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The climate change and increasing anthropogenic load affect the aquatic ecosystems. State and pro-
ductivity of pelagic ecosystems are largely determined by photosynthetic capacity of phytoplankton.
The aim of this work was to analyze the variability of phytoplankton photosynthetic parameters [quan-
tum yield of photosynthesis (¢) which characterizes efficiency of absorbed light quanta utility in pho-
tosynthesis, its potential capacity (dmax), and light-saturation coefficient (Iy)] depending on light con-
ditions, which are determined by the ratio of thickness of the upper mixed layer (UML) to the depth
of the euphotic zone (Z,). The study covered data obtained in the Pacific Ocean and the Sea of Okhotsk
during the cruise 23/4 of the RV “Professor Multanovskiy” in August—September 2023. Parameters
®max and Iy were calculated based on measurements of rapid light—response curves of variable fluores-
cence. As found out, variability in photosynthetic parameters was mainly determined by phytoplankton
physiological acclimation to light. Importantly, acclimation to light, which differed between the UML
and the deeper layer of the Z,, resulted in distinct light-response patterns of relative electron transport
rate curves. The values of Iy were directly related to light intensity. Nonetheless, the values of ®pax
were inversely related to light intensity, but to a larger extent than the values of Iy. As a result, ¢, which
depends on Iy and ¢y,.«, dropped with increasing light intensity. A tight relationship between the values
of ¢ and light intensity (r = 0.97) was revealed (p < 0.0001), and it was described by an exponential
function. This analysis showed peculiarities of the light forcing variability in photosynthetic parame-
ters. The revealed dependences of Iy, dmax, and ¢ on light intensity can be used for express assessment
of their values based on light; this is necessary for analysis of primary production involving spectral
approach.

Keywords: chlorophyll fluorescence, photoacclimation, rapid light-response curve, quantum yield
of photosynthesis, Pacific Ocean, Sea of Okhotsk

All life on Earth is supported by the process of primary production (hereinafter PP). PP is formed
by the conversion of inorganic compounds (water and carbon dioxide) into organic ones (carbohy-
drates) during photosynthesis. In aquatic ecosystems, phytoplankton is the most important primary pro-
ducer [Evolution of Primary Producers, 2011]. Since photosynthesis requires light quanta, phytoplank-
ton inhabits the upper water layer, where there is enough light. Within the euphotic zone (hereinafter
Zey), phytoplankton deals with various environmental conditions. Vertical water stratification divides
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the water column into quasi-isolated layers and limits the water exchange between the upper mixed
layer (hereinafter UML) and the layer between the UML bottom (Z;;,; ) and the Z,. As a result of strat-
ification within the Z,, phytoplankton inhabits water layers (UML and layer below the UML) with dif-
ferent nutrient availability, temperature, and light, and this affects photosynthesis rate and PP. Precise
assessment of PP is necessary to study patterns of primary synthesis of organic matter in the World
Ocean, which is crucial in the context of global warming and increasing anthropogenic load. Spec-
tral PP algorithms [Churilova et al., 2016; Morel et al., 1996; Smyth et al., 2005], which take into
account the spectral features of light and the light absorption capacity of phytoplankton, provide
a more correct PP assessment than other algorithms. The spectral PP model is based on phytoplank-
ton photosynthetic parameters: light intensity saturating the photosynthesis rate and values of maxi-
mum quantum yield of photosynthesis (¢pmax), Which characterize efficiency of absorbed quanta utility
in the organic matter synthesis.

Traditionally, photosynthesis-irradiance curves (P-I) are used for the quantitative characterization
of the light-dependent photosynthetic activity of photoautotrophs [Platt, Jassby, 1976; Platt et al., 1980].
P-I curves are built by measuring photosynthesis rates under a range of light intensity levels and provide
information on photosynthetic characteristics of phytoplankton. P-I curves supply data on physiologi-
cally meaningful parameters which can be estimated by mathematical models describing the general
photosynthetic light-response pattern [Bannister, 1979; Platt et al., 1980]. Steady-state P-I relationships
allow characterizing photoacclimation status of cells formed as a response to long-term light exposure
conditions, by means of the maximum photosynthesis rate, the tangent of initial slope of P-I curve,
and light intensity saturating the photosynthesis rate [MaclIntyre et al., 2002; Platt et al., 1980].

