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Abstract: The changes in underwater light in field usually occur not only in intensity but in spectrum,
affecting the photophysiology of marine photoautotrophs. In this study, we comparably examined
the photosynthesis of two dominating macroalgae in the Daya Bay, Chlorophyta Ulva fasciata and
Phaeophyta Sargassum thunbergii, under white light, as well as under red, green and blue light.
The results showed that the net photosynthetic O, evolution rate (Pn) of U. fasciata under field
light increased from 25.2 + 3.06 to 168 + 1.2 ymol O g FW~! h—1 from dawn to noon, then
decreased to 42.4 £ 0.20 umol O, g FW~1 h=1 at dusk. The Pn of S. thunbergii exhibited a similar
diel change pattern, but was over 50% lower than that of U. fasciata. The maximal photosynthetic
rate (Pmax) of U. fasciata derived from the photosynthesis vs. irradiance curve under white light
(i-e., 148 & 15.8 umol O, g FW—! h~1) was ~30% higher than that under blue light, while the Pmax
of S. thunbergii under white light (i.e., 39.2 £ 3.44 umol O, g FW~1 h—1) was over 50% lower than
that under red, green and blue light. Furthermore, the daily primary production (PP) of U. fasciata
was ~20% higher under white than blue light, while that of S. thunbergii was 34% lower, indicating
the varied light spectral compositions influence algal photosynthetic ability and thus their primary
production in field, and such an influence is species-specific.

Keywords: photosynthetic oxygen evolution; chlorophyll fluorescence; light quality; macroalgae;
Daya Bay

1. Introduction

Marine macroalgae, including Chlorophyta, Phaeophyta and Rhodophyta, commonly
inhabit the littoral zone to a depth with sufficient light to drive photosynthesis in the
worldwide coastal regions [1,2]. They support about two-thirds of the autotrophic biomass
in the world oceans [3] and play a vital role in marine ecosystems by providing high trophic
levels via refuge and herbivory or detrital food chains [1,4], contributing to the surplus
nutrients’ removal from surroundings [5,6] and large amounts of organic carbon burial [3,7].
Many macroalgae also provide people with foods [5,8], biofuels [9], medicines [10] and
industrial products [11].
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In nature, macroalgae productivity, growth and distribution are governed by a com-
plex of environmental variables, among which light is particularly important, as it energizes
photosynthesis to produce organic matter [2]. Light intensity, which generally varies with
incident solar radiation, water depth, etc. [12-14], serves to energize the photosynthesis
of macroalgae, thus regulating the growth and primary productivity [15-17]. Apart from
the light intensity, the light spectral composition, which varies mainly due to the inher-
ent optical properties of water body and the presence of dissolved and particle matters
therein [12-14], also influences algal photophysiology and thus their growth, metabolism
and productivity [11,18-22]. Effects of different light wavebands vary, such as in the pho-
tosynthetic oxygen evolution in red alga Griffithsia monilis [18] and brown alga Laminaria
sp. [19]. Blue light inhibits the growth of green alga Codium tomentosum, as compared to
red or white light [20], and even shorter wavebands of light reduce the nutrient uptakes
of Gracilaria lemaneiformis, as well as the activity of its associated enzymes [23]. On the
other hand, macroalgae can also adaptively cope with varying light environments through
regulating their morphological, physiological and molecular traits [16,20-22]. For instance,
in the deep coastal water, where the light is lower but with richer green wavelength, red
algae such as Plocamium cartilagineum have additional phycobilisome for light-harvesting
complexes [24,25], while brown algae Coilodesme californica and Laminaria sp. display more
rapid rises in light absorption toward the blue-green due to fucoxanthin [19]. The diverse
photosynthetic pigments within Ulva and Sargassum genera also indicate that different phys-
iological solutions have evolved to deal with at least one photobiological problem [1,26].
Considering the increasing changes in the light quantity and quality due to anthrophonic
activities in the worldwide coastal regions [12], it is of general interest to characterize how
macroalgae photosynthetically respond to light intensity and spectral composition.

