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The impact of ultraviolet-B radiation (UV-B, 280–315 nm) on the cladoceran Daphnia menucoensis Paggi and the
copepod Metacyclops mendocinus (Wierzejski) was determined in experiments designed to evaluate the effectiveness
of the photorepair mechanism and the role of UV-absorbing compounds. In both species UV-B caused significant
mortality at doses of ∼40 kJ m�2 or higher. At lower UV-B doses, however, no significant mortality was detected in
M. mendocinus; moreover, this species seems to have a threshold below which no UV-B induced mortality is
determined. D. menucoensis, on the other hand, was very sensitive to UV-B, and significant mortality of 15%
(p < 0.05) was observed when doses were as low as 10 kJ m�2. Both species showed high efficiency for photorepairing
UV-B-induced damage to the DNA molecule, with a significant decrease of mortality when the species were exposed
to visible radiation, PAR (55 W m�2), in addition to UV-B. The higher resistance of M. mendocinus to UV-B as
compared to that of D. menucoensis might be also related to the presence of mycosporine-like amino acids, MAAs
(i.e., shinorine and porphyra-334), and carotenoids, which would add an adaptive advantage to the copepod.

1 Introduction
One of the most important environmental issues in the past
decades has been the discovery of the Antarctic ozone “hole”,1

a phenomenon that brings about an enhancement of short
wavelength energies, i.e., ultraviolet-B radiation (UV-B,
280–315 nm), reaching the Earth�s surface. Since then, one of
the main focuses of photobiological research has been to assess
the effects of both normal and enhanced ultraviolet radiation
(UVR, 280–400 nm),2–4 which has been found to affect in differ-
ent degrees the physiology and ecology of living organisms. In
zooplankton, which constitute a very important link in aquatic
food webs, UVR-induced effects are varied,5–6 but increasing
rates of mortality in eggs and adults,7–9 alterations in diel
migration patterns,10 depth distribution,11,12 and damage to the
genetic material 13 are among the documented effects.

Although UVR can significantly affect zooplankton, several
strategies allow these organisms to adapt to the prevailing
radiation conditions. These strategies essentially include (i) the
ability to avoid damaging UVR, by means of evasion or down-
ward migration,6 (ii) the presence of protective sunscreens or
absorbing compounds, such as carotenoids, melanin or
mycosporine-like amino acids—MAAs,6 and (iii) the capacity
of repairing the DNA damage, either through photorepair,
PER (“light” repair, which occurs in the presence of UV-A and
blue light), or nucleotide excision repair, NER (“dark” repair),
mechanisms.14,15 The strategy used to cope with damaging UVR
levels depends not only on genetic factors, but also on the
natural radiation field to which organisms are exposed. Thus,
different combinations of strategies are found in zooplankton,
even between species belonging to the same genus. In a com-
parative study carried out in the Andean lakes to determine the
significance of these mechanisms in three copepod species of
the genus Boeckella living in different radiation environments,
Zagarese et al.16 found that while B. gracilipes relied mostly on
avoidance, B. gibbosa had an active photorepair capacity; B.
brevicaudata, on the other hand, combined these two strategies
to adapt to its radiation environment. On the other hand,
Helbling et al.9 found that the tropical species B. titicacae relied

mostly on the presence of UV-absorbing compounds to cope
with the extreme radiation levels received in the high-altitude
Lake Titicaca in Bolivia.

Photoprotection against UVR (either through avoidance or
through the presence of protective compounds) is not always
possible or complete. Thus, most organisms also have the
capacity of repairing damage caused by these short wave-
lengths. While NER is the major repair mechanism present
in mammalian cells, photorepair is rather widespread in
planktonic organisms.15 In particular, studies have demon-
strated the ability of marine and freshwater crustaceans to
repair DNA damage via PER.13,16–18

Several studies have been carried out in the Patagonia region
to determine the responses and acclimation to UVR of
freshwater crustacean species,18–20 but very few of them
have addressed their photorepair activity.18,20 These studies
emphasized the variability of responses, thus no extrapolations
can be made to other regions or other organisms. The aim of
this study is, therefore, to determine the photorepair capacity in
the cladoceran Daphnia menucoensis Paggi and the copepod
Metacyclops mendocinus (Wierzejski), species that have an
important role in the aquatic food web comprising the bulk of
zooplankton biomass in two water bodies of the Patagonia
region of Argentina.

