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Experiments were conducted during summer and winter, 2000, and summer 2001 to determine the bioaccumulation
and role of UV-absorbing compounds in two crustacean species—the amphipod Amphitoe valida and the isopod
Idothea baltica—from the mid-littoral of the Patagonia coast (Argentina). Macroalgae constituting the diet for
these species differed in the concentration of UV-absorbing compounds, from high amounts in the rhodophyte
Polysiphonia sp. to almost null in chlorophyte species (i.e., Enteromorpha sp. and Codium sp.). Consequently,
transferring and bioaccumulation of these compounds, identified as the mycosporine-like amino acids (MAAs)
Porphyra-334 and Shinorine, varied in the crustaceans according to their algal diet, being high when feeding
on Polysiphonia sp. Survival experiments carried out with crustaceans feeding on poor and rich-MAA diets
demonstrated that the role of these compounds in A. valida and I. baltica was different. In A. valida, and based on
a significantly higher survival in those individuals feeding on the rhodophyte, MAAs seem to provide an effective
protection against UV-B radiation (280–320 nm). In I. baltica, mortality was not significantly different in individuals
feeding on rich and poor MAA diets. However, judging from the comparatively high amounts of MAAs in
eggs/embryos, these compounds might provide protection to the progeny rather than to adult organisms.

1 Introduction
Solar radiation has a key role in aquatic ecosystems, as it consti-
tutes the energy source for the entire food web via the photo-
synthetic process, which occurs mainly in the visible range of
the solar electromagnetic spectrum (Photosynthetically Avail-
able Radiation, PAR, 400–700 nm). The shorter wavelengths
of the spectrum—ultraviolet radiation (UVR, 280–400 nm),
especially ultraviolet-B (UV-B, 280-320 nm), have been
reported to cause a number of deleterious effects in aquatic
organisms.1–3 Studies conducted with aquatic primary con-
sumers report effects such as increase in mortality,4–7 reduction
of fecundity rates,8 alterations in diel vertical migration 9 and
abnormalities during development stages.10

However, at present we have enough evidence that almost all
organisms can adapt to the prevailing UVR conditions through
one or a combination of mechanisms, which essentially include:
(a) avoidance strategies (e.g. diel migration), to provide
protection against visually hunting predators and/or moving
away from the radiation source,11 or even hiding under shaded
places as seen in invertebrates living under rocks or within a
macroalgae canopy;12 (b) protective strategies, through the
presence of UV-absorbing compounds, typically mycosporine-
like amino acids (MAAs),10,13–15 or melanin and carotenoid
pigments 4 and, (c) repair of damage—either photorepair
or dark enzymatic repair.16 Among all these strategies, the
presence of UV-absorbing compounds plays an important
ecological role, because although MAAs can be only synthe-
sized by organisms having the shikimate pathway 17—e.g.,
phytoplankton, red algae and some cyanobacteria—they can be
transferred through the diet and later bioaccumulated in
higher trophic levels of the aquatic food web.14,16 Thus, con-
sumers can be potentially protected against deleterious levels
of solar UVR, as seen in studies conducted with marine
invertebrates 10,18–20 and with freshwater zooplankton as well.21

In nature, benthic organisms inhabiting the intertidal zone,

especially those living in shallow tide pools, can be exposed to
relatively high levels of solar radiation due to overexposure
during low tide, especially at noon. According to the depth
distribution, crustacean species have different diets of macro-
algae, so that those living in shallow pools will usually feed
on Chlorophyta species, whereas those inhabiting deeper pools
will feed on Rhodophyta. These dietary differences may result
in varied adaptations/acclimation to the radiation climate,
due to the fact that in general Rhodophyta species contain
high concentration of UV-absorbing compounds, whereas in
Chlorophyta when present, it is very low.22,23

The objective of this work is to study the bioaccumulation
and role of UV-absorbing compounds in two crustacean
species from Patagonian waters when feeding on different
macroalgae diets. The species used in this study were the
amphipod Amphitoe valida Smith and the isopod Idothea
baltica Palla. These organisms are very important in the diet of
fish species such as Odontesthes smitti and O. nigricans,24 which
constitutes a commercial resource in the Argentine Sea.

