irradiance at midday is close to 500 µE–2 s–1 (Fig. 3),
whereas from January to August, it is below 200 µE–2 s–1
(Terrados, 1991). These irradiance values are higher than
those indicated in the literature as the optimum for other
photosynthesizing Elysia species (Table 3). Furthermore,
these high irradiances contrast with the low saturation
irradiance value found (31.33 µmol quanta m2 s–1);
however, this could be an indicator of the great dependence
on photosynthetic energy that the mollusc has for survival.
With such low saturation values, the mollusc ensures a
maximum yield at low light intensity, whereas at high
intensity, the sacoglossan keeps the parapodia closed, thus
avoiding the problems produced by light excess described
earlier. Furthermore, in the field, the sacoglossan is
commonly found with completely closed parapodia on a
well-lit day (per. obs.).
The Production versus Respiration relationship (P/R)
was initially used to estimate compensation irradiance for
symbiotic associations between corals and zooxanthellae. A
ratio equal to 1 indicated that most of the carbon fixed in
photosynthesis was consumed in respiration by the host and
the "guest". A P/R>1 indicated that the amount of carbon
fixed by photosynthesis exceeded the basal metabolic
requirement of the host; whereas, P/R<1 indicated that the
host needed to feed on other sources to complete the
amount of carbon required for its basal metabolic needs
(McCloskey et al., 1978). It has been demonstrated that the
real compensation depth for each plant is usually shallower
than that estimated with this model. However, the high
values of this index described in some works on symbiotic
organisms of coral reefs (Verwey, 1930; Kawaguti, 1937)
seem to demonstrate that photosynthesizing symbiotic
organisms substitute at least part of the basal energy
requirements of the host species. At least they have certain

ability to replace these requirements, since there is extra
energy availability in the host organisms. Theoretically
estimated mean P/R values of lagoon E. timida are above
0.91, which are considered high in the coral-zooxanthellae
symbioses. This value should be regarded as an
approximation, since respiration has been considered
constant based on the mean obtained for individuals during
periods of activity. If a study of 24 h respiration was
conducted, the total value would probably decrease. If we
consider that sacoglossans are more active than corals and
possess higher respiration values, production values of
chloroplasts should also be higher to obtain similar indices.
Therefore, photosynthetic efficiency of symbiont
chloroplasts is fairly high.
The parameters of the P-I curve obtained in this work
provide useful baseline information to perform further
studies on photosynthetic energy generated from the
relationship between the mollusc and the acquired
chloroplasts, as well as on the importance of such energy
for primary metabolism of lagoon sacoglossans.

Acknowledgements
We are grateful to the Department of Ecology and
Hydrology of the University of Murcia for providing
infrastructure to carry out this study. We are also thankful
to J.L Sánchez Lizaso for his contribution. This research
was supported by the research grant PN92 (Spanish
National Programme of Researcher Training, Education and
Science) to F.G.C., research grant INV05 from the
Conselleria de Investigacio (Generalitat Valenciana) in the
University of Alicante and CONICET (PIP 5301) to C.M.

REFERENCES
Beyers, R.J. 1966. Metabolic similarities between symbiotic
coelenterates and aquatic ecosystems. Archives of
Environmental Contamination and Toxicology 62: 273–284.
Bouchet, P. 1984. Les Elysiidae Méditerraneé (Gastropoda,
Opistobranchia). Annales de Institut Oceanographique 60: 19–
28.
Carpenter, R.C. 1985. Relationship between primary production
and irradiance in coral reef algal communities. Limnologia and
Oceanography 30: 784–793.
Chapelle, G. and Peck, L.S. 1995. The influence of aclimation and
substratum on the metabolism of the Antarctic amphipods
Waldeckia chesa (Chevreux, 1905) and Bovellia gigantean
(Pfeffer, 1888). Polar Biology 15: 225–232.
Clark, K. 1992. Plant-like animals and animals-like plants:
symbiotic coevolution of ascoglossan (sacoglossan) mollusc,
their algal prey and algal plastids. In: Algae and Symbiosis.
Reisser, I.W., ed. Biopress Ltd. Bristol, UK, pp. 515–530.
Clark, K.B. and Busacca, M. 1978. Feeding specificity and
chloroplast retention in four tropical ascoglossa, with a
discussion of the extent of the chloroplast symbiosis and the
evolution of the order. Journal of Molluscan Studies 44: 272–
282.

