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ABSTRACT: Thallus absorptance, daily courses of maximal quantum yields of chlorophyll fluorescence of photosystem II (Fv /Fm) and electron transport rates (ETR) were determined in 3 macroalgae
(Hypnea spinella, Rhodophyta; Sargassum vulgare, Phaeophyta; and Ulva lactuca, Chlorophyta)
collected from a low nutrient supply (LNS) ecosystem (Red Sea, Gulf of Aqaba, Eilat, Israel). In addition, U. lactuca grown previously in high nutrient supply (HNS) fishpond effluents was used to evaluate the effect of nutrient enrichment on photosynthesis. Short-term (2 d) and mid-term (5 d) effects
of both photosynthetically active radiation (PAR) and full solar irradiance (PAB: PAR+UVA+UVB) at
3 solar irradiance treatments (no neutral filters, no NF; 2 neutral filter layers, 2NF; and 4 neutral filter
layers, 4NF simulating levels of irradiance at 5, 10 and 20 m depth respectively) were evaluated in
algae incubated with running seawater. Significant effects of time (variation throughout the day) and
irradiance (number of neutral filters) on both Fv /Fm and ETR were observed. Photoinhibition occurred
at noon under the no NF (up to 40% decrease) and 2NF (up to 30% decrease) treatments; however,
full recovery in all treatments was reached in the afternoon (dynamic photoinhibition) except in
H. spinella. The highest maximum ETR was observed in the no NF treatment despite its strongest
photoinhibitory effect. The decrease in Fv /Fm at noon was similar to or higher under the PAB than
under the PAR treatment alone, depending on the species. Photoinhibition was lower and the maximum ETR was higher in HNS than in LNS U. lactuca, indicating positive effects of nutrient supply on
both photosynthesis and photoprotection. The maximum ETRs exhibited by different algae may be
related to their zonation in the field and the resulting energy supply.
KEY WORDS: Chlorophyll fluorescence · Hypnea spinella · Macroalgae · Nutrient supply · Red Sea ·
Sargassum vulgare · Thallus absorptance · Ulva lactuca
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INTRODUCTION
Seaweeds generally live in a highly dynamic light
environment (Lüning 1990). Both total irradiance and
light quality, especially ultraviolet radiation (UVR),