Daya Bay, which sustains a high standing stock of fish and benthic animals, as well as
rich biodiversity [27], is geographically located in the northern South China Sea (Figure 1A).
The Daya Bay is a semi-enclosed bay with an irregularly semidiurnal tide, and cov-
ers an area of ~600 km? with depths of 5 to 18 m and an annual mean temperature of
~22 °C [28-30]. Since the 1980s, Daya Bay and its adjacent areas have experienced fast
industrial development, causing its ecosystem to be seriously deteriorated [31,32]. To
understand such an ecological effect, many studies have been conducted, examining the
physical and chemical variables and planktonic features in the Daya Bay [31-33]; how-
ever, few studies have concerned macroalgae [24,34,35], although there are more than
200 macroalgae species living in this bay [34], hindering an in-depth understanding of the
causes for ecological deteriorations therein. Moreover, eutrophication together with climate
change are altering the intensity and spectrum of underwater light in worldwide coastal
waters [12,13], with no exception for the Daya Bay. In the present study, therefore, we
aim to clarify (i) the photosynthetic characteristics of two dominating macroalgae species
in field, Ulva fasciata (Chlorophyta) and Sargassum thunbergii (Phaeophyta), and (ii) how
they photosynthetically respond to different spectral compositions (i.e., red, green, blue
and white light), to detect the effects of light quality on their photosynthesis. Probing
photophysiological responses to light quality may also be helpful for the precise estimation
of macroalgal primary production in field, considering that the light quality often varies
greatly with water depth.
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Figure 1. (A) Map of experimental site in the Daya Bay, northern South China Sea; (B) the spectra of
red, green and blue light sources used in this experiment.

2. Materials and Methods
2.1. Experimental Protocol

On 27 and 28 July 2021, an in situ experiment was conducted on a fish raft with
Chlorophyta Ulva fasciata and Phaeophyta Sargassum thunbergii in the Daya Bay (114°31’ E,
22°44' N), northern South China Sea (Figure 1A). In field, these two macroalgae species
co-inhabit at ~0.5 m depth around a 500 m offshore fish raft, and are also the dominating
species on a rocky seabed of the Daya Bay.

During the experimental period, the photosynthetic O, evolution and consumption,
and the chlorophyll fluorescence of U. fasciata and S. thunbergii were tracked with 2 h
intervals, as well as the field physical-chemical factors. Meanwhile, the net photosynthetic
O, evolution rate vs. irradiance (P vs. E) curves were measured under red, green, blue and
white (Red + Green + White) light to probe the light quality-induced effects. Additionally,
extra algal thalli were collected and transported to the laboratory in a chilly, dark carrying
bucket to measure light absorption of pigment extraction, as described below.

2.2. Diel Photosynthetic O, Evolution and Dark Respiration

Every 2 h, the thalli of U. fasciata and S. thunbergii were collected from the field condi-
tion; we gently removed the surface moisture with tissue paper and weighted 0.1-0.2 g for
photosynthetic O, evolution measurement. Then, the weighted thallus was cut into 2-3 cm
and transferred into the 15 mL photosynthetic chamber of oxygen electrode equipment
(YZQ-201A, Yizongqi Technology Co. Ltd., Beijing, China). After 30 min of dark acclima-
tion, the increase rate of dissolved oxygen concentration in the chamber (umol O, L~! h™1)
was monitored under field temperature and light conditions. This YZQ-201A instrument is
equipped with a light source and can provide light intensities of 0 to 2400 pmol photons
m~2 57!, and it can also maintain the temperature within the chamber with a cooler. Tt
has been used successfully in the past to measure photosynthesis in a number of macroal-
gae [36]. The algal photosynthetic O, evolution rate (Pn) was calculated by normalizing the
O, increase rate (umol O, L~ h™1) to algal fresh weight density (g FW L™1), and expressed
as umol Oy g FW~! h=1. At the same time, the algal O, consumption rate in the dark
(Rd) was measured, calculated and expressed as pmol O, g FW—1 h~!. Three independent
photosynthetic or respiration rates were measured for each algal species at each time point.