PHOTOSYNTHETIC ACTIVITY OF ELYSIA TIMIDA
Fox, H.M. and Wingfield, C.A. 1938. A portable apparatus for the
determination of oxygen dissolved in a small volume of water.
Journal of Experimental Biology 15: 437–445.
Gallop, A., Bartrop, J., and Smith D.C. 1980. The biology of
chloroplast acquisition by Elysia viridis. Proceedings of the
Royal Society of London Series B Biological Sciences 207:
335–349.
Gattuso, J.P. and Jaubert, J. 1985. Photosynthesis and respiration
of Caulerpa racemosa (Chlorophycea, Caulerpales) grown in
aquaria: Effects of light and temperature. Botanica Marina 28:
327–332.
Giménez-Casalduero, F. 1999. Estudio comparativo en diferentes
poblaciones de Elysia timida (Risso, 1818) (Gastropoda:
Opisthobranchia, Sacoglossa). Iberus 17: 137–146.
Giménez-Casalduero, F. 2004. Diferencias entre dos poblaciones
de Elysia timida (Risso, 1818) del Mar Menor (Murcia, SE de
España). In: Actas II Congreso de la Naturaleza de la Región
de Murcia, pp. 79–86.
González-Wangüemert, M., Giménez-Casalduero, F., and PérezRuzafa, A. 2006. Genetic differentiation of Elysia timida
(Risso, 1818) populations in Southwest Mediterranean and Mar
Menor coastal lagoon. Biochemistry, Systematic and Ecology
34: 514–527.
Greene, R.W. 1970. Symbiosis in sacoglossan opisthobranchs:
symbiosis with algal chloroplast. Malacologia 10: 357–368.
Greene, R.W. and Muscatine, L. 1972. Symbiosis in sacoglossan
opisthobranchs: photosynthetic products of animal-chloroplast
associations. Marine Biology 14: 253–259.
Hinde, R. 1978. The metabolism of photosynthetically fixed
carbon by isolated chloroplasts from Codium fragile
(Chlorophyta: Siphonales) and by Elysia viridis (Mollusca:
Sacoglossa). Biological Journal of the Linnean Society 10:
329–342.
Hinde, R. 1980. Chloroplasts ìsymbiosisî in sacoglossan molluscs.
In: Endocytobiology: Endosymbiosis and Cell Biology, A
Synthesis of Recent Research. Schwemmler, W. and Schenk,
H.E.A, eds. De Gruyter, Berlin, pp. 729–736.
Hinde, R. and Smith, D.C. 1975. The role of photosynthesis in
nutrition of the mollusc Elysia viridis. Biological Journal of the
Linnean Society 7: 161–171.
Jassby, A.D. and Platt, T. 1976. Mathematical formulation of the
relationship between photosynthesis and light form
phytoplankton. Limnology and Oceanography 21: 540–547.
Jensen, K.R. 1996. Phylogenetic systematics and classification of
the Sacoglossa (Mollusca, Gastropoda, Opisthobranchia).
Philosophical Transactions of the Royal Society 351: 91–122.
Jensen, K.R. 1997. Evolution of the Sacoglossa (Mollusca,
Opisthobranchia) and the ecological association with their food
plants. Evolutionary Ecology 11: 301–335.
Kanwisher, J.W. and Wainwright, S.A. 1967. Oxygen balance in
some reef coral. Biological Bulletin Marine Laboratory Woods
Hole 133: 378–390.
Kawaguti, S. 1937. On the physiology of coral reefs. II. The effect
of light on colour and form of reef corals. Palaeo Tropical
Biological Station Studies 2: 199–208.
Kawaguti, S.Y. and Yamasu, T. 1965. Electron microscopy on the
symbiosis between an elysioid gastropod and chloroplast of a
green alga. Biological Journal of Okayama University 11: 57–
65.
Lapointe, B.E., Tenore, K.R., and Dawes, C.J. 1984. Interactions
between light and temperature on the physiological ecology of
Gracilaria tikvahiae (Gigartinales: Rodophyta) I. Growth,
photosynthesis and respiration. Marine Biology 80: 161–170.
Marín, A. and Ros, J.D. 1988. Los sacoglosos (Mollusca,
Opisthobranchia) del sudeste Ibérico. Catálogo de las especies