2 Materials and methods

2.1 Sampling sites and collection of specimens

Zooplankton specimens were obtained from two eutrophic
lagoons in Chubut Province, Patagonia, Argentina (Fig. 1).
Fresh samples of the cladoceran D. menucoensis and the
copepod M. mendocinus were collected weekly from Laguna
Cacique Chiquichano (43�14�S, 65�18�W) and Laguna Parque
de la Ciudad (42�40�S, 65�15�W), respectively, during the
austral winter and spring of 2001 (i.e., from early May to
late November). Zooplankton samples were collected with a
plankton net (Nitex®, 200 μm mesh size) that was horizontally
towed in the upper 20 cm of the water column, and placed in
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acid-cleaned (1 M HCl) polycarbonate bottles. In addition,
samples were collected to determine the presence of UV-
absorbing compounds. All samples were immediately trans-
ported in a cooler to the Estación de Fotobiología Playa Unión
(EFPU), where adult specimens of D. menucoensis and M.
mendocinus were manually sorted from the rest of the zoo-
plankton community to be used in the experiments.

2.2 Experimentation

Two sets of experiments were done with D. menucoensis and
M. mendocinus. The first type of experiment (“photorepair
experiment”) was designed to assess the importance of PER as
a survival strategy to cope with UV-B radiation. The second
type of experiment (“survival experiment”) was designed to
determine the impact of UV-B radiation on zooplankton
survival.

2.2.1. Photorepair experiments. Each experiment consisted
of two parts (i.e., two radiation regimes): 1) a “dark” phase,
during which individuals received only UV-B radiation (see
below) and, 2) a “light” phase, during which a second set of
individuals were exposed to visible radiation (PAR, 400–700
nm) in addition to the UV-B source, so that the photorepair
mechanism could be triggered. Each phase lasted 6 hours
and after that period the organisms were maintained in the
temperature controlled culture chamber (see below) for 2 days;
mortality determinations were performed at 24 and 48 h after
exposure (see below). Cladocerans and copepods were placed
in 5.5 × 1.0 cm Petri dishes (20 and 30 individuals per dish,
respectively), with 10 ml of filtered water (50 μm) obtained from
their natural habitat. Each Petri dish was then covered with a
quartz filter (UVR transparent) to prevent water evaporation,
and placed on a rotating wheel (40 cm diameter, 1 rpm) to
expose samples to a homogenous radiation field. Seven
radiation treatments were used in each phase (see Table 1) by
varying the amount (neutral density screens) or quality (Schott
cut-off filters) of incident radiation. The rotating wheel, with
the Petri dishes containing the samples, was placed at 27 cm
from a UV-B lamp (Spectroline XX-15F/B, Spectronics
Corporation, NY, USA; the spectrum of the lamp is given else-
where 16) which was covered with acetate film before each
experiment to prevent any output in the UV-C range (<280
nm). The whole set up was placed inside a culture chamber
(Sanyo model MLR-350, with temperature and light control) at
15 �C. This culture chamber also had 10 fluorescent tubes
(Philips daylight) that provided PAR during experimentation.
Irradiance levels inside the culture chamber were determined
using a broadband ELDONET radiometer (Real Time Com-
puters, Inc.) that has three channels for UV-B (280–315 nm),

Fig. 1 Map showing the sampling sites—Laguna Parque de la Ciudad
and Laguna Cacique Chiquichano in the Patagonian region. Inset is the
relative location of Chubut Province in South America.

UV-A (315–400 nm) and PAR (400–700 nm). In addition, small
hand-held radiometers for UVR (Lutron, model UV-340) and
PAR (Lutron, model LX-107), intercalibrated with the
ELDONET sensor, were used to measure radiation at various
places inside the chamber.

2.2.2. Survival experiments. In these experiments zoo-
plankton specimens were exposed to increasing doses of UV-B
(i.e., with the Spectroline lamp only) and mortality determined
48 h after the beginning of each experiment. A total of 40 Petri
dishes (containing 20 and 30 individuals of D. menucoensis and
M. mendocinus, respectively) were exposed to two radiation
treatments: i) UVR, Petri dishes covered with quartz filters and,
ii) Petri dishes covered with quartz and Mylar-D film, to filter
out the UV-B output from the lamp. The dishes were then
placed in the rotating wheel inside the culture chamber (as
described above) and exposed to the UV-B source. Every three
hours and during the irradiation period, four Petri dishes (2
from each radiation treatment) were covered with aluminium
foil, so that at the end of the experiment we had duplicate
samples that received different doses (i.e., different exposure
times with a constant irradiance). In addition, four Petri dishes
(two for each species) were covered with aluminium foil during
the whole experimentation time and placed inside the culture
chamber as controls.