The application of fluorometric methods allowed rapid assessment of in vivo photosynthesis by moni-
toring the activity of photosystem II (hereinafter PSII) [Schreiber et al., 1994] using rapid light—response
curves (hereinafter RLCs) of relative electron transport rate (rETR). Although rETRs in PSII charac-
terize status of cell photoacclimation to recent light history (short-term photoacclimation) [Schreiber
et al., 1997], RLCs may also provide information on long-term photoacclimation status, as obtained
by P-I curves [Cruz, Serddio, 2008; Serodio et al., 2006]. Consequently, RLCs are particularly use-
ful for the study of the photosynthetic activity of phytoplankton in different water layers within
the Z.,. Specifically, based on RLC parameters, light intensity saturating the rETR (Iy) and ¢pax
can be estimated [Schreiber et al., 1997].

The light-saturation coefficient Iy is determined as light intensity at which photosynthe-
sis reaches saturation and equals the maximum rETR (rETR,,) divided by tangent of initial
slope of RLC (a) [Schreiber et al., 1994]. Maximum quantum yield of PSII (F,/F,,) is trans-
formed to quantum yield of photosynthesis ¢n.x based on electron requirement for carbon fixa-
tion (K) [Lawrenz et al., 2013]. According to the classical Z-scheme for photosynthetic electron trans-
fer, it takes four electrons (e”) to transport through photosynthetic electron transport chain to fix one
CO, molecule [Falkowski, Raven, 2007]. Most studies use K- of 5 mole™/mol C to convert ETRs
to carbon fixation rates, assuming that four ™ transported through photosynthetic electron transport chain
are required for O, molecule produced, and that photosynthetic quotient is 1-1.5 mol O, / mol CO, [Laws,
1991]. However, it was shown that the vast majority of K estimates in various regions were in a range
within 1.2-54 mol e/ mol C with a mean of (11 £7) mole™ /mol C [Lawrenz et al., 2013]. Multivariate
analysis of data for the Ariake Bay [Zhu et al., 2016], the East China Sea, the Tsushima Strait [Zhu
et al., 2017], and the Arctic Ocean [Zhu et al., 2019] revealed a strong correlation between daily pho-
tosynthetically available radiation (hereinafter PAR) and K. This should be taken into account when
calculating Qpax-

The aim of the study was to analyze the variability of photosynthetic parameters of phytoplank-
ton measured by fluorimetry. This was necessary for assessment of primary production and the state
of the pelagic ecosystem of shelf waters near the Kamchatka Peninsula in August—September 2023.

Marine Biological Journal 2026 Vol. 11 No. 2



Phytoplankton photosynthetic parameters in waters near the Kamchatka Peninsula... 69

MATERIAL AND METHODS

Water sampling. Sampling was carried out during the cruise 23/4 of the RV “Professor Mul-
tanovskiy,” 17 August — 11 September, 2023, in waters near the Kamchatka Peninsula (the Sea
of Okhotsk and the Pacific Ocean) (Fig. 1).
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Fig. 1. Stations during the cruise 23/4 of the RV “Professor Multanovskiy,” 17 August — 11 September,
2023, in the Pacific Ocean (@) and the Sea of Okhotsk (+)

Puc. 1. Crannuu peiica 23/4 HUC «Ilpodeccop MynbraHoBckuii», 17 aBrycra — 11 cenrsops 2023 r.,
B Tuxom okeane (@) u Oxorckom Mope (+)

Within one day, sampling was carried out over an area of no more than 30 km x 30 km. Wa-
ter was sampled from several depths within the Z, in the daytime, 8:00-19:00. The Z., was deter-
mined as a depth where PAR was reduced to 1% of the PAR incident on the water surface (PAR).
PAR was continuously measured with a LI-COR portable photosynthesis system with a temporal res-
olution of 1 s. Sampling depths were chosen based on vertical distribution of temperature, salinity,
PAR, and chlorophyll a fluorescence. Sampling was carried out with Niskin bottles mounted on a frame
equipped with SBE oceanographic complex (Sea-Bird Scientific) and CTD profiler. Chlorophyll a fluo-
rescence was measured with submersible WETStar fluorometer W535-1246. Variable fluorescence of all
samples collected at the station was measured for ~ 1 h after sampling.

Zuwmr Was assessed using the density difference criterion (0.2 kg-m™) from a near-surface value
at a depth of 1 m [Brainerd, Gregg, 1995]. PAR in the UML (PARy;, ) was calculated according
to [Babin, 2008]:

1 — efaZumL
KyZyur

Diffuse attenuation coefficient of light (Ky) was determined as follows [Babin et al., 1996]:

4.