157

y presencia de cloroplastos algales en las mismas. Iberus 8: 25–
49.
Marín, A. and Ros, J.D. 1989. The chloroplast-animal association
in four Iberian sacoglossan opisthobranchs: Elysia timida,
Elysia translucens, Thuridilla hopei, and Bosellia mimetica.
Topics Marine Biology, Scientia Marina 53: 429.
Marín, A. and Ros, J.D. 1992. Dynamics of a peculiar plantherbivore relationship: The photosynthetic ascoglossan Elysia
timida and the chlorophycean Acetabularia acetabulum.
Marine Biology 112: 677–682.
Marín, A. and Ros, J.D. 1993. Ultrastructural and ecological
aspects of the development of chloroplast retention in the
sacoglossan gastropod Elysia timida. Journal of Molluscan
Studies 59: 95–104.
Maríin, A. and Ros, J.D. 2004. Chemical defenses in sacoglossan
opisthobranchs: Taxonomic trends and evolutive implications.
Scientia Marina 68: 227–241.
McCloskey, L.R., Wethey, D.S., and Porter, J.W. 1978. Coral
Reefs: Research Methods. Stoddart, D.R. and Johannes, R.E.,
eds. UNESCO, Paris.
Michaelis, L. and Menten, M.L. 1913. Der chinetic der invert
wirking. Biochemestry Z 49: 333–369.
Monseline, E.B. 1979. Photobiology of the chloroplast hosting
mollusc Elysia timida (opisthobranchia). The Journal of
Experimental Biology 79: 225–233.
Monseline, E.B. and Rahat, M. 1980. Photobiology of Elysia
timida (Mollusca: opisthobranchia): Observations in the sea.
Israel Journal of Zoology 29: 125–128.
Muniain, C., Marín, A., and Penchaszadeh, P. 2001. Ultrastructure
of the digestive gland from the larval and adult stages of the
sacoglossan Elysia patagonica Muniain and Ortea, 1997.
Marine Biology 139: 687–695.
Muscatine, L. and Porter, J.W. 1977. Reef corals: mutualistic
symbiosis adapted to nutrient poor-environments. BioScience
27: 454–460.
Nelson, S.G. and Siegrist, A.W. 1987. Comparison of
mathematical expression describing light-saturating curves for
photosynthesis by tropical macroalgae. Bulletin of Marine
Science 41: 617–622.
O'Neal, S.W. and Prince, J.S. 1988. Seasonal effects of light,
temperature, nutrient concentration and salinity on the
physiology and growth of Caulerpa papillosus (Clorophycea).
Marine Biology 97: 17–24.
Parsons, T.R., Maita, Y., and Lalli, C.M. 1984. A Manual of
Chemical and Biological Methods for Seawater Analysis.
Pergamon Press, New York, pp. 173.
Peck, S.L. and Uglow, R.F. 1990. Two methods for assessment of
the oxygen content of small volumes of seawater. Journal of
Experimental Marine Biology and Ecology 141: 53–62.
Pérez, M. 1989. Fanerógamas marinas en sistemas estuáricos:
producción, factores limitantes y algunos aspectos del ciclo de
nutrientes. PhD Universidad de Barcelona.
Pillai, C.S.G. and Nair, P.V.R. 1972. Productivity studies on some
hermatypic corals by means of both oxygen measurements and
14 C methods. In: Proceedings Symposium of Corals and Coral
Reefs MBAI. pp. 191–216.
Platt, T., Gallegos, C.L., and Harrison, W.G. 1980.
Photoinhibition of photosynthesis in natural assemblages of
marine phytoplankton. Journal of Marine Research 38: 687–
701.
Pollard, P.C. 1999. Measuring photosynthetic characteristics of
the seagrass Syringodium isoetifolium: implications for in situ
productivity estimates. New Zealand Journal of Marine
Freshwater Research 33: 173–180.