show strong diurnal fluctuations that are further influenced by the attenuation properties of the water column. Increased UVB radiation due to ozone depletion
reduces growth and primary productivity of seaweeds
(Bischof et al. 2006). The effect of UVR on the photo-
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transport rate, ETR) and photoinhibition (decreases in
synthetic activity of seaweeds from polar and temperboth maximum quantum yield (Fv /Fm) and maximum
ate regions has been extensively evaluated both in
field and laboratory studies using oxygen electrodes or
ETR) were determined after 2 and 5 d of incubation.
in vivo chlorophyll fluorescence (Enríquez et al. 1995,
Furthermore, the influence of nutrient status and UVR
Häder & Figueroa 1997, Bischof et al. 2006). However,
on photosynthetic activity was also evaluated by comonly a limited number of reports on tropical algal
paring the ETR and Fv /Fm of Ulva lactuca collected
photosynthesis is available (Hanelt et al. 1994, Payri et
from the sea and U. lactuca grown in an aquaculture
al. 2001). Intertidal and subtidal tropical macroalgae
system under high nutrient supply (HNS) from fishhave been surveyed for their photosynthetic responses
pond effluents. The role of HNS in enhancing photosynthetic activity and reducing photoinhibition in
and for the quantification of their pigments (Payri et al.
2001, Godínez-Ortega et al. 2008).
U. lactuca was assessed in the light of a related study
Most temperate and cold water intertidal seaweeds
comparing the growth and photosynthetic perforexhibit dynamic photoinhibition, expressed e.g. as a
mance of U. lactuca grown in tanks under high and low
decrease in photosynthesis at noon that recovers to
nutrient supplies (Figueroa et al. 2009, this Theme
morning values in the afternoon (Figueroa et al. 1997,
Section). It is hypothesized that macroalgae of the Red
Hanelt et al. 1997, Gómez et al. 2004, Bischof et al.
Sea show efficient mechanisms of acclimation to both
2006). An evaluation of the effect of UVB on algal
high PAR irradiance and UVR, i.e dynamic photophotosynthesis is crucial to the understanding of carinhibition. In addition, it is expected that algae previbon flow in the ocean, especially considering the
ously grown under N-replete conditions in culture
would show higher capacity for photoacclimation than
global climate change scenario (Bellwood et al. 2004).
algae grown naturally in the Red Sea under low nutriAlgal acclimation to increased UVR has also been
shown to be related to the availability of nutrients,
ent levels.
such as nitrate and ammonium (Korbee Peinado et al.
2004, Huovinen et al. 2006).
MATERIALS AND METHODS
The clear and oligotrophic waters of the Red Sea
allows a high penetration of photosynthetically active
radiation (PAR) and UVR (Stambler 2005); nevertheAlgae. The algae investigated in this study were
less, the effect of UVR on macroalgal photosynthesis in
Hypnea spinella (C. Agardh) Kützing (Rhodophyta),
the Red Sea has never been evaluated. Indeed, most
Sargassum vulgare C. Agardh (Phaeophyta) and Ulva
studies on photosynthesis and photoacclimation have
lactuca Linnaeus (Chlorophyta), which were all colbeen conducted on corals, phytoplankton (Falkowski &
lected from the Gulf of Aqaba in the Red Sea on 1 April
Dubinsky 1981, Beer et al. 1998a, Bellwood et al. 2004)
2008 at 1–4 m depth. Ulva lactuca was also cultured in
and marine angiosperms such as Halophila ovalis
ambient, low nutrient supply (LNS) seawater or in high
(Beer et al. 1998b), which are the dominant groups in
nutrient supply (HNS) seawater with fishpond efflushallow benthic environments of the Red Sea. In recent
ents at the National Center for Mariculture (Israel
years, an increase in the macroalgal biomass in the
Oceanographic & Limnological Research). Growth
Red Sea has become apparent, and has mainly been
conditions of U. lactuca in the aquaculture system are
attributed to both nutrient enrichment from urban and
reported in Figueroa et al. (2009).
aquaculture effluents, and decreased herbivory, i.e inNutrients. Nutrient levels under HNS in the cultivacrease in macroalgal biomass due to a decrease in hertion system and of ambient seawater from the Red Sea
bivory brought about by overfishing (Lapointe 1997,
are indicated in Table 1. Samples for total ammonia-N
Bellwood et al. 2004). Genin et al. (1995) reported
(TAN), nitrite-N, nitrate-N and orthophosphate-P from
nutrient regulation of macroalgal blooms on coral reefs
HNS tanks were taken on 3 separate days (n = 9). Samin the Gulf of Aqaba, where atmospheric cooling folples from the Red Sea were taken from seawater that
lowing the eruption of Mt. Pinatubo in 1991 led to
was pumped directly to the facilities of the Interuniververtical mixing, nutrient enrichment and large-scale
sity Institute for Marine Sciences (IUI) at Eilat (Israel).
overgrowth of macroalgae that directly
caused coral death.
Table 1. Mean (± SE) nutrient concentrations (µmol l–1) of seawater with high nutrient supply (HNS) used to culture Ulva lactuca, and in the seawater collected
In order to address the acclimation
from the Red Sea where the algae were harvested. TAN: total ammonium-N
responses of subtropical seaweeds to
varying levels of irradiance and UVR, 3
Sample
TAN
Nitrite-N
Nitrate-N
Orthophosphate-P
marine macroalgae from the Gulf of
Aqaba were collected and incubated at
HNS
28.4 ± 1.8
64.8 ±1.6
239.4 ± 5.1
16.1 ± 0.2
different irradiance and UV conditions.
Red Sea
5.0 ± 0.6
0.017 ± 0.003
0.28 ± 0.03
0.128 ± 0.005
Daily cycles of photosynthesis (electron
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A = 1–(Et × Eo–1)
Approximately 8 ml of seawater from the tanks were
(relative units)
collected using sterile syringes and 0.45 µm disposable
filters (Mod. Supatop Syringe Filter CA 0.45µm, 33mm,
where Eo is the incident irradiance of PAR and Et is the
Anachem), and immediately frozen at –20°C. Nutrient
transmitted irradiance with the algae being located on
analysis was done using a semicontinuous flow autothe light sensor.
analyzer (Mod. SAN ++, SKALAR, Breda) following
The sensor was covered with black plastic except for
standard protocols (Grasshoff et al. 1983).
a slot of 0.5 cm width. In each case, the incident irradiExperimental design. The algae were incubated in
ance (Eo) was first measured. A piece of the algal thalcylindrical cages (15 cm diameter, 35 cm long) that
lus was then placed on this slot and the spectral light
were constructed with white plastic net (0.5 cm mesh
transmission determined (Et). Two light sources were
diameter) and submerged in a rectangular fiberglass
used: solar radiation (direct irradiance) and a high
tank (2 m long, 1 m wide, and 20 cm high) that was
pressure sodium lamp (Osram, 200W) located 0.75 m
filled with running seawater directly supplied from the
above at a 90° angle to the flat surface of the sensor. No
Red Sea (IUI facilities). To simulate different depths
differences in the measurements were observed from
based on the average attenuation coefficient (Kd,PAR) of
these 2 different light sources. Six pieces of thallus
0.054 m–1 for Red Sea waters reported by Stambler
from different independent specimens of each species
(2005), the cylinders were covered with neutral filters
were used in the measurements.
(grey nets) as follows: (1) cages not covered with neuPhotosynthetic rate as in vivo chlorophyll fluorestral grey filters (no NF) that experienced a reduction of
cence. Two Diving-PAMs, one PAM-2000 and one Wa~25% PAR, thus simulating the irradiance condition at
ter-PAM (Walz) were used. Intercalibration of the PAM
5 m depth of water; (2) cages covered with 2 layers of
fluorometers was conducted until no significant differneutral grey filters (2NF) that had a 60% reduction of
ences (t-test, p = 0.055, n = 12) in the photosynthetic yield
PAR, simulating water at 10 m depth; and (3) cages
remained. The maximum quantum yield (Fv /Fm) was determined after pre-incubation in darkness for at least
covered with 4 layers of neutral grey filters (4NF) that
30 min (Figueroa et al. 2003). Fv is the difference behad an 80% reduction of PAR, simulating water at a
tween the maximum fluorescence from a fully closed
depth of 20 m (see Fig.1).
photosystem II (PSII) reaction center (Fm) and the initial
In addition, 2 light quality treatments were applied:
fluorescence (Fo) from the antenna system of the open
full solar radiation (PAB: PAR+UVA+UVB) and PAR
PSII reaction centre (Schreiber et al. 1995). The effective
only treatment. To provide different light conditions,
quantum yield (ΔF/F’m) was calculated according to
UV cut-off filters were used according to Villafañe et
Genty et al. (1989) as (F m–Ft) × F’m–1, where Ft is the cural. (2003): for PAB, Ultraphan 295 (Digefra), and for
rent steady-state fluorescence in light adapted algae,
PAR alone, Ultraphan 395 (Digefra).
while F’m is the maximum fluorescence induced by a satA total of 24 cages was used for a 3 simulated depth
urating white light pulse (800 ms, ~6000 µmol photons
(incident irradiance) × 2 light (UV) treatment factorial
m–2 s–1). Electron transport rate (ETR) was calculated as
experimental design with 4 replicates per treatment.
The percentages of transmitted PAR, UVA and UVB in
ETR = ΔF/F’m × E × A × F II (µmol electrons m–2 s–1)
the different treatments (combination of cut-off UV
where E is the incident solar radiation, A is the absorpand grey neutral filters) are given in Table 2.
tance, and F II is the fraction of chl a in PSII that is assoLight measurements. Irradiances of PAR (400–700 nm),
ciated with its light harvesting center (LHCII) and is
UVA (315–400 nm) and UVB (280–315 nm) were determined approximately every 1.5 h. In
addition, the spectral characteristics (280–
Table 2. Percentage of transmitted irradiance (mean ± SE) of photosynthetically active radiation (PAR, 400–700 nm), UVA radiation (315–400 nm)
800 nm) of the incubators (cylindrical
and UVB radiation (280–315 nm) in different treatments: PAR (with 395 nm
cages constructed with white plastic nets,
cut-off filter) and PAB (PAR+UVA+UVB, with 295 nm cut-off filter) comand covered with neutral and UV cut-off
bined with different numbers of layers of neutral grey filters. n = 4
filters) were determined using a multiphotodiode spectroradiometer (SMS-500,
Treatment
Radiation
Number of layers of neutral filters
Sphere Optics).
0
2
4
Thallus absorptance. The absorptance in
PAR
PAR
75.69 ± 2.71
39.74 ± 2.89
19.89 ± 2 .16
the PAR region of the solar radiation specUVA
6.68 ± 0.63
3.96 ± 0.45
2.18 ± 0.32
tra (400–700 nm) was determined using a
UVB
1.49 ± 1.40
0.73 ± 2.53
0.56 ± 1.64
cosine corrected sensor that was conPAB
PAR
74.82 ± 1.34
39.54 ± 2.02
19.18 ± 0.60
nected to the multiphotodiode SMS 500
UVA
50.86 ± 3.15
28.90 ± 3.51
12.74 ± 0.51
spectroradiometer and calculated using
UVB
45.95 ± 4.05
31.20 ± 4.13
13.72 ± 0.95
the following equation (Beer et al. 2000):
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related to the absorbed quanta of PSII (400–700 nm).
Values for F II were taken from Grzymski et al. (1997),
namely 0.5 for Chlorophyta, 0.15 for Rhodophyta and
0.8 for Phaeophyta. Fv /Fm, ETR and thallus absorptance were determined at different time courses: 2 and
5 d after algal harvesting (3 and 6 April respectively).
Statistical analysis. Hierarchical ANOVA was carried out to test for differences in mean Fv /Fm after subjecting the algae to 6 combinations of 3 levels of incoming PAR (simulating 3 depths, Factor 1: neutral filter
‘N ’) and 2 UV treatments (Factor 2: UV), as explained
above. A third factor, hourly irradiance, (t i, with time t
being Factor 3), was also included in the analysis,
since different algal samples were taken at different
times during the daily cycle. On 3 April, between 2 to
12 replicate data taken at 9:00, 11:00, 13:00, 15:00
and 17:00 h were used in the ANOVA. Between 5 to
11 replicate data per cylinder taken at 12:00, 14:00 and
100