2.3. Diel Chlorophyll Fluorescence

Every 2 h, 2-3 cm of the thallus of U. fasciata and S. thunbergii was cut off from the
uniform mother thallus that grew at same water depth, and was dark-acclimated for 15 min.
We then measured the chlorophyll fluorescence using a portable fluorometer (AquaPen-C
AP-C 100, Photon Systems Instruments, Prague, Czech Republic). The maximum photo-
chemical quantum yield (Fy /Fyp) of Photosystem II (PSII) was calculated using the maximal
fluorescence (Fy;) measured under a saturation light pulse (3000 wmol photons m2s71,
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0.6 s) and minimum fluorescence (Fo) measured under a weak modulated measuring
light [37] as:
Fv _ Fu—Fo
v _M "0 1
After this, the actinic light was activated to the field light level for 5 min, and then
the maximal fluorescence (Fy;) and minimum fluorescence (F;) were measured under the
saturation light and actinic light, respectively, to obtain the effective PSII photochemical
quantum yield (Ppgyy) [37] as:

Fy —F
Ppgp; = MF/ : @)
M
Then, the relative electron transport rate (rfETR) was roughly estimated [38] as:
rETR = ®pgp x 0.5 % PAR (3)

where 0.5 indicates the absorbed light energy being equally allocated to PS Il and PS 1.

We performed a single measurement for chlorophyll fluorescence for each algal species
at each time point to practically coordinate the limited time for measuring all the physical—-
chemical and photosynthetic O, evolution parameters.

2.4. P vs. E Curves under Different Light Qualities

To probe the effects of light quality on photosynthesis, the P vs. E curves of U. fasciata
and S. thunbergii were measured at ~10:00 a.m. of each experimental day, under red, green,
blue and white light, and at 9 levels of each light quality (i.e., 0, 50, 100, 200, 400, 800,
1000, 1200 and 1500 pmol photons m~2 s~!). The net photosynthetic O, evolution rate
(Pn) at each light level was measured with the YZQ-201A photosynthetic instrument that
is equipped with three qualities of light sources (Figure 1B). Three independent P vs. E
curves were measured for each algal species. The Rd obtained before and after the P vs.
E curve measurements was compared and we found no significant difference, indicating
that the effects of cutting damage and light exposure are limited. Additionally, the gross
photosynthetic O, evolution rate (Pg) was calculated by summing Pn and Rd.

Photosynthetic parameters, the P vs. E curve-derived light utilization efficiency («,
slope), saturation irradiance (Ex, pmol photons m~2s71) and maximum photosynthetic
O, evolution rate (Pmax, pmol O, g FW~1 h~1) were calculated [39] as:

max

Pg = Pmax X tanh<oc X > + Rd 4)

Ex = (Pmax +Rd)/0( 5)

To mimic the effect of light quality on daily primary production, the photosynthetic
evoluted O, was converted to fixed C with PQ of 1.5 [40], and the daily primary production
(PP, mg C m—3 d~') was obtained through integrating the fixed C at different light levels of
each light quality throughout a day [17,36] as:

dusk E(t)
PP = [Pmax X tanh(oc X ) + Rd} (6)
Pmax

dawn

2.5. Environmental Factors and Pigment Light Absorption

Every 2 h, the photosynthetically active radiation (PAR) received by macroalgae was
monitored with a PAR sensor (US-SQS/L, ULM-500, Walz, Germany) at sampling depth.
Meanwhile, the temperature and salinity were measured with the multi-parameter water
quality monitor Sonde (YSI 6600, Yellow Springs Instruments, Yellow Springs, OH, USA).

To measure light absorption spectra of pigments, approximately 0.10 g of the collected
fresh thalli was weighted, extracted with 10 mL absolute methanol and ground with quartz
sands (HF-24, Hefan Instrument Co., Ltd., Shanghai, China). After extracting overnight
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at 4 °C in the dark, the extraction was centrifuged at 5000x g for 10 min (4 °C); then,
the optical absorption spectrum of supernatant was scanned from 350 to 750 nm with a
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan).