2.3 Analyses and determinations

2.3.1. Mortality determinations. Mortality was estimated as
the relationship between the number of dead and initial (i.e.,
total) number of organisms. Determination of dead individuals
was performed under a dissecting microscope (Bausch & Lomb,
model HG-121711). We considered as dead those individuals
that did not move; moribund individuals were also considered
as dead, because they have a higher possibility of being eaten
by a predator, infected by parasites, or starving due to lower
filtration rate as a result of less movement capacity.

2.3.2. UV-Absorbing compounds. The absorption character-
istics of the two zooplankton species were determined from
methanolic extracts of whole specimens. Samples of 90
individuals were extracted in 5 ml of absolute methanol at 4 �C
for at least for 2 h; during the extraction period specimens were
macerated using a glass rod. After extraction, samples were
centrifuged for 15 min at 1000 rpm and then the optical density
of the supernatant measured between 250 and 750 nm using a
UV-VIS diode-array scanning spectrophotometer (Hewlett
Packard, model 8453E). Selected samples were analyzed at
Friederich-Alexander Universität (FAU, Germany) using
HPLC techniques to determine the presence of mycosporine-
like amino acids (MAAs) following the method described by
Sinha et al.21 Briefly, MAAs were extracted in 2 ml of 20%
methanol (v/v). After centrifugation the supernatant was
lyophilized and redissolved in 0.2% acetic acid. The samples
were then filtered through 0.2 μm pore-sized microcentrifuge
filters and analyzed using a 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.). Then, the
samples were injected into the HPLC column (wavelength for
detection of 330 nm, flow rate of 1 ml min�1, mobile phase
of 0.2% acetic acid). The MAAs were identified by co-
chromatography by comparing the absorption spectra and
retention times with several standards available at FAU.

3 Results
Mortality of D. menucoensis and M. mendocinus as a function
of UV-B dose is shown in Fig. 2. During the “dark” phase both
species showed an increase in mortality with increasing UV-B
exposure; however, D. menucoensis (Fig. 2A) had higher mortal-
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Table 1 Summary of experimental conditions indicating the type of treatments (quantity/quality), number of replicates and irradiances received by
organisms

Treatment Modify # replicates

Irradiance/W m�2

“Dark” Phase “Light” Phase

UV-B PAR UV-B PAR

100% Quantity 2 2.93 0 2.93 55
84% Quantity 2 2.46 0 2.46 46.2
41% Quantity 2 1.2 0 1.2 22.6
16% Quantity 2 0.47 0 0.47 8.8
WG280 Quality 1 2.41 0 2.41 55
WG295 Quality 1 2.29 0 2.29 55
WG320 Quality 1 0 0 0 55
GG400 Quality 1 0 0 0 55
Mylar-D Quality 2 0 0 0 55
Control (Aluminium) No radiation 2 0 0 0 0

ity than M. mendocinus (Fig. 2B) at comparable UV-B doses. At
the maximum dose used in these experiments (i.e., 63 kJ m�2) D.
menucoensis had 73% mortality (p < 0.01) whereas the mortal-
ity of M. mendocinus was 27% (p < 0.01). Moreover, during this
phase, even the lowest dose used in our experiments (i.e., 10 kJ
m�2) caused significant mortality in D. menucoensis (Fig. 2A).
Samples of M. mendocinus (Fig. 2B), on the other hand,
showed significant mortality only when UV-B doses were 53 kJ
m�2 or higher. When both zooplankton species were exposed to
UV-B in the presence of PAR � UV-A (i.e., “light” phase)

Fig. 2 Mortality as a function of the UV-B dose (kJ m�2) received by
the organisms during the “dark” and “light” phases. A) Daphnia
menucoensis. B) Metacyclops mendocinus. C) Differences in mortality
between the two phases (solid symbols connected with lines), and this
difference normalized by the total mortality during the “dark” phase
(open symbols). In A) and B) the black bars are samples exposed to
UV-B, whereas white bars are samples exposed to UVR � PAR; the
lines on top of the bars indicate one standard deviation. The asterisks
on top of the bars indicate the significance (Kruskal Wallis test)
between “dark” and “light” phases, * p < 0.05; ** p < 0.01.