Zeu

Values of PAR at different depths (PAR,) were calculated according to [Kirk, 2011]:
PAR, = PAR, x e ¥a#

Water layer of the first optical depth equals 1/Ky [Lee et al., 2007].
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Fluorescence measurements. Variable fluorescence was determined with a chlorophyll a fluores-
cence kinetic measurement system Smart (Department of Biophysics, Faculty of Biology, Moscow
State University, Russia) [Antal et al., 2019]. A blue LED with maximum emission at 445 nm gen-
erates either strong actinic light pulses (photon flux density, PFD, of 5,000 umol-m2-s™) or short
measuring pulses. Prior to the start of variable fluorescence measurements, water samples were
dark-incubated for at least 30 min [Babin, 2008]. The fluorescence of samples was corrected
by subtraction of fluorescence yield of colored dissolved organic matter (Fcpgy) to get phyto-
plankton fluorescence yield. To determine Fpoy, samples were filtered through nucleopore fil-
ters (pore diameter of 0.2 um) under low vacuum (< 25 kPa). Nucleopore filters were pre-washed
with deionized water [IOCCG, 2019]. The water samples were pre-filtered through glass microfiber
filters (GF/F).

Minimum fluorescence yield (Fy), maximum fluorescence yield (F,), and F,/F, were deter-
mined for dark-adapted phytoplankton. F, was calculated as F,, — Fy [Schreiber et al., 1994].
RLCs of rETR vs. PFD were measured at 29 PFD levels (exposition of 20 s), from 0.0125
to 1,000 umol-m™2s7",

RLCs were fitted using the model of [Platt et al., 1980]:

aPAR BPAR

I I

where f is tangent of slope of rETR-light curve on declining section.
RLC fits were very good, with r > 0.95 for a total of 214 light curves.

Ix was determined applying parameters of RLC [Cruz, Serddio, 2008]:

_ rETR,, .»

I
K Q

The parameter ¢, Was calculated as follows:

()bmam = (F'U/Fm>/(2KC) ’

where 2 is conversion factor of electron requirement for carbon fixation to quantum requirement
for carbon fixation.

The values of K (mol e”/ mol quanta) were derived from relationships between PAR (mol-m'z-day_l)
and K [Zhu et al., 2017]:
K-=085PAR +6.55.

The values of ¢ were calculated according to [Marra et al., 2000]:
O = Gpae X tanh(l,/PAR) .

Statistical analyses. Kolmogorov—Smirnov and Shapiro-Wilk tests were applied to examine
the data for normality. The mean t+ standard deviation (SD) allowed describing the variability
within the data group. Statistical analysis involved Grapher v17 and Statistica 12 software. The map
of stations was plotted with QGIS desktop 3.8.0 software. The figures were plotted applying
Grapher v17.

Marine Biological Journal 2026 Vol. 11 No. 2



Phytoplankton photosynthetic parameters in waters near the Kamchatka Peninsula. .. 71

RESULTS

Hydrophysical properties. In August—September 2023, the study area was heterogeneous in terms
of water transparency. The Z, values varied by about 5 times: from 8 m in coastal waters to 47 m
in shelf waters; the mean was (21 £ 6) m (Table 1). Lower Z,, values, averaging (10 + 2) m, were recorded
in the Pacific Ocean: in the Avacha Bay, the Zhirovaya Bay, the Russkaya Bay, and near the Khalaktyrsky
Beach on the eastern coast of the Kamchatka Peninsula. The first optical depth varied from 1.3 to 7.6 m.

Table 1. Hydrophysical characteristics in waters near the Kamchatka Peninsula in August—
September 2023: photosynthetically available radiation incident on the water surface (PAR)); photosynthet-
ically available radiation in the upper mixed layer (PAR g ); depth of the upper mixed layer (Zyjg ); depth
of the euphotic zone (Z,,); salinity at the surface (S); water temperature at the surface (T); and maximum
density gradient (Ao

max)