2.6. Data Analysis

Mean and standard deviations (mean =+ sd) are presented in figures. One-way ANOVA
with Bonferroni’s post hoc test (Prism 5, Graphpad Software Inc., San Diego, CA, USA)
was used to detect the significant differences among different light qualities or between
macroalgae species, and the paired t-test (Prism 5, Graphpad Software Inc., San Diego, CA,
USA) was used to detect significant differences between photosynthetic rates of two species
within diel changes in field or across series light intensities of four light qualities, with a
confidence level of 0.05.

3. Results
3.1. Daily Field Environmental Changes

On experimental days (27-28 July), the highest solar PAR at sampling depth reached
the maximal value of ~1800 umol photons m~2 s~! at noon (Figure 2). The seawater
temperature varied from 29.05 °C to 31.88 °C, with the lowest and highest values at 6:00 a.m.
and 14:00 p.m., respectively; the salinity varied from 30.76%o to 32.38 %o (Figure 3).

6:00 12:00 18:00 24:.00 6:00 12:00 18:00
Time of day

Figure 2. Daily changes in the macroalgae-exposed solar PAR irradiation (itmol photons m~2 s~ 1) in
field condition. Gray shadow indicates nighttime.
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Figure 3. Daily changes in field temperature (°C) and salinity (%.) at sampling site. Gray shadow
indicates nighttime.
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3.2. Daily Photosynthesis and Respiration Changes

In field, the net photosynthetic O, evolution rate (Pn) of U. fasciata increased from
252 4+3.06 to 168 £ 1.2 pmol Oy g FW~! h™! from dawn to noon, then decreased to
424+ 0.20 pmol O, g FW~1 h~1 at dusk (Figure 4A). The Pn of S. thunbergii ranged from
4.96 + 4.77 to 45.3 + 14.7 umol O, g FW~! h~! in the daytime, much lower than that of U.
fasciata (e.g., ~ 68% lower at 12:00 a.m.). The dark respiration rate (Rd) of U. fasciata was sig-
nificantly higher than that of S. thunbergii (28.6 £ 13.0 vs. 15.8 £ 7.93 umol O g FW 1 h1)
(paired t-test, t = 5.71, p < 0.001), and the Rd in both macroalgae species showed more
scatter during the day than at night (Figure 4B). Coinciding with the diel change in Pn, the
relative electron transfer rate (rETR) of PSII of U. fasciata increased from dawn to noon,
then decreased to dusk, and a similar diel pattern of the rETR also occurred in S. thunbergii
(Figure 4C). Moreover, maximum PSII photochemical quantum yield (Fy /Fyr) of U. fasciata,
an indicator of photosynthetic potential, decreased from 0.76 to 0.40 from dawn to noon,
then gradually increased to 0.73 the next morning; the Fy/Fy; of S. thunbergii increased
from 0.43 to 0.60 from dawn to dusk, but decreased to 0.52 the next morning (Figure 4D).
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Figure 4. Net photosynthetic oxygen evolution rate (A, umol O, g FW~! h~1) and dark respiration
(B, umol Oy g FW~1h~1), and relative electron transfer rate (C, rETR) and maximum photochemical
quantum yield (D, Fy /Fy) of Photosystem II (PS II) of U. fasciata and S. thunbergii in field throughout
the experimental days. Gray shadows indicate nighttime.

3.3. Photosynthetic Characteristics under Different Light Qualities

The P vs. E characteristics of U. fasciata and S. thunbergii under red, blue, green and
white light are shown in Figure 5. In general, the Pn of U. fasciata displayed little or no
photoinhibition under less than 800 pmol photons m 2 s~! white light, but was reduced
under higher light (Figure 5A). Red and green light insignificantly affected the Pn of U.
fasciata across series light intensities, as compared to white light, but blue light significantly
reduced the Pn (paired t-test, t = —5.58, p < 0.01). In S. thunbergii, the Pn showed little or
no photoinhibition, even under 1500 pmol photons m~—2 s~! white light; however, it was
significantly enhanced by red, green and blue light (paired t-test, red, t = 2.67, p < 0.05;
green, t = 5.02, p < 0.01; blue, t = 6.73, p < 0.001) (Figure 5B). Moreover, the P vs. E curve-
derived maximum photosynthetic O, evolution rate (Pmax) of U. fasciata under white light
was 148 =+ 15.8 pmol O, g FW~1 h™1, ~30% higher than that under blue light, while the
saturation irradiance (Ex) was lower (Table 1). Light utilization efficiency (o) showed
an insignificant difference compared to red, green or blue light (Table 1). In S. thunbergii,
however, the Pmax under white light was 39.2 + 3.44 umol O, g FW~! h~!, lower than
that under red, green and blue light. The Ex was lower under white light than blue light,
while the & was higher (Table 1).
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Figure 5. Net photosynthetic O, evolution rate (Pn, pmol O, g FW~1 h1) vs. irradiance (umol
photons m~2 s~ 1) curves of (A) U. fasciata and (B) S. thunbergii under red, green, blue and white light.