Sun

80
70
60

No NF

Spectral irradiance (relative units)

50
40
2 NF layers

30
20
10

4 NF layers

0
280

RESULTS
Hourly irradiance

a

90

18:00 h were analyzed for the 6 April data (replicates
for the full design are available from the first author).
Minor variations in environmental conditions between
different cylinders may, to some extent, affect the
response of the algae. To test for this effect, 2 cylinders
per combination of treatments were grouped as a set,
and cylinder (nested in the neutral filter × UV interaction) was included as an additional factor in the
ANOVA. In the case of Ulva lactuca, since algae from
the aquaculture facilities were compared to field collected individuals, an additional factor (origin, O) was
crossed with those mentioned above and included in
the analyses. Cochran’s test was used to test for heterogeneity of variances (Underwood 1997). All tests were
done with SPSS 14.0 for Windows.
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The hourly irradiances were slightly higher on 3 April
(2 d after the start of the experiment or algal harvesting) than on 6 April 2008 (5 d after) (data not shown).
The maximum irradiance reached at around 14:00 h
(local time) was ~1660 µmol m–2 s–1 of PAR, 41 W m–2 of
UVA and 1.2 W m–2 of UVB. The UV/PAR ratios ranged
from 0.08 to 0.14 (maximum values in the afternoon).
The average ratio of UVB/UVA was 0.028. The irradiance close to the thalli was reduced compared to the
incident solar irradiance due to light absorption by the
vessels and filters used (Fig. 1, Table 2).
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Fig. 1. Relative spectral characteristics of the chambers (cylindrical cages constructed of plastic net) used in the experiments. Spectral characteristics are expressed as percentages
of spectral irradiance of the sun at noontime with (a) PAR
treatment transmitting only photosynthetically active radiation (PAR, λ = 400–700 nm), and (b) PAB treatment transmitting PAR, UVA (315–400 nm) and UVB (295–315 nm). Different layers of neutral filters (grey nets) were used to simulate
the PAR irradiance at different depths: no neutral filters
(no NF, 5 m depth), 2 layers (2NF, 10 m depth) and 4 layers
(4NF, 20 m depth)