2 Materials and methods

2.1 Sampling sites and specimens

Specimens were collected during summer and winter, 2000,
and summer 2001, from three rocky beaches of the Patagonia
coast �43� S, 65� W (Chubut, Argentina): a) Playa Barrancas
Blancas, b) Playa Punta Cuevas and, c) Playa Punta Este
(Fig. 1). These beaches differ considerably not only in their
geomorphological characteristics but also in their biological
diversity, Enteromorpha sp. (Chlorophyta) being the dominant
macroalgae species in Playa Barrancas Blancas, whereas
Polysiphonia sp. (Rhodophyta) and Codium sp. (Chlorophyta)
dominated in Playa Punta Cuevas and Playa Punta Este,
respectively (see Table 1). Crustacean specimens were collected
from different sites according to their macroalgae diet, so that
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Table 1 Summary of algal dominance and crustacean occurrence in the different sampling sites

Pool depth Location Dominant macroalgae Crustaceans

Shallow (< 20 cm) Playa Barrancas Blancas Enteromorpha sp. (Chlorophyta) Amphitoe valida (Amphipod); Idothea baltica (Isopod)

 Playa Punta Cuevas   

 Playa Punta Este Codium sp. (Chlorophyta) Idothea baltica

Deep (< 1.5 m) Playa Barrancas Blancas   

 Playa Punta Cuevas Polysiphonia sp. (Rhodophyta) Amphitoe valida; Idothea baltica

 Playa Punta Este   

both the amphipod Amphitoe valida and the isopod Idothea
baltica were found within Polysiphonia sp. and Enteromorpha
sp. populations, whereas isopods were present only in Codium
sp. Samples containing algae and invertebrates were collected in
plastic containers and immediately taken to the laboratory at
Estación de Fotobiología Playa Unión (EFPU) where manual
separation of individuals was done.

2.2 Experimentation

Two types of experiments were performed: a) to determine
the potential bioaccumulation of UV-absorbing compounds
in A. valida and I. baltica and, b) to evaluate the effects of
UV-B radiation on survival of these two crustacean species
after feeding on diets with low and high concentrations of
UV-absorbing compounds.

2.2.1 Bioaccumulation of UV-absorbing compounds in
crustaceans. The concentration of UV-absorbing compounds
was determined in both crustaceans and macroalgae samples
from their natural environment. The bioaccumulation process
was also evaluated by keeping crustacean specimens in the
laboratory during 7–10 days under different macroalgae diets.
Algae with different concentrations of UV-absorbing com-
pounds were added (i.e., one gram of macroalgae per day) to
duplicate aquaria (3 liter volume) so we had high and low
MAAs treatments. In addition, in order to evaluate the dif-
ferential accumulation of UV-absorbing compounds in tissues
and body parts of I. baltica, analyses were performed separately
in eggs/embryos, gut, gonads, and exoskeleton.

2.2.2 Survival of A. valida and I. baltica when exposed
to UV-B radiation. Specimens of amphipods and isopods
collected from the three macroalgae populations mentioned
above (i.e., with different concentrations of UV absorbing
compounds) were placed in 50 ml quartz tubes (10–20
individuals per tube) with filtered seawater in a temperature
controlled chamber (Sanyo, model MLR 350) at 15 �C, and
exposed to artificial radiation under two radiation treatments:
1) UVR � PAR (280–700 nm), quartz tubes, and 2) UV-A �
PAR (320–700 nm), quartz tubes wrapped with Mylar-D film.

Fig. 1 Map of South America and part of Patagonia indicating the
areas where specimens of macroalgae and crustaceans were collected.

The chamber had a set of 5 lamps Q-Panel (model UVA 340)
and 10 lamps Phillips day light so that the organisms were
exposed to irradiances of 66, 15.3 and 0.7 W m�2 of PAR,
UV-A and UV-B, respectively. The spectra of the Q-Panel
lamps is given in Brown et al.;25 while the absorption charac-
teristics of Mylar D are given in Helbling et al.26 After a
period variable between 5–10 hours, two tubes of each radi-
ation treatment were taken and the number of dead individuals
determined.