Table 1. The photosynthetic O, evolution rate vs. irradiance curve-derived light utilization efficiency
(«, slope), saturation irradiance (Ex, pmol photons m~2 s71) and maximal photosynthetic rate (Pmax,
umol Oy g FW~1 h™1) of U. fasciata and S. thunbergii under blue, green, red and white light.

Species Parameters Red Green Blue White
o 098 +£0.182 058+0.06° 066+015P 079 +0.202b
U. fasciata Ex 731+1152 123 +£853P  243+113¢ 91941592
Pmax 153 +11.22 153 +£5.652  104+886P 148 +1582
o 0.644+0.102 04540.102 015+0.02° 020+004P
S. thunbergii Ex 820+8952 91.9+1422 244 +196P 919+136°2
Pmax 113+ 6.842 893 +758P 783+324°¢ 392+ 3444

* Different letters next to numbers indicate the significant difference among different light qualities (p < 0.05).

The daily primary production (PP) estimated from the P vs. E curves of U. fasciata and
S. thunbergii also differed under red, green, blue and white light (Figure 6). The PP of U.
fasciata was 21.2 + 2.25 mg C g FW~! d~! under white light, and was about 20% higher
under blue light. In S. thunbergii, however, the PP under white light (i.e., 7.78 + 0.68 mg C
g FW~1 d~1) was approximately 120%, 80% and 30% lower than that under red, green and
blue light, respectively.
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Figure 6. Daily primary production (PP, mg C g FW~! d~1) of U. fasciata and S. thunbergii under
red, green, blue and white light. Different letters above the bars indicate the significant difference
(p <0.05).
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4. Discussion

Most previous studies on the effect of light on the physiology of macroalgae involved
manipulation of the integrated photosynthetically active radiation (e.g., [16,17,24]), but few
studies referred to the physiological responses to spectral composition, although pioneering
studies over 70 years ago showed that different pigmentations of red, green and brown
algae affected the absorption and action spectra across the PAR spectrum [19]. In this study,
we showed that U. fasciata had higher photosynthetic capacity that displayed larger diel
changes, as compared to S. thunbergii. Blue light reduced the photosynthetic capacity of
U. fasciata, but simulated that of S. thunbergii compared to white light (Figure 5, Table 1),
indicating that the spectral composition of available light would alter the photophysiology
of macroalgae and thus the primary production in field condition, and such an effect is
species-specific.