Ta6smuna 1. Tmppodusnyeckre XapaKTepHCTUKM IIeTb(OBBIX BOJ KaMvaTckoro momyoctpoBa B aB-
rycte — ceHts16pe 2023 r.: (POTOCHHTETMYECKM aKTMBHAs paauauys, Najaollas Ha NOBEpXHOCTb MOpSs
(PAR)); boToCuHTETHYECKM AKTHBHAS PaJyalus B BEpXHEM KBa3HOIHOPOoaHOM ciioe (PARyy ); yOnHa
BEPXHEro KBa3UOAHOPOIHOIO cl0s (Zyjyyy,); I'TyOrHa 30HBI (hoTOCHHTE3A (Z,,); COJEHOCTb HA TOBEPXHOCTH
(S); TemnepaTypa Boabl Ha opepxHocTH (T); MakcUMasbHBIA rpaJueHT IJI0THOCTH (Ao, .. )

mol-l:nég-g;y‘l PAR ZiomL, M Z.,» M S, psu T, °C Ao, kgm™
mol-m~2-day~!
Pacific Ocean
Mean 23.0 14 3.9 20 30 +14 0.62
SD 9.7 6.7 2.4 6.4 1.5 1.5 0.40
Min 6.2 3 2 8 23 +9.9 0.20
Max 38.0 27 11 35 32 +16 2.5
Sea of Okhotsk
Mean 19.0 7.2 11 27 32.3 +11 0.22
SD 11.0 5.8 6.3 9.8 0.40 1.6 0.16
Min 4.7 0.77 2 14 30.5 +7.5 0.019
Max 33.0 22 24 47 32.6 +13 0.74

Sea surface temperature in waters near the Kamchatka Peninsula varied in the range
of +7.5...416.0 °C. The values decreased in the direction from the Pacific Ocean [+9.9...4+16.0 °C;
the mean of (+14.0 £ 1.5) °C] to the Sea of Okhotsk [+7.5...+13.0 °C; the mean of (+11.0 £ 1.6) °C]
(see Table 1).

Sea surface salinity in the Sea of Okhotsk fluctuated in a narrow range: from 30.5 to 32.6 psu.
In the Pacific Ocean, sea surface salinity dropped from 32.0 psu near the southeastern Kam-
chatka Peninsula to 23.0 psu in the Avacha Bay. The high desalination in the Avacha Bay
is associated with intensive coastal runoff. In the Pacific Ocean, the maximum density gradient
[the mean of (0.62 * 0.40) kg-m™] was approximately 3 times higher than in the Sea of Okhotsk
[the mean of (0.22 + 0.16) kg-m™] (see Table 1).

In the Pacific Ocean, density stratification occurred within the Z, throughout the entire area we
studied. Nevertheless, in the Sea of Okhotsk, density stratification at some stations occurred deeper than
the Z., (Table 1). Due to density stratification within the Z,, two water layers differing in conditions
were formed: the UML and the layer below the UML. The Z;,; varied significantly (from 2 to 24 m)
for the entire study area. The Sea of Okhotsk featured deeper UML [the mean of (11.0 + 6.3) m] than
the Pacific Ocean [the mean of (3.9 £ 2.4) m].

Vertical distribution of chlorophyll a fluorescence was characterized by homogeneous fluorescence
intensity within the UML. At some stations, deep maximum of chlorophyll a fluorescence was observed
in the thermocline or below (Fig. 2).
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Fig. 2. Examples of vertical profiles of chlorophyll a fluorescence (Flu, the green line), temperature (T, °C,

the blue line), salinity (S, psu, the red line), and density gradient (Ao, kg-m™, the brown line) in wa-
ters near the Kamchatka Peninsula in August—September 2023. The black solid line is the euphotic zone,
and the black dotted line is the upper mixed layer

Puc. 2. Ilpumepsl BepTUKaIbHBIX MTpoduielt ayopecueHun xaopoduuia a (Flu, 3enénas muHus), remre-

parypsl (T, °C, cunss nunus), conénoctu (S, PSU, kpacHast TUHUS) U FpaleHTa IIOTHOCTH (A0, KO-M ™2,

KOpHYHEeBas JIMHUA) B Ieb(OBBIX Bojax moiayoctpoBa Kamuarka B aBrycre — cenrsiope 2023 r. Yeép-
Hasl CIUIOIMHAS JTMHUS — TIyOWHA 30HBI (DOTOCHHTE3a; YEpHAsl yHKTUPHAS JIMHUS — TIIyOMHA BEPXHETO
KBa3HUOJHOPOIHOTO CJIOSI

Rapid light-response curves of variable fluorescence. Phytoplankton photoacclimation at sta-
tions with different hydrological properties (in the Z, in particular) resulted in distinct patterns of rETR
vs. PFD curves (Fig. 3). As shown, rETR values rose with PFD until reaching a “plateau” of light-
saturated values. Typically, initial phase of RLCs featured a more rapid increase in rETR. Phytoplankton
was acclimated to higher light intensities in the surface layer and in UML; therefore, RLCs of rETR
reached saturation at higher PFD than in the layer below the UML. In some cases, rETR gradually de-
creased after the maximum (rETR,,,, a “plateau”), which reflected photoinhibition induced by high
irradiance.