2.3 Analysis and determinations

2.3.1 UV-absorbing compounds. UV-absorbing compounds
were determined following the technique described in Helbling
et al.27 Samples (either crustaceans or a known amount of
macroalgae) were extracted for two hours in 7 ml of methanol
at 4 �C. After the extraction period, samples were centrifuged,
and the supernatant was scanned from 250 to 750 nm using
a Hewlett Packard (model HP-8453E) spectrophotometer.
The peak height at 334 nm was considered an estimate of the
concentration of UV-absorbing compounds.28 In addition,
HPLC analyses were carried out on selected macroalgae and
crustacean samples to identify the UV-absorbing compounds,
as described in Sinha et al.29 MAAs were extracted in 2 ml of
20% methanol (v/v) and after centrifugation, the supernatant
was lyophilized and redissolved in 0.2% acetic acid. The
samples were then filtered through 0.2 μm pore-sized micro-
centrifuge filters and analyzed using an HPLC system (Merck
Hitachi; Interface D-7000, UV-Detector L-7400, Pump L-7100,
Darmstadt, Germany) equipped with a LiCrospher RP 18
column and guard (5 μm packing; 250 × 4 mm I.D.). After this,
samples were injected into the HPLC column; the wavelength
for detection was 330 nm (flow rate of 1 ml min�1, mobile phase
of 0.2% acetic acid). Finally, MAAs were identified by co-
chromatography by comparing the absorption spectra and
retention times with several standards (available at Friedrich
Alexander Universität, FAU).

2.3.2 Survival of crustaceans to UV-B radiation. Survival
was estimated as the relationship between the numbers of dead
and living organisms in each radiation treatment (we con-
sidered as dead those individuals that did not have any type of
movement). Sorting and counting of organisms were done
using a dissecting microscope. Survival in samples exposed to
PAR � UVR was normalized with the control samples exposed
only to PAR; then, a survival curve as a function of the UV-B
dose was obtained. Data from this survival curve were used to
calculate the lethal dose 50 (LD50, the dose at which 50% of the
individuals died).

2.3.3 Statistics. Duplicate tubes for each radiation treat-
ment were collected to allow calculations of mean and standard
deviations. In order to statistically test differences (e.g., between
radiation treatments or between concentration of UV-
absorbing compounds in different macroalgae), the non-
parametric Kruskal Wallis test was applied to the data.30
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3 Results
The absorption characteristics of the specimens used in this
study are shown in Fig. 2. Significant differences were found in
the amount (as determined by peak analyses) (Figs. 2A,B), and
type of compounds (as determined by HPLC analysis) present
in the macroalgae used as diet of crustaceans. In the two
chlorophytes—Enteromorpha sp. and Codium sp.—peaks were
evident in the visible range of the electromagnetic spectrum,
which corresponded to photosynthetic pigments; no MAAs
were identified in these two species. In Polysiphonia sp., how-
ever, the most noticeable peak was found in the UV region, with
a maximum of absorption at 334 nm (Fig. 2B). The compounds
responsible for this maximum in Polysiphonia sp. were identified
as the MAAs Porphyra-334 and Shinorine (chromatogram
not shown). The absorption characteristics of the whole body
extract of the two crustaceans (Fig. 2C) also indicated dif-
ferences that were especially evident in the UVR region, and
this was closely related to their diet. When collected from
Polysiphonia sp., higher absorption in A. valida than in I. baltica
was determined, whereas the opposite occurred (i.e., higher
absorption in I. baltica than in A. valida) when the crustaceans
were collected from Enteromorpha sp. populations.

The relationship between the optical density at 334 nm (i.e.,
concentration of UV-absorbing compounds) in the crustaceans
and that of their diets is shown in Fig. 3. In I. baltica (Fig. 3A)
there was a significantly higher concentration of UV-absorbing
compounds when individuals were feeding on Polysiphonia sp.
(p = 0.023) than when they were feeding on any of the two
chlorophyte species. In A. valida (Fig. 3B), there was also an
increase in the optical density at 334 nm, being low when the

Fig. 2 Optical density per gram of wet weight as a function of the
wavelength. A) Representative scans (250–750 nm) for the three macro-
algae used as crustacean diet. B) Peak analyses of the macroalgae scan
presented in A). C) Absorption characteristics of crustacean species
when feeding on Polisyphonia sp. (solid lines) and on Enteromorpha sp.
(broken lines).