Light regime often shapes the photosynthetic behaviors of macroalgae on the circadian
scale [20,24], as well as the seasonal scale [1]. Consistently, both U. fasciata and S. thunbergii
presented a clearly diel change pattern in photosynthetic O, productivity (Figure 4A) and
PSII activity (Figure 4D), although the varying extent differed between these two macroal-
gae species. Such diel variation has been well documented [e.g., 20,24], and explained as the
light energy can not only drive photosynthesis but also harm the photosynthetic apparatus
if over its optical level, thus causing photoinhibition. Moreover, the photosynthetic ability
of U. fasciata varied more with varying light intensities within a day, as compared to S.
thunbergii (Figure 4), indicating that U. fasciata is more light-sensitive. This might be caused
by the lower “package effect” of the thin, sheet-like thallus of U. fasciata enabling this
species to have a higher ratio of surface area to volume [1,17,41,42]. The Ulva species has
also been reported to excrete polysaccharides outside the cells and form a film on the thalli
surface, especially under stressful light [43], which may have protected them from the high
light at noon (Figure 2) and helped to maintain a high photosynthetic rate (Figure 4A). The
higher photosynthetic ability of U. fasciata than S. thunbergii might also be attributed to
its higher cellular protein contents [21,24], because proteins are the main components of
all kinds of key enzymes involved in the photosynthesis of macroalgae [28,44]. On the
other hand, the thin sheet-like macroalgae species are known to capture more light per
unit biomass than the thick-branched ones through developing a larger photosynthetic
surface per unit of fixed C [1,17]; therefore, the sheet-like U. fasciata have higher efficiency
in collecting light for photosynthesis than the branched S. thunbergii, and thus higher pho-
tosynthetic capacity (Figure 4A). More interestingly, a positive correlation between gross
photosynthetic O, productivity (Pn plus Rd) and PSII relative electron transfer rate (tfETR)
appeared in U. fasciata, but not in S. thunbergii (Figure 7), which may caution against using
rETR as an indicator for photosynthetic capacity [24,28], but the mechanisms yielding this
species-specific difference need to be explored further.

300+ @ U. fasciata
-O- S. thunbergii

N
(=]
T

Gross photosynthetic rate
(umol 0, gFW ' h)
=)
T

|
120

0 OO % ; Q0O |
60 90

0 30
rETR

Figure 7. Gross photosynthetic O, evolution rate (umol O, g FW~1 h~1) as a function of relative
electron transfer rate (fETR) of U. fasciata and S. thunbergii.
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Apart from light intensity, the underwater light spectral composition also varies with
depth, due to the water optical properties and dissolved or particle matters therein [12-14].
Such variation differently altered the photophysiological traits of U. fasciata and S. thun-
bergii (Figure 5, Table 1), for which the evolved species-specific diversities of photosyn-
thetic pigments and thus the varied light absorption between them (Figure 8) may be
attributable [19,24,26]. For instance, the Ulva genus is known to contain Chl a/b as the
main light-harvesting pigments for photosynthesis, while the Sargassum genus contains
additional Chl ¢ and fucoxanthin as auxiliary channels to obtain light sources [41,45].
This may have impacted the species-specific efficiency in collecting light of given spectra
(Figure 8) [19], which may have led to the varied photosynthetic abilities among different
light qualities (Figure 5). Such a phenomenon also occurred in red alga G. monilis [18], green
alga C. tomentosum [20] and brown algae C. californica and Laminaria sp. [19]. Moreover, the
pigment composition was also suggested to determine the depth where the macroalgae
can survive in field [3,46], although the subsequent tests failed to support it under low
light status, because the total pigment amount was consistently observed to be much more
important in regulating algal growth than their qualitative compositions [41]. In view
of ecology, however, the divergent pigment composition allows an efficient utilization
of field light energy owing to the partitioning of the light spectrum, thus favoring the
species co-existence within a certain community [47]. Our results supported this, as well,
considering that the U. fasciata and S. thunbergii, whose spectral absorptions of methanol
extracts (Figure 8) reflect their individual preferences of different light spectra and thus
different primary productivity (Figure 6), inhabit the Daya Bay together.

8 — . fasciata
= — S. thunbergii
S 6-
D
54
I
<C
0 T T T
350 450 550 650 750

Wavelength (nm)

Figure 8. Optical density of methanol extracts from the thalli of U. fasciata and S. thunbergii. The
absorption was normalized to ODggy.

5. Conclusions

In this study, we found that both field photosynthetic O, evolution rate and dark O,
consumption rate of U. fasciata were higher than those of S. thunbergii, and the photosyn-
thetic rate of U. fasciata under white light was higher than that under blue light, and the
reverse occurred in S. thunbergii. Moreover, the light spectral quality-induced variation in
the daily primary production was as high as 20% and 120% in U. fasciata and S. thunbergii,
respectively. Our results, together with others [21,22,28,41], demonstrate that a note of
caution on light quality should be put to the studies on macroalgal photophysiology and
primary productivity, considering that the light quantity and quality are changing with
depth and raising eutrophication in worldwide coastal regions.
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