158

F. GIMÉNEZ CASALDUERO AND C. MUNIAIN

Rahat, M. 1976. Direct development and symbiotic chloroplast in
Elysia timida (Mollusca: Opisthobranchia). Journal of
Experimental Biology 79: 225–233.
Rahat, M. and Monseline, E.B. 1979. Photobiology of the
chloroplast hosting mollusc Elysia timida (opisthobranchia).
Journal of Experimental Biology 79: 125–128.
Ramus, J. 1981. The Biology of Seaweeds. Lobban, C.S. and
Wynne, M.J., eds. Oxford.
Ros, J.D. and Marín, A. 1991. Adaptative advantages of the
'symbiosis' between algal chloroplasts and sacoglossan
molluscs. In: Homenage to Ramon Margalef; or why there is
such pleasure in studying nature. Ros, J.D. and Prat, N., eds.
Oecologia Aquatica 10: 271–298.
Ros, J.D. and Rodríguez, J. 1985. La simbiosis algal en Elysia
timida Risso, 1818. Primeros resultados. Anales Biología 4:
37–47.
Ruíz, J.M. 2000. Respuesta de la fanerógama marina P. oceanica
(L.) A perturbaciones antrópicas. PhD. Thesis, University of
Murcia.
Rumpho, M.E., Summer, E.J., and Manhart, J.R. 2000. Solarpowered sea slugs. Mollusc/algal chloroplast symbiosis. Plant
Physiology 123: 29–38.
Scheuer, P.J. 1979. Isocyanides and cyanides as natural products.
Journal of American Chemistry Society 25: 433–439.
Stirts, H.M. and Clark, K.B. 1980. Effects of temperature on
products of symbiotic chloroplasts in Elysia tuca Marcus
(Opisthobranchia: Ascoglossa). Journal of Experimental
Marine Biology and Ecology 43: 39–47.

Terrados, J. 1991. Crecimiento y producción de las praderas de
macrófitos del Mar Menor, Murcia. PhD Thesis, Universidad
de Murcia.
Thompson, T.E. and Jacklin, A.1988. Eastern Mediterranean
opisthobranchs: Elysiidae (Sacoglossa=Ascoglossa). Journal of
Molluscan Studies 54: 59–69.
Trench, R.K. 1975. Of "leaves that crawl": functional chloroplast
in animal cells. Symposium of the Society for Experimental
Biology 29: 229–265.
Trench, R.K., Boyle, J.E., and Smith, D.C. 1973. The association
between chloroplasts of Codium fragile and the mollusc Elysia
viridis II: Chloroplast ultrastructure and photosynthetic carbon
fixation in Elysia viridis. Proccedings of the Royal Society of
London 184: 63–81.
Verwey, J. 1930. Coral reef studies. I. The symbiosis between
damsel fishes and sea anemones in Batavia Bay. Treubia 12:
305–366.
Wägele, H. and Johnsen, G. 2001. Observations on the histology
and
photosynthetic
performance
of
'solar-powered'
opisthobranchs (Mollusca, Gastropoda, Opisthobranchia)
containing symbiotic chloroplasts or zooxanthellae. Organisms
Diversity and Evolution 1: 193–210.
Weaver, S. and Clark, K.B. 1981. Light intensity and colour
preferences of five ascoglossan (sacoglossan) Molluscs
(Gastropoda: Opisthobranchia): a comparison of chloroplastsymbiotic and aposymbiotic species. Marine Behaviour and
Physiology 7: 297–306.