mortality decreased (white bars in Fig. 2), being not signifi-
cantly different from zero (p = 0.62), except in D. menucoensis
when exposed to a UV-B dose of 63 kJ m�2 (Fig. 2A). The
difference in mortality between “dark” and “light” phases—
used here as an estimator of photorepair activity—increased
with UV-B dose in both zooplankton species (symbols
connected with lines in Fig. 2C). At all UV-B doses, the differ-
ences in mortality between the “dark” and “light” phases were
higher in D. menucoensis than in M. mendocinus, and might
indicate a higher photorepair capacity in the cladoceran.
However, this difference only refers to the increase in survival,
and not to how effective the photorepair mechanism is. For
example, when the UV-B dose was 10 kJ m�2, D. menucoensis
had a 10% decrease in mortality (i.e., “light” minus “dark”
phase mortality), this value being much lower than the 62%
decrease at 63 kJ m�2. The increase in survival as a function of
dose may indicate either that at low UV-B doses photorepair
capacity is lower, or that there is less mortality in the “dark”
phase (hence the lower differences observed). Thus, in order to
estimate the effectiveness of the photorepair process in relation
to UV-B exposure, mortality difference values were normalized
by the mortality determined during the “dark” phase. Normal-
ized values (open symbols in Fig. 2C) varied between 0.85
and 1 at all UV-B doses (no significant differences were found
between species or between doses, p = 0.45) suggesting an
effective and similar photorepair capacity in both zooplankton
species.

Results from the survival experiments (Fig. 3) also hint at the
greater sensitivity of D. menucoensis as compared to that of
M. mendocinus, with significant differences in mortality between
both species at all UV-B doses. In D. menucoensis, mortality

Fig. 3 Mortality (%) of Daphnia menucoensis (circles) and
Metacyclops mendocinus (triangles) as a function of the UV-B dose (kJ
m�2) received by the organism during the “dark” phase. The solid lines
indicate the best fit (r2 > 0.85) and the dotted lines the 95% confidence
limits.
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increased steadily with UV-B dose and, as seen in the photore-
pair experiments, even low UV-B doses caused mortality. The
calculated UV-B lethal dose (i.e., from the best fit) for 50%
mortality (LD50) for this species was 86.8 kJ m�2. M. mendo-
cinus, on the other hand, had no significant mortality for UV-B
values below ∼40 kJ m�2, suggesting a mortality threshold.
Moreover, while all D. menucoensis specimens died when UV-B
doses were >158 kJ m�2, mortality in M. mendocinus never
exceeded 40%, even at UV-B doses as high 210 kJ m�2. No
mortality was recorded for any species in the specimens covered
with Mylar-D film.

The absorption characteristics and the HPLC-based identifi-
cation of UV-absorbing compounds of the zooplankton
specimens are shown in Fig. 4. M. mendocinus had higher

pigmentary composition per unit volume of tissue than D.
menucoensis (Fig. 4A), with the absorption of this latter species
being approximately 100 times lower at all wavelengths.
Carotenoids (i.e., peak at 470 nm) were the most evident
pigments, giving the characteristic red color to M. mendocinus;
D. menucoensis also had a small peak at 400 nm (not identified).
In addition, a small “shoulder” of UV-absorbing compounds
was noticeable in M. mendocinus (arrow in Fig. 4A) that was
later identified as MAAs. HPLC analysis of these MAAs (Fig.
4B) revealed the presence of two compounds, shinorine and
porphyra 334. MAAs were not detected in D. menucoensis.

4 Discussion
In this study we have shown that zooplankton organisms from
freshwater bodies of Patagonia are sensitive to UV-B radiation,
with an increase in mortality with increasing doses of these
short wavelengths (Fig. 2–4). Increased mortality as a function
of UVR irradiance/dose is a rather common effect in zoo-
planktonic organisms, as determined in studies conducted
under very different radiation scenarios, ranging from polar,22,23

to temperate 16,18–20 to tropical environments.9 However, a wide

Fig. 4 Absorption characteristics and HPLC chromatograms. A)
Optical density (OD) per volume of tissue (mm3) as a function of
wavelength for Daphnia menucoensis (right y-axis) and Metacyclops
mendocinus (left y-axis). The arrow indicates the small “shoulder” of
UV-absorbing compounds. B) Chromatograms for MAA identification
in Metacyclops mendocinus.

range of responses and tolerance has been registered, with some
species being very resistant to high levels of UVR, e.g.,
Boeckella titicacae,9 and others sensitive even under relatively
low UVR doses, e.g., B. gracilipes.16 This variety in responses is
attributed to a combination of factors, mainly the radiation
conditions to which organisms are normally exposed, the
type and effectiveness of the strategy used to cope with such
radiation environment, and intrinsic factors of genetic origin.