For Hypnea spinella, the Fv /Fm decreased at noon.
This was especially clear at the highest irradiance treatment (no NF, Fig. 2). After 2 d of incubation (on 3 April,
with no NF), the percentage of decrease (%D) was
2 times higher in PAR than in PAB. However, with
2NF, the reverse was recorded and no differences were
observed with 4NF. After 5 d (on 6 April), %D was 2.2
times higher in PAB than in PAR with no NF. The percentage of recovery (%R, Fv /Fm values in the afternoon
compared to morning values), was generally higher
under PAB than under PAR except with 2NF. Full recovery was reached in all treatments except under 2NF.
When considering the whole data set, no significant
differences were found between PAR and PAB treatments after 2 d (UV treatment alone: F1,6 = 0.02, p =
0.882; p > 0.05 for all interaction terms including UV,
not shown). Thus, UVR did not produce any further
decrease in Fv /Fm and after 2 d, only the hourly irradiance (ti) was significantly different (t i treatment alone:
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Fig. 2. Hypnea spinella. Mean (± SE) daily cycles of maximum quantum yield (Fv /Fm) of algae collected from the Red Sea at 3–4 m
depth on 1 April 2008. Fv /Fm was determined after 2 d (3 April 2008) (a,b) and 5 d (6 April 2008) (c,d) of experiments in algae incubated under PAR and PAR+UVA+UVB (PAB) treatments at 3 different solar irradiances which were obtained using neutral filters
to simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m depth,
s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)

F3,18 = 9.63, p = 0.001; p > 0.05 for all interaction terms
including ti, not shown). However, after 5 d, the combination of neutral filters (N ), hourly irradiance (ti) and
UV treatments produced significant differences (interaction N × ti × UV: F4,12 = 4.25, p = 0.023). Lowering the
irradiance by using neutral filters (simulating different
depths) further decreased Fv /Fm through the day, with
the decrease being higher under 2NF (10 m depth)
than under 4NF (20 m depth). No hourly variation in
Fv /Fm was observed under 4NF (Fig. 2c,d). Fv /Fm decreased significantly at noon and in the presence of
UVR after 5 d of exposure (Fig. 2c,d).
For Sargassum vulgare, the variations in irradiance
due to treatments simulating different depths (layers of
neutral filter), different times during the day, and the
combined UV treatments produced differences in Fv /Fm
(Fig. 3). Algae incubated at the highest irradiance (no
NF) exhibited the lowest Fv /Fm values (Fig. 3). After
5 d, the neutral filter (N ) × hourly irradiance (t i) × UV
interaction was significant (F4,12 = 4.62, p = 0.017). This
contrasts with the results after 2 d of exposure (N × ti ×
UV interaction: F8,24 = 1.03, p = 0.442) where only the
interaction term N × ti was significant (F8,24 = 2.99, p =
0.018). UVR did not produce any additive major effect
on Fv /Fm although significant differences were observed due to interaction with other variables after 5 d.
After 2 d under the no NF treatment, Fv /Fm was only

slightly lower under PAB than under PAR. This trend
was reversed with the reduction of incident light using
the neutral filters, i.e. the presence of UV slightly
reduced the lowering of Fv /Fm when compared to that
under PAR only (Fig. 3). After 5 d of exposure, Fv /Fm
was higher in the PAB than in the PAR treatments.
Fv /Fm was also only higher after 5 d than after 2 d of
incubation under no NF (Fig. 3). %D was higher after
2 d than after 5 d of exposure. After 2 d, %D was ~1.4
times higher in the no NF and 2NF treatments under
PAR and PAB respectively. However, no clear differences in the no NF and 2NF treatments were observed
between the PAR and PAB treatments after 5 d.
Despite its decrease at noon, Fv /Fm increased again in
the afternoon, reaching similar or higher values than
those recorded in the morning (%R > 100%).
For Ulva lactuca collected from the Red Sea, the variations in irradiance due to treatments simulating different depths (layers of neutral filters N ), hourly irradiance (ti) throughout the dayand the combined UV and
simulated depth treatments produced significant differences in Fv /Fm (Fig. 4). No or only minor variations in
Fv /Fm between 2NF and 4NF (simulating 10 and 20 m
depths respectively) were observed (Fig. 4), whereas
a clear decrease in Fv /Fm at noon was recorded with
no NF (simulating 5 m depth) mainly after 5 d of
the experiment (Fig.4; N × ti interactions: F8,48 = 4.47,

Fv /Fm

164

Aquat Biol 7: 159–172, 2009

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

a

PAR 2 days

9

c

10 11 12 13

14 15 16 17 18 19

PAR 5 days

9

10 11 12 13

14 15 16 17 18 19

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

b

PAB 2 days

9

10

d

11 12 13 14

15 16 17 18 19

PAB 5 days

9

10 11 12 13

Time (h)

14 15 16 17 18 19

Time (h)