In the surface layer, rETR,,x Was a highly variable parameter (values varied from 48 to 160) (Table 2,
Fig. 4). Moreover, it decreased gradually with depth, down to a minimum of (51 + 16) near the bottom
of the Z, due to a drop in PAR. Phytoplankton in the UML was characterized by higher rETR,,,x val-
ues [the mean of (72 * 14)] compared to phytoplankton in the layer below the UML [the mean
of (53+19)] (p<0.0001). RLCs of rETR in the UML were saturated under higher irradiance [the mean
of (240 = 44) umol-rn’z-s'l] than in the layer below the UML [the mean of (170 + 55) umol~m_2-s'1]
(p < 0.0001). Iy in the surface layer, the same as TETR,,x, varied noticeably: by about three times,
160 to 480 pumol-m™2s™' (Table 2, Fig. 4). The values of I, decreased gradually with depth, down
to ~ 80 umol-m~s™! near the bottom of the Z.,. Values of o also varied significantly in the surface
layer: by about 1.5 times, 0.21 to 0.35 ptmol'1~m'2-s_1 (Table 2, Fig. 4). The values of a in the UML
and in the layer below the UML fluctuated in a similar range, 0.025 to 0.40 umol-m2s7!, and had
similar mean value, (0.31 + 0.024) pmol-m™2s~! (p = 0.05).
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Fig. 3. Rapid light-response curves (RLCs) of relative electron transport rate (rETR) in phytoplankton
at various depths of euphotic zone in waters near the Kamchatka Peninsula in August—September 2023:
at the surface (the blue line), in the upper mixed layer (the green line), and in the layer below the upper
mixed layer (the red line)

Puc. 3. Bricrprie ceetoBbie KpuBbie (RLC) oTHOCHTETBHOM CKOpOCTH TpaHcopTa 31eKTpoHoB (rETR) du-
TOIUIAHKTOHA C pa3HbIX IIyOUH 30HBI (JOTOCHHTE3a B LIEb(OBBIX BoAAxX NosyocTpoBa Kamyartka B aBrycre
u cenTs0pe 2023 r. — B IOBEPXHOCTHOM CJIoe (CUHSIS JINHNS), B BEPXHEM KBa3HOIHOPOIHOM CJioe (3eJIéHast
JIMHMS) ¥ B CJIO€ TIO/I BEPXHUM KBa3HMOJHOPOJHBIM CJIOEM (KpacHasl JIMHUA)

Table 2. Phytoplankton photosynthetic parameters in waters near the Kamchatka Peninsula in August—
September 2023: maximum relative electron transport rate (fETR,,,, ), light-saturation coefficient (I ), tan-
gent of initial slope of the rapid light-response curve of rETR (at), and maximum quantum yield of primary
photochemistry of photosystem II (F,/F,,)

Ta6uuma 2.  PorocuHTEeTHUYECKNE XapaKTepUCTHKH (PUTOIUIAHKTOHA B IIENh(OBHIX BOJAX MOJIYOCT-
poBa KamuaTtka B aBrycte — cents6pe 2023 r.: MakcuMmasibHasi OTHOCHTENIbHAsI CKOPOCTb TPaHCIOP-
Ta 3J1eKTPOHOB (rETRmaX) KO3 PUIEHT HACHILICHUs CBETOM (Ik) TAHI'€HC HAYaJIbHOI'O HAKJIOHA OBICT-
poit cBetoBoil KpuBo rETR (o) M MakcHUMasbHBII KBAaHTOBBIM BBIXOJ (POTOXMMHYECKHX PpeaKIMi
B porocucreme II (F,/F,)

‘ tETR,,, ‘ I, umol-m~2.57! | aumol'm?2s! ] F,/F,
Sea surface
Mean 84 290 0.29 0.57
SD 18 51 0.032 0.092
Min 48 160 0.21 0.31
Max 160 480 0.35 0.70
Upper mixed layer
Mean 72 240 0.30 0.64
SD 14 44 0.019 0.055
Min 36 120 0.25 0.51
Max 100 340 0.34 0.71
Layer below the upper mixed layer