organisms were feeding on Enteromorpha sp. and significantly
higher (p = 0.006) when they were feeding on Polysiphonia sp.
(no amphipods were found within Codium sp. so two collec-
tion times of Enteromorpha sp. differing in their absorption at
334 nm were used to obtain this relationship). As mentioned for
Fig. 2, a higher concentration of UV-absorbing compounds
was found in A. valida as compared to I. baltica when feeding
on Polysiphonia sp. This situation, however, was reversed (i.e.,
higher OD at 334 nm in I. baltica) when the two crustacean
species were collected from chlorophyte species.

In order to evaluate the protective role of UV-absorbing
compounds in crustaceans, experiments were performed
exposing A. valida and I. baltica, feeding on the rhodophyte and
chlorophyte species (rich and poor in MAAs, respectively), to
increasing doses of UV-B. In the case of A. valida feeding
on a diet rich in MAAs (Fig. 4), no mortality was determined
throughout the experiment when samples were exposed to
UV-A � PAR, but survival diminished a little (although not
significantly, p = 0.44) when exposed to UVR � PAR (Fig. 4A).
However, when A. valida was feeding on a diet containing
no MAAs, there was a significant decrease in the survival
(p = 0.012) when the individuals were exposed to UVR � PAR
(Fig. 4B). The decrease in survival was significant when UV-B
doses were higher than 40 kJ m�2 (Fig. 4B,C), reaching survival
values as low as ∼37% at the end of the experiment (Fig. 4C). It
is important to note that in each experiment the concentration
of MAAs did not vary significantly within radiation treatments
and with time (data not shown). Data from these experiments
were used to obtain a survival curve of A. valida (second-order
polynomial fit) in which the LD50 was calculated as 82.5 kJ m�2

(Fig. 4C).
A similar analysis performed with I. baltica data (Fig. 5)

shows a different response and survival as compared to that of
A. valida. The survival of I. baltica, feeding on a diet rich in
MAAs (Fig. 5A) was constant (i.e., 100%) in both radiation
treatments up to a UV-B dose of 25 kJ m�2. At higher UV-B
doses, however, survival decreased significantly so that at the
end of the experiment it reached values of ∼50% and 75% in the
UVR � PAR and UV-A � PAR treatments, respectively. A
similar response, with survival decreasing with increasing UV-B

Fig. 3 Optical density at 334 nm (OD334) in crustaceans as a function
of the OD334 in the macroalgae diet. A) I. baltica; B) A. valida. The
symbols indicate the different algae used in this study: Codium sp. (�)
collected during February 2001; Enteromorpha sp. (�) collected during
February and June 2000 and February 2001, and Polysiphonia sp. (�)
collected during February 2000. The vertical and horizontal lines
indicate the standard deviation.
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doses, was obtained with individuals of I. baltica feeding on a
no-MAAs diet (Fig. 5B). There were no significant differences
(p = 0.708) between the survival of I. baltica, feeding on high
and no-MAAs diets, when the data were normalized by the
survival on the UV-A � PAR treatment. Hence, a survival
curve of I. baltica (second-order polynomial function) was
obtained by combining the data of no- and high-MAAs
experiments (Fig. 5C). A threshold of about 40 kJ m�2 was
evident (Fig. 5C), below which no mortality of I. baltica was
determined; the LD50 for this species was calculated as 97 kJ
m�2.

We determined a differential distribution of MAAs in body
parts of I. baltica (Fig. 6). It was seen that in females, most of
these compounds were found within the marsupial content and
less so in their exoskeleton, whereas in males the presence of
MAAs was determined only in the exoskeleton. In both cases
(i.e., males and females) UV-absorbing compounds content
within the gut was very low.