Fv /Fm

Fig. 3. Sargassum vulgare. Mean (± SE) daily cycles of maximum quantum yield (Fv /Fm) of algae collected from the Red Sea at
2–3 m depth on 1 April 2008. Fv /Fm was determined after 2 d (3 April 2008) (a,b) and 5 d (6 April 2008) (c,d) of experiments in algae incubated under PAR and PAR+UVA+UVB (PAB) treatments at 3 different solar irradiances which were obtained using neutral filters to simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m
depth, s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)
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Fig. 4. Ulva lactuca. Mean (± SE) daily cycles of maximum quantum yield (Fv /Fm) of algae collected from the Red Sea at 1–2 m
depth on 1 April 2008. Fv /Fm was determined after 2 d (3 April 2008) (a,b) and 5 d (6 April 2008) (c,d) of experiments in algae incubated under PAR and PAR+UVA+UVB (PAB) treatments at 3 different solar irradiances which were obtained using neutral filters
to simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m depth,
s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)
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p = 0.001, 3 April; F4,24 = 6.06, p = 0.002, 6 April). This
decrease was greater after 5 d than after 2 d of exposure (Fig. 4). %D increased ~4.8 times from 2 to 5 d of
exposure with no NF under the PAR treatment. After
2 d, %D was higher in PAB than in PAR. This trend
was, however, reversed after 5 d. No decrease or very
low %D was observed with 2NF and 4NF. Full recovery of Fv /Fm values was observed in all treatments.
After 2 d of incubation, the decrease in Fv /Fm due to
the irradiance treatment was greater in Ulva lactuca
collected from the field than in those cultured under
HNS conditions, i.e. different origins (Figs. 4 & 5; interaction O × ti: F4,48 = 2.99, p = 0.028). However, after 5 d
of the experiment, a similar level of decrease was
exhibited by the field collected algae under PAR treatment, whereas a much greater decrease was observed
in the cultured algae when compared to the field collected algae in the presence of UV (PAB treatment)
(Fig. 5; interactions O × UV: F1,12 = 6.37, p = 0.027;
O × ti: F2,24 = 4.53, p = 0.021). %D was higher under
PAB than under PAR in both field collected and cultured algae after 2 and 5 d with no NF. Under PAB,
%D was 2.6 and 1.6× higher with no NF than with 2NF
after 2 and 5 d of exposure respectively. As in the field
collected U. lactuca, cultured U. lactuca showed full
recovery of Fv /Fm values in all treatments.
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Electron transport rate (ETR)
Electron transport rates versus time are presented in
Figs. 6–9 . The result of statistical analysis is not shown
since it is redundant with statistical analysis presented
for Fv /Fm. In all cases, the differences among light treatments, i.e the effect of neutral filters, were significant.
Electron transport rate in Hypnea spinella exhibited
hourly variation in response to hourly changes in irradiance (Fig. 6). ETR was higher in algae incubated with no
NF, followed by those under 2NF and 4NF. After 2 d of
incubation under the PAR treatment (Fig.6a), a 47% reduction in PAR irradiance under 2NF, compared to the
no NF treatment, resulted in a 1.6-fold decrease in ETR
with respect to the maximum ETR. In contrast, a 73% reduction in PAR irradiance under 4NF, compared to the
no NF treatment, produced a 4-fold decrease. After 2 d
under PAB treatment, the decrease in maximum ETR
between the no NF and the 2NF treatments was ~1.85
times, whereas that between the no NF and the 4NF
treatments was 3.9 times (Fig. 6b). After 2 d, maximum
ETR was higher under PAB than under PAR at noon in
the no NF treatment, whereas no differences were found
in both 2NF and 4NF treatments (Fig. 6a,b). However,
after 5 d of the experiment, no differences in ETR among
PAR and PAB treatments were found (Fig. 6c,d).
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Fig. 5. Ulva lactuca. Mean (± SE) daily cycles of maximum quantum yield (Fv /Fm) of algae cultured under high nutrient supply
condition (HNS) with fishpond effluents. Fv /Fm was determined after 2 d (3 April 2008) (a,b) and 5 d (6 April 2008) (c,d) of experiments in algae incubated under PAR and PAR+UVA+UVB (PAB) treatments at 3 different solar irradiances which were obtained
using neutral filters to simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers
(2NF, 10 m depth, s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)
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Fig. 6. Hypnea spinella. Mean (± SE) electron transport rate (ETR) versus time for algae collected from the Red Sea at 3–4 m depth
on 1 April 2008. ETR was determined after 2 d (3 April) (a,b) and 5 d (6 April) (c,d) of the experiment in algae incubated under
PAR and PAB (PAR+UVA+UVB) treatments at 3 different solar irradiances which were obtained using neutral filters to simulate
the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m depth, s and – – – –)
and 4 layers (4NF, 20 m depth, n and ———)

ETRs through the day in Sargassum vulgare were
similar with no NF and with 2 NF, both under PAR or
PAB treatments (Fig. 7). Maximum ETR was higher after 5 than after 2 d under PAB treatment. UVR after 5 d
of incubation elicited an increase in ETR with no NF or
with 2NF (Fig. 7d). Maximum ETR after 2 d was ~3.5
times higher with no NF than with 4NF under PAR
treatment, whereas it was ~2.6 times higher under PAB
treatment. After 5 d, maximum ETR was ~2.8 times
higher with no NF than with 4NF under both PAR and
PAB treatments.
For Ulva lactuca collected from the field, ETR was ~2
times higher after 2 than after 5 d of treatment. While
UVR reduced the maximum ETR after 2 d compared to
PAR, no differences were eventually found among
treatments after 5 d of exposure (Fig. 8). After 2 d,
maximum ETR with no NF under PAR treatment was 2
and 4 times higher than that with 2NF and 4NF respectively. In comparison, after 5 d under PAB treatment,
maximum ETR with no NF was only 1.1 and 3.3 times
higher than that with 2NF and 4NF respectively
(Fig. 8). However, minor differences were found
among the irradiance treatments after 5 d of incubation, i.e. under the PAR treatment, the maximum ETR
with no NF was 2.5 times higher than that with 4NF,
whereas under the PAB treatment, the maximum ETR
with no NF was only 2 times higher than that with 4NF.