Mean 53 170 0.31 0.66
SD 19 55 0.024 0.038
Min 25 84 0.25 0.56
Max 120 340 0.40 0.77
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Fig. 4. Vertical distribution of the maximum relative electron transport rate (tfETR,, ), the light-saturation
coefficient (I, ), and the tangent of initial slope of the rapid light-response curve of rETR (o) in waters near
the Kamchatka Peninsula in August-September 2023: at the surface (#), in the upper mixed layer (),
and in the layer below the upper mixed layer (#)

Puc. 4. BeprukanbHoe pacrpeaeneHre 3HaYeHNU MakCUMaJIbHOW OTHOCHUTEIBbHOM CKOPOCTH TPaHCIoOpTa
anektpoHoB (tETR ;. ), koaddpurmenTa Hacbienus ceetoM (I ) ¥ TaHreHca HAYAILHOTO HAKJIOHA OBICTPOI
ceroBoii kpuBoii rETR (o) B Bogax y moiyoctpoba Kamuarka B aBrycte — ceHtsiope 2023 r.: B oBepx-
HOCTHOM cJioe (4), B BepXHEM KBa3HOJHOPOIHOM cyioe (¢) W B CJIO€ ITOJT BEPXHUM KBa3HOJHOPOIHBIM
cjioeM (4)

Maximum quantum yield of photosystem II. For the data obtained in the Pacific Ocean

and the Sea of Okhotsk, noticeably different values of F,/F,, (0.31-0.70) were recorded in the sur-

face layer (Fig. 5). In the UML and the layer below the UML, the range of F,/F,, values was nar-

rower by 1.5 times (0.51-0.77) than that registered for the surface layer. The UML and the layer below

the UML did not differ statistically significantly in terms of F,/F,, (p = 0.43). The values of F,/F, near
the bottom of the Z,, averaged (0.67 = 0.04).
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Fig. 5. Vertical distribution of the maximum quantum yield of primary photochemistry of photosystem II
(F,/F,,) in waters near the Kamchatka Peninsula in August—September 2023: at the surface (¢ ), in the upper
mixed layer (#), and in the layer below the upper mixed layer ()

Puc. 5. BeprukansHoe pacnpenesieHre 3HAYeHUI MaKCUMAaJIbHOTO KBAHTOBOTO BBIX0/1a (DOTOXUMUYECKUX
peaxuuii B porocucteme II (F,/F,,) B Bogax y noiayoctpoBa Kamuarka B aBrycre — cenrsiope 2023 r.: B 1o-
BEPXHOCTHOM cJioe (4 ), B BEpXHEeM KBa3HOJHOPOAHOM cJjioe () U B CJIOe IO/ BEPXHUM KBa3HOJHOPOIHBIM
ciioem (4)
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The relationship was established between F,/F,, values in the surface water layer and the sampling
time (Fig. 6). During daylight hours, F,/Fy, in phytoplankton sampled before midday reached their max-
imums: F,/F,, values varied from 0.49 to 0.70. In phytoplankton sampled in the afternoon, F,/F,, values
were lower (p < 0.0001) and varied from 0.31 to 0.66.
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Fig. 6. Dependence of the maximum quantum yield of primary photochemistry of photosystem II (F,/F,,)
in the surface water layer on the sampling time near the Kamchatka Peninsula in August-September 2023:
in the Pacific Ocean (@) and the Sea of Okhotsk (+). The black solid lines divide the time axis into four-hour
intervals

Puc. 6. 3aBUCHMMOCTb MaKCIMaJILHOTO KBAHTOBOTO BBIXO/Ia (POTOXMMHUUYECKUX peakimid B hotocucteme 11
(F,/F,,) B IOBEpXHOCTHOM cJjl0€ BOJL y mosyoctpoBa KamuaTka B aBrycre — cenrs0ope 2023 r. oT Bpeme-
HU oTO0pa 1pod B Tuxom okeane (@) u Oxorckom mMope (+). YEpHbIE CIUIONIHBIE JIMHUK Pa3IesisioT 0Ch
BpEMEHU Ha YETHIPEXUACOBBIC UHTEPBAJIBI

F,/Fp, in the surface water layer varied due to the inhibitory effect of high PAR values at the sam-
pling time, and this was especially evident during midday and in the afternoon. Fig. 7 shows the dy-
namics of F,/F,, and PAR( during daylight hours, and also the values of daily PAR, on the sam-
pling day. The daily PAR, varied by an order of magnitude: from 4.7 to 38 mol-m >day!. Dur-
ing sampling, PAR, attained ~ 1,600 umol-m™s™! at some stations. Analysis of the daily dynam-
ics of F,/F,, showed the match of F,/F, minimum with PARy, maximum incident on the sea sur-
face at the sampling time. Thus, the short-term response of F,/F,, to change in ambient irradiance
was shown.