4 Discussion
Many studies have been carried out to determine the impor-
tance of UV-absorbing compounds, typically mycosporine-
like amino acids (MAAs), in different aquatic organisms,11,16

showing their protective role against deleterious levels of
UVR. This protective role would be provided not only by
their effective absorption of short wavelengths (thus avoiding
damage to vital parts, such as in the DNA molecule), but
also from the fact that some of these compounds can act as
quenching agents and antioxidants.16,31 In marine invertebrate
species, for example, Adams and Shick 18 have found that
MAAs provide protection to eggs of sea urchins by avoiding

Fig. 4 Survival of A. valida (%) as a function of the UV-B dose
(kJ m�2) received by organisms. A) Organisms with high concentration
of MAAs. B) Organisms with low concentration of MAAs. C) Survival
of organisms with low concentration of MAAs after being normalized
by the mortality in the UV-A � PAR treatment. The vertical lines in
A and B indicate the standard deviation. The solid line indicates the
best fit of the data; the dotted lines indicate the 95% confidence limit.

the occurrence of UVR-induced abnormalities during develop-
mental stages. In the tropical copepod species Boeckella
titicacae it has been shown that the presence of MAAs decrease
significantly the mortality induced by UVR.21 In the following
paragraphs we will discuss the bioaccumulation and role of
UV-absorbing compounds in two crustacean species from the
mid-littoral of the Patagonian coast of Argentina.

4.1 Bioaccumulation of MAAs

Considering the ecological importance of these protective
compounds, relatively few studies have focused on their transfer
from primary producers and posterior bioaccumulation in
higher trophic levels of the aquatic food web.19,32 Monitoring of
UV-absorbing compounds in organisms from tidal pools of
Antarctica have shown the presence of MAAs in both auto-
trophic organisms (i.e., macroalgae and diatom mats), as well as

Fig. 5 Survival of I. baltica (%) as a function of the UV-B dose
(kJ m�2) received by organisms. A) Organisms with high concentration
of MAAs. B) Organisms with low concentration of MAAs. C) Survival
of organisms with low and high concentration of MAAs after
being normalized by the mortality in their respective UV-A � PAR
treatments. The vertical lines in A and B indicate the standard
deviation. The solid line indicates the best fit of the data; the dotted
lines indicate the 95% confidence limit.

Fig. 6 Absorption characteristics of exoskeleton and marsupial
content of I. baltica as a function of wavelength.
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in the invertebrates that feed on them,33,34 suggesting a possible
transferring of these compounds via the diet.

We determined the presence of the MAAs Porphyra-334
and Shinorine in both crustaceans and in the macroalgae
Polisyphonia sp. used as diet (Fig. 2), but their concentration
within these groups of organisms was variable. This variability
could be attributed to a number of factors. First, and for
macroalgae specimens, it should be considered that the syn-
thesis and concentration of MAAs depends mostly on the
radiation environment in which organisms are exposed, which
in turn is related to the geographic location, season, depth dis-
tribution in the littoral, and the optical characteristics of the
water body.22 However, it should be considered that there is not
always a linear relationship between radiation levels and the
content of MAAs, as seen in studies carried out with Antarctic
marine phytoplankton, where it has been found that the syn-
thesis of these compounds in centric diatoms was directly
related to irradiance levels/doses, as well as to the quality of
radiation (i.e., PAR and/or UVR), whereas in pennate diatoms
no synthesis was induced by increasing UVR levels.27 In
addition, it has been found that there is a high variability in the
amount of MAAs within macroalgae taxa so that, in general,
Rhodophyta have much higher concentrations than do Chloro-
phyta species.22,23 This is in agreement with our findings in the
natural environment, with Polysiphonia sp. having high con-
centration of MAAs, while no MAAs were determined in
Enteromorpha sp. or Codium sp.

If transfer and bioaccumulation of MAAs occur, it would be
expected that the concentrations in higher trophic levels would
depend mostly on their diet, as found in studies carried out with
other invertertebrates, such as sea urchins.19 In our study, in
fact, a higher concentration of UV-absorbing compounds was
found in those organisms feeding on Polysiphonia sp. than in
those feeding on chlorophytes (Fig. 2). In addition, we also
found that the rate of bioaccumulation of UV-absorbing
compounds in crustaceans was different in the two species: in
A. valida, concentration of UV-absorbing compounds increased
exponentially from the chlorophyte to the rhodophyte diet,
reaching concentrations even higher than that in the algae (Fig.
3B), whereas in I. baltica this concentration varied linearly, and
it was always lower in the isopod than in the algae (Fig. 3A).