ETRs of cultured Ulva lactuca after 2 d of the experiment were higher under PAR than under PAB, particularly with no NF (Fig. 9). As in field collected U. lactuca, the ETR of cultured U. lactuca was higher after
2 d than after 5 d of exposure, although the differences
were not as high. After 2 d under the PAR treatment,
the maximum ETR with no NF was 1.6 and 4 times
higher than that with 2NF and 4NF respectively. After
2 d under the PAB treatment, the corresponding factors
were 1.4 and 4.3 times respectively. After 5 d under
both PAR and PAB treatments, maximum ETR with no
NF was 1.5 and 4 times higher than that with 2NF and
4NF respectively (Fig. 9).
ETR values were highest in cultured Ulva lactuca
(Fig. 9), followed by those in field collected algae in the
following order: U. lactuca, (Fig. 8), Sargassum vulgare
(Fig. 7) and Hypnea spinella (Fig. 6).

Thallus absorptance
The absorptances of different algal thalli at 400–
700 nm (in relation to photosynthetic pigments) are
presented in Table 3. Thallus absorptance was higher
(p < 0.046) in Sargassum vulgare and Ulva lactuca than
in Hypnea spinella. After 5 d of incubation (6 April),
the absorptance of U. lactuca decreased. For H. spin-
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Fig. 7. Sargassum vulgare. Mean (± SE) electron transport rate (ETR) versus time for algae collected from the Red Sea at 2–3 m
depth on 1 April 2008. ETR was determined after 2 d (3 April) (a,b) and 5 d (6 April) (c,d) of the experiment in algae incubated under PAR and PAB (PAR+UVA+UVB) treatments at 3 different solar irradiances which were obtained using neutral filters to
simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m depth,
s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)
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Fig. 8. Ulva lactuca. Mean (± SE) electron transport rate (ETR) versus time for algae collected from the Red Sea at 1–2 m depth on
1 April 2008. ETR was determined after 2 d (3 April) (a,b) and 5 d (6 April) (c,d) of the experiment in algae incubated under PAR
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4 layers (4NF, 20 m depth, n and ———)
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Fig. 9. Ulva lactuca. Mean (± SE) electron transport rate (ETR) versus time for algae cultured under high nutrient supply (HNS)
condition with fishpond effluents. ETR was determined after 2 d (3 April) (a,b) and 5 d (6 April) (c,d) of the experiment in algae incubated under PAR and PAB (PAR+UVA+UVB) treatments at 3 different solar irradiances which were obtained using neutral filters to simulate the PAR irradiance at different depths: no neutral filters (no NF, 5 m depth, h and · · · · · · ), 2 layers (2NF, 10 m
depth, s and – – – –) and 4 layers (4NF, 20 m depth, n and ———)

ella, thallus absorptance increased after
2 d of incubation under the 2NF and
4NF treatments (Table 3). For S. vulgare, no differences in thallus absorptance under PAR or PAB were found,
except under PAB after 5 d of incubation with no NF (p < 0.045). Under this
treatment, the thallus absorptance decreased when compared to that under
the PAB treatment after 2 d of incubation. Both at the initial time and after 2 d
of the experiment, the thallus absorptances of U. lactuca collected from the
field were slightly lower than those of
cultured U. lactuca under HNS conditions (Table 3). After 2 d of incubation,
the thallus absorptances of U. lactuca
collected from the field did not show
any differences under either PAR or
PAB treatments, as was also observed
for cultured U. lactuca. However, after
5 d of incubation, the thallus absorptances of field collected U. lactuca decreased under the no NF and 2NF treatments. This decrease (comparing data
for 3 and 6 April) was greater than that
in cultured U. lactuca (Table 3). Never-

Table 3. Hypnea spinella, Sargassum vulgare and Ulva lactuca. Absorptance
(mean ± SE) at 400–700 nm for thalli collected in the Red Sea and of U. lactuca
cultured under high nutrient supply (HNS) conditions with fishpond effluents.
Measurements were taken at the initial time (1 April 2008) and after 2 d (3 April
2008) and 5 d (6 April 2008) of incubation under PAR (400–700 nm) or full solar
radiation (PAB: PAR+UVA+UVB) with incident irradiance being reduced by
using neutral filters (grey nets). No NF: no neutral filters, 2NF: 2 layers and
4NF: 4 layers. N = 6
Date and
treatment

H. spinella
field

S. vulgare
field

1 April 2008
(initial)

0.59 ± 0.072

0.77 ± 0.091

0.75 ± 0.081 0.78 ± 0.068

3 April 2008, PAR
No NF
2NF
4NF

0.66 ± 0.072
0.69 ± 0.081
0.63 ± 0.061

0.85 ± 0.074
0.86 ± 0.101
0.88 ± 0.092

0.76 ± 0.110 0.79 ± 0.091
0.67 ± 0.120 0.74 ± 0.097
0.72 ± 0.112 0.79 ± 0.110

3 April 2008, PAB
No NF
2NF
4NF

0.79 ± 0.083
0.63 ± 0.072
0.79 ± 0.045

0.86 ± 0.051
0.92 ± 0.032
0.87 ± 0.063

0.68 ± 0.126 0.75 ± 0.085
0.73 ± 0.093 0.78 ± 0.091
0.66 ± 0.086 0.79 ± 0.068

6 April 2008, PAR
No NF
2NF
4NF

0.58 ± 0.168
0.58 ± 0.158
0.57 ± 0.062

0.82 ± 0.021
0.82 ± 0.040
0.83 ± 0.075

0.31 ± 0.054 0.43 ± 0.043
0.52 ± 0.136 0.58 ± 0.052
0.76 ± 0.095 0.79 ± 0.084

6 April 2008, PAB
No NF
2NF
4NF

0.70 ± 0.196
0.61 ± 0.041
0.75 ± 0.062

0.80 ± 0.018
0.81 ± 0.015
0.84 ± 0.094

0.29 ± 0.033 0.36 ± 0.051
0.49 ± 0.045 0.53 ± 0.089
0.69 ± 0.067 0.71 ± 0.052

field

U. lactuca
culture, HNS
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theless, after 5 d of the experiment, no differences in
thallus absorptances of both field collected and cultured algae were observed between PAR and PAB
treatments.