In this study we exposed both zooplankton species to stand-
ardized radiation conditions and analyzed if the differences in
vulnerability to UV-B—estimated by differences in mortality—
were related to the strategy used by these organisms to cope
with UVR levels. In particular, we studied two such strategies:
a) the photorepair mechanism (PER), which is commonly
found in zooplankton, not only in copepods 16,17 but also
in cladocerans,24–26 and b) the presence of photo-
protective compounds, typically through bioaccumulation of
mycosporine-like amino acids (MAAs), which are also
widespread in freshwater zooplankton.27

We found that in the two species tested, UV-B doses compar-
able to those daily received in their habitat (i.e., about 40 kJ
m�2) caused significant mortality, ranging from 15 to 48% in M.
mendocinus and D. menucoensis, respectively (Fig. 2). In both
species the presence of UV-A and PAR reduced the damage
produced (i.e., estimated by a reduction in mortality rates
between the “dark” and “light” phases) (Fig. 2), suggesting
that the PER mechanism was involved. In these experiments,
the effectiveness of the repairing mechanism was high and
significantly indistinguishable between the two zooplankton
species (open symbols in Fig. 2C). The high effectiveness of
PER in D. menucoensis and M. mendocinus from Patagonian
water bodies clearly contrasts with the findings of Rocco et al.23

who found low effectiveness of this enzymatic repair mechan-
ism in the copepod Boeckella poppei, which was attributed to
the prevailing low temperature in their Antarctic site. In our
study, however, the temperature during the experimentation
was much higher (i.e., 15 �C inside the illuminated chamber)
than that in Antarctica, and it was similar to that of the two
water bodies where specimens were collected. This high and
similar temperature might have been one of the reasons for the
similarity of the PER mechanism response in D. menucoensis
and M. mendocinus.

Regardless of the similarity in effectiveness of PER, both
species displayed differences in vulnerability to UV-B radiation.
For example, at low UV-B doses, no significant mortality was
detected in M. mendocinus, this species a having threshold
below which no UV-B induced mortality was determined (Figs.
2 and 3). D. menucoensis, on the other hand, was very sensitive
to UV-B, and significant mortality of 15% (p < 0.05) was
observed when doses were as low as 10 kJ m�2 (Fig. 2 and 4).
The higher vulnerability of D. menucoensis as compared to that
of M. mendocinus can be related, at least in part, to differences
in pigmentation as well as to the presence of MAAs which
could account for an additional tolerance to UV-B levels.5

Pigments such as melanin and/or carotenoids are commonly
found in several zooplankton species, although there is vari-
ability in their concentrations. For example, Hairston 28 and
Hessen and Sørensen 29 found that copepods can have caro-
tenoid concentrations up to tenfold higher than that in
cladocerans. Melanin, on the other hand, has been found to be
very common in Daphnia species.6 These pigments can protect
individuals, either acting as sunscreens, as in the case of
melanin 6 or as antioxidants, as carotenoids.6,30 In our studies
we found that M. mendocinus had much higher carotenoid
content than D. menucoensis, which was in fact transparent
(Fig. 4A). It should be noticed that the differences between
these two spectra should be lower if normalized by weight. In
their natural habits, however, surface and volume is what
matters in terms of absorption of solar energy, so we decided
to normalize the spectra by volume of tissue. In addition,
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differences in UV-B tolerance between the individuals tested can
be related to the content of UV-absorbing compounds, typically
MAAs. In contrast to D. menucoensis, which lacks these com-
pounds, M. mendocinus exhibited the MAAs shinorine and
porphyra-334 (Fig. 4B). However, their concentration was rela-
tively low, as compared with data obtained from related
copepod species of the genus Cyclops,27 suggesting that the
presence of MAAs in M. mendocinus is not the primary strategy
used by this organism to cope with damaging UV-B levels.

It is important to note that our studies were carried out under
artificial conditions of illumination, where the ratio of energies
UV-B/UV-A/PAR was higher than that found in nature. Under
these experimental conditions, though, we observed that both
D. menucoensis and M. mendocinus were able to cope with
UV-B doses similar to the daily maximum of about 40 kJ m�2

normally received in the water bodies where they grow.
However, since the effectiveness of the PER mechanism
depends on this ratio of energies, different responses could be
obtained if organisms are exposed to enhanced levels of UV-B
that occur during ozone depletion events,31 such as those
registered in the Patagonia area.32 Thus, if natural UV-B levels
increase resulting in a ratio of energies higher than that used by
us, we expect that D. menucoensis would be the species more
affected, as its ability to cope with UV-B relies mainly on PER,
whereas M. mendocinus might also benefit from accumulating
photoprotective compounds.
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