4.2 Role of MAAs in two crustaceans

Although in this study we have demonstrated the presence of
MAAs in crustaceans, as well as the relationship with the algal
diet, these sole facts do not guarantee their protective role.
Using the data from the survival experiments (when organisms
feeding on different diets were exposed to increasing UV-B
doses), we will discuss in the following paragraphs the role of
MAAs and their importance in the ecology, distribution and
survival strategies of A. valida and I. baltica in Patagonian
waters.

Our data indicate that for A. valida the presence of MAAs
might indeed represent an effective protection against high
levels of UV-B, due to the fact that no significant UV-B-
induced mortality was observed when the concentration of
MAAs was high, but survival decreased significantly when the
diet was poor in these compounds (Fig. 4). Moreover, when
organisms were feeding on chlorophytes, the UV-B dose
threshold in this species was relatively low (12.6 kJ m�2),
suggesting a high sensitivity of A. valida even after a short time
of exposure to UV-B. In fact, this threshold is lower than the
UV-B daily dose of 50 kJ m�2 during summer in the study
area 35 thus justifying the need to have a protective mechanism
against harmful levels of UVR, for example via an effective
bioaccumulation of MAAs. In addition, and for this amphipod
species, part of this protection could be achieved by avoiding
UVR when hiding within a tube that has been built of macro-
algae and an agglutinant material secreted by the organism.36

In the isopod I. baltica survival was affected by UV-B
exposure (Fig. 5), and it was the same when organisms were
feeding on red or green algae (i.e., rich and no MAAs, respec-
tively), thus suggesting the low effectiveness of these com-
pounds as a mean of protection against high levels of UV-B.
The UV-B dose survival threshold for I. baltica was 40 kJ m�2,
which is comparable to the maximum daily dose of 50 kJ m�2

observed in the region,35 hence reflecting the effective acclim-
ation of this species to its natural radiation environment. This
could be achieved by a combination of mechanisms, such as
an active photorepair capacity, as observed in other several
crustacean species 37,38 or even avoidance, as seen in some
marine invertebrates.12 So, if I. baltica is indeed well adapted
to its natural radiation conditions, we could think a priori that
the bioaccumulation of MAAs within this organism would be
of no use. However, data on the content of UV-absorbing
compounds in body parts of I. baltica suggest the possibility of
their utilization, not in adults but rather in their progeny, as
higher concentrations of these compounds were found in eggs/
embryos as compared to the exoskeleton (Fig. 6). This would
imply that there is a substantial transfer of UV-absorbing
compounds to embryos, which might be especially important
for survival and later recruitment of I. baltica. The transfer of
MAAs during early stages has also been observed in studies
carried out with other marine organisms,10,18,19,32 where it has
been established that survival of progeny was higher in indi-
viduals that had these compounds as compared to those that
did not possess them. Descriptive studies carried out with
I. baltica hint for the high susceptibility of these organisms to
solar radiation. These studies have shown that these isopods,
after abandoning the marsupial sack, continue attached to it
while feeding on the remaining yolk (Gómez Simes, personal
communication); at this stage these organisms do not have
pigmentation,39 thus being rather vulnerable to both PAR and
UVR. Several studies carried out with diverse metazoans 4 have
pointed out the importance of pigments such as carotenoids
and melanin (in addition to UV-absorbing compounds) in pro-
viding organisms of an effective protection against damaging
levels of UVR.

We have shown that these crustacean species from Pata-
gonian waters can display a number of responses to UVR,
which depend not only on the specific sensitivity, but also on
the diet and the radiation levels at which organisms are
normally exposed. Our data suggest that enhanced levels of
UV-B radiation, that normally occur in the area due to ozone
depletion events,40,41 would have a greater impact on A. valida
feeding on Enteromorpha sp., whereas the same species feeding
on Polysiphonia sp. would be quite resistant. Adults of
I. baltica, on the other hand, might be vulnerable to
UV-B, regardless of their diet, if other protective/avoiding
mechanisms can not help the organisms to cope with the
enhanced levels of UV-B. It is premature to infer from our data
if MAAs can indeed protect early stages of I. baltica, however,
having high concentration of these compounds is certainly a
step towards such required protection.
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