DISCUSSION
Dynamic photoinhibition: effects of PAR and UVR
Despite the high UV penetration in the Red Sea (Stambler 2005) and incidents of macroalgal blooms attributable to nutrient enrichment with negative effects on
corals (Mergener 1981, Genin et al. 1995), only a few
studies on photosynthesis and growth of macroalgae
from the Red Sea have been conducted. This is in sharp
contrast to studies in other major coral reef regions
around the world (Lapointe 1997, Bellwood et al. 2004,
Smith et al. 2005). The high irradiance and the transparency of shallow waters in the Red Sea intuitively suggest that macroalgae growing there should have developed more efficient photoprotective mechanisms to
tolerate light stress than species from other biogeographical regions with less daily integrated irradiance (Lüning
1990). Photoinhibition has been proposed as a strategy
for photoprotection against high irradiance (Hanelt
1998). Several studies focusing on the effects of natural
UVR on the photosynthetic performance of macroalgae
from high exposure environments have revealed that the
occurrence of photoinhibition under high solar radiation
depends basically on daily changes in the level of irradiance, algal position on the shore, vertical light attenuation, or a combination of all these factors (Figueroa et al.
1997, Flores-Moya et al. 1998).
Maximum quantum yield (Fv /Fm) and maximum ETR
in seaweeds collected from the Red Sea were found to
decrease largely due to the combined effects of increased irradiance (PAR) and the presence of UVR. In
the present study, photoinhibition in the studied species was greater under the no NF treatment that simulated a 5 m water depth environment, than with 2NF
and 4NF that simulated 10 and 20 m water depth environments respectively. The highest sensitivity to irradiance exhibited by Hypnea spinella is likely related to
its position in the subtidal zone (see below). Deep-water algae and those adapted to shade conditions are inhibited faster when exposed to direct solar radiation
(see Häder & Figueroa 1997, Bischof et al. 2006). For
Ulva lactuca and Sargassum vulgare, full recovery was
observed, whereas only partial recovery was found in
H. spinella on 3 April (the second day of the experiment), with increasing recovery on 6 April (the fifth day
of the experiment). This indicates that the algae exhibited a certain level of acclimation over a short-term period. Thus, dynamic photoinhibition appears to be ac-
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tive in the species analyzed, consistent with that described for other high exposure macroalgae (Figueroa
et al. 1997). Macroalgae show pronounced photoinhibition after various time periods of exposure at high
zenith angles to unfiltered, direct solar radiation at the
surface (Flores-Moya et al. 1998, Gao & Xu 2008). Even
algae from rock pools, which are naturally exposed to
extreme solar irradiances, show signs of photoinhibition after extended periods of exposure (Figueroa et
al. 1997, Figueroa & Gómez 2001, Bischof et al. 2006).
It may be argued that because the highest level of
exposure with no NF in this experiment corresponded
to a calculated 5 m water depth environment (according to the Kd values reported by Stambler 2005), the
algae should have received a lower daily integrated
irradiance than in their natural environment (which is
shallower at only 1–4 m deep); hence, no photoinhibition should have been expected. However, since the
algae growing in the experimental tanks were all floating with little movement, rather than attached as they
would be in the natural environment, their exposure to
irradiance was expected to be higher than what would
be estimated from a higher sun exposure of the thallus
surface. In addition, increased exposure to irradiance
might have also resulted due to the form of the incubator, i.e. a cylinder, that produces the effect of a lens.
The irradiance might have also increased due to the
high reflection by the white colour of the tank bottom
(Villafañe et al. 2003).
Photoinhibition (as %D in Fv /Fm from morning to
noon) increased under only the PAR treatment in
several species and at different times. In Sargassum
vulgare, short-term (2 d) photoinhibition was higher
than that in the mid term (5 d), indicating a certain
degree of acclimation under both PAR and PAB treatments. However, in the cultured Ulva lactuca, this temporal pattern was observed under PAR but not under
PAB. The level of photoinhibition under the PAB treatment was constant, indicating that UVR may produce
an additional stress on the algae. In field collected U.
lactuca, the level of photoinhibition increased with
exposure time. The different capacities for acclimation
could be due to the positive effect of nutrient supply on
photoprotection (see below). It has been shown that
exclusion of UVR resulted in a 10 to 65% increase in
photosynthetic quantum yield in algae from the Mediterranean (Jiménez et al. 1998) or a 17 to 46% increase
in intertidal algae from southern Chile (Gómez et al.
2004). In the North Sea, however, transplantation
experiments did not produce such a high difference in
photosynthetic quantum yield between algae exposed
to full solar radiation and those exposed to total exclusion of UVR, i.e. only a 15 to 20% increase in photosynthetic quantum yield was found in Laminaria
saccharina (Hanelt et al. 1997).
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Surprisingly, after 2 d of exposure of Hypnea spinella
to full irradiance (no NF) and after 5 d for field collected Ulva lactuca, photoinhibition was lower under PAB
than under only PAR. UVB under high PAR irradiance
can even have beneficial effects on photobiological
processes, e.g. in the brown alga Dictyota dichotoma
(Flores-Moya et al. 1999), in the green macroalga Ulva
pertusa (Han & Han 2005) and in several shallow water
tropical algae (Hanelt & Roleda 2009). Persistence of
the inhibitory effect in the PAR+UVA treatment
(absence of UVB) led Flores-Moya et al. (1999) to suggest that UVA radiation exerts the main role in photoinhibition and UVB may be involved both in the
impairment and the recovery of photosynthesis. Thus,
UVB may not only cause negative effects on photosynthesis, but may also support recovery processes in
macrophytes adapted to a high UVR environment in
contrast to those growing in habitats with lower natural UVR exposure (Hanelt et al. 2006, Hanelt &
Roleda 2009).

Bio-optical properties: thallus absorptance
The different photosynthetic responses to increasing irradiance or to the presence of UVR may be
related to the different bio-optical properties of the
algae used. Pigment concentration and composition
and thallus thickness and form are the main biological
factors that contribute to algal acclimation to the
underwater environment (Enríquez et al. 1995). Thallus morphology, thickness and pigmentation strongly
determine the light harvesting capacity. The various
cell layers, which are characterized by different optical properties, may cause self-shading and light scattering, which in turn result in differential light absorption (Raven & Kübler 2002). In our study, the
absorptance was much higher in the branched algae
Hypnea spinella and Sargassum vulgare, compared to
that in the laminar, 2 cell layer, field collected Ulva
lactuca. Pigmentation also varies between species and
morphs, and may also be related to the taxonomic
group; i.e. accessory pigments such as phycobilins in
red algae also contribute to increases in their absorptance. However, photosynthetic capacity (ETR values)
and recovery were lower in thick thallus species (e.g.
H. spinella) than in thin thallus ones (e.g. U. lactuca).
Johansson & Snoeijs (2002) showed that thinner thalli
recovered better after UV treatment than thicker
algae. The higher photoprotection in H. spinella
under PAB than under PAR in the short term (2 d)
appears to be related to thallus absorptance since this
parameter was higher under PAB than under PAR
after 2 d; however, in the mid-term (5 d) exposure,
both thallus absorptance and Fv /Fm decreased with in-

creasing irradiance. The inverse relation between thallus absorptance and photoinhibition, and the effect of
UVR have been shown under laboratory conditions in
other red algal species such as Porphyra leucosticta.
Thallus absorptance is a better indicator of acclimation than pigment content since the former integrates
the effect of both pigment content and thallus thickness (Aguilera et al. 2008). In this study, photosynthetic capacity was higher in the sheet thallus species
U. lactuca than in the branched and thicker algae
H. spinella and S. vulgare. This result agrees well
with the reported relationship between morphology
and primary production among seaweeds (Littler et
al. 1983, Enríquez et al. 1995, 1996).

Nutrient conditions and photoprotection capacity
Low nutrient supply is a limiting factor for seaweed
productivity in coral reefs. The frequency of algal
blooms on coral reefs has increased in the last several
decades, including reefs in the Red Sea (Mergener
1981, Hughes 1994, Bellwood et al. 2004). Smith et al.
(2005) reported the filamentous green alga Cladophora sericea to be forming ephemeral blooms in coral
reefs of Hawaii. Using relative ETR as an indicator of
photosynthesis, they demonstrated that these algal
samples were nutrient limited. Nutrient limitation has
been associated with increased vulnerability to photoinhibition by PAR and UVR in macroalgae (Döhler et
al. 1995, Korbee Peinado et al. 2004). Algae in the Red
Sea are exposed to low nutrient conditions (Klinker et
al. 1978). This could reduce their capacity for photoprotection as nitrogen is needed for the accumulation
of UV screening substances such as mycosporine-like
amino acids in red algae (Korbee Peinado et al. 2004,
Huovinen et al. 2006) and phenolic compounds in
brown algae (Pavia & Toth 2000). Ulva lactuca, the species that showed the highest recovery and photosynthetic capacity in our experiments, was collected
close to the harbour of Eilat, where higher nutrient
supply in the water is expected. In comparison, Hypnea spinella and Sargassum vulgare were collected
close to the Interuniversity Institute with lower average concentration of nutrients (Table 1) (Klinker et al.
1978). Not surprisingly, the HNS cultured U. lactuca
showed the highest photosynthetic capacity (ETR) and
highest acclimation through the 5 d exposure period.
In addition, the cultured U. lactuca also exhibited
higher recovery and lower decrease in thallus absorptance than field collected U. lactuca. Figueroa et al.
(2009) reported both higher photosynthetic and photoprotective capacities against increased UVR and temperature in U. lactuca cultured under high rather than
under low nutrient conditions.

Figueroa et al.: Red sea macroalgal photosynthesis

CONCLUSIONS
This study shows that the highest ETR values, the
smallest decrease in Fv /Fm at noon (indicator of photoinhibition) and the highest recovery of Fv /Fm values in
the afternoon were all observed in Ulva lactuca, which
is the species that was collected in shallow water
(1–2 m depth). This was followed by Sargassum vulgare (2–3 m depth) and Hypnea spinella (3–4 m
depth). Thus, the capacity for acclimation or resistance
to hourly variation in solar radiation appears to be correlated with the depth zonation of the species. This
suggests that algae collected in surface waters should
exhibit more efficient photoprotective mechanisms.
The greater activation of photoprotective mechanisms
in U. lactuca than in S. vulgare, followed by H. spinella, also indicates that dynamic photoinhibition and
other expected mechanisms such as production of UV
screening and antioxidant substances could also be
related to the depth zonation (light history) of the species. In addition, although the HNS cultured U. lactuca
is a shade-grown algae (Figueroa et al. 2009), it exhibited a very high capacity for acclimation to high irradiance (high recovery) and the highest photosynthetic
capacity (ETR). This could be largely due to the positive effect of nutrient supply on photoprotection. This
baseline information on the ecophysiology of macroalgae in the coral reef regions of the Red Sea could aid
our understanding of the dynamics of the reef system,
which are essential for the development of management plans and conservation strategies against their
further decline.
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