The entire F,/F,, data array for the surface layer was divided into three groups based on PAR,
at the sampling time:

* group 1, PARy < 500 Mmol-m_2-s'1;
+ group 2, 500 umol-m2.s™' < PAR, < 1,000 umol-m2s7";
» group 3, PAR; > 1,000 pmol-m s\,

The values of F,/F,, in these three groups varied statistically significantly (p < 0.0001). The low-
est F,/F,, values, the mean of (0.50 = 0.09), were obtained in group 3, while the highest, the mean
of (0.63 = 0.05), were recorded in group 1. The values of F,/F,, in group 2 averaged (0.54 = 0.09).
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Fig. 7. Daily dynamics of the maximum quantum yield of primary photochemistry of photosystem II
(F,/F,,) and photosynthetically available radiation incident on the surface layer (PAR) at the sampling time
in waters near the Kamchatka Peninsula in August-September 2023: in the Pacific Ocean (@) and the Sea
of Okhotsk (+). The numbers indicate the stations

Puc. 7. CyrouHas muHaMMKa 3HAYEHUN MaKCHUMAaJbHOTO KBAHTOBOTO BHIXOJa (DOTOXUMHUYECKUX PEeaKLUi
orocucremst Il (F,/F,,) u poTocuHTeTMUECKU aKTUBHOM paualiuy, NaJaouliell Ha I0BEpXHOCTHOCTb MO-
psi B MoMeHT otOopa npod (PAR), B menbdoBex Bogax noiayocTpoBa Kamuarka B aBrycre u ceHTOpe
2023 r. — B Tuxom okeaHe (@) u Oxorckom mope (+). Llucdpamu 0603HaUEHB HOMEPA CTAHIIU
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Maximum quantum yield of photosynthesis. For the entire data array (the Pacific Ocean
and the Sea of Okhotsk), ¢pmax varied by six times: from 0.0091 to 0.057 mol C/mol quanta. In the sur-
face layer, the values of ¢, fluctuated in a similar range: from 0.0091 to 0.047 mol C / mol quanta. Near
the bottom of the Z,, a range of ¢ax variations was narrow, from 0.044 to 0.058 mol C/mol quanta,
and the mean was (0.047 £ 0.006) mol C/mol quanta (Fig. 8). Highly significant (p < 0.0001) inverse
relationship was revealed between ¢, and daily PAR, and it was described by an exponential function
(Fig. 8).
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Fig. 8. Dependence of the maximum quantum yield of photosynthesis (¢,,,) on the photosyn-
thetically available radiation at sampling depths (PAR) in waters near the Kamchatka Peninsula
in August—September 2023: in the Pacific Ocean (@) and the Sea of Okhotsk (+)

Puc. 8. 3aBucuMocTbh MaKCUMaJIbHOTO KBAaHTOBOI'O BbIX0OAA (poToCHHTE3A ()., ) OT BEJIMUMHBI (POTOCHHTE-
THUYECKU aKTUBHOM pajanuy Ha rnyoune otoopa npod (PAR) B menbdoBbIx Bogax nonyoctpoBa Kamuatka
B aBrycte u ceHts0pe 2023 r. — B Tuxom okeane (@) u Oxorckom Mope (+)

DISCUSSION

Phytoplankton photosynthetic characteristics in the euphotic layer of waters near the Kamchatka
Peninsula were analyzed based on parameters of variable chlorophyll a fluorescence. In the Pacific
Ocean, sampling covered a period of relatively good weather (sea was calm). Under such conditions,
the hydrological structure of the Pacific Ocean waters featured vertical density stratification within
the Z., with the relatively narrow UML (maximum of 13 m at st. 41). In coastal waters of the Sea
of Okhotsk, sampling was carried out when meteorological conditions deteriorated. Namely, wind speed
increased; this resulted in active mixing of surface waters and in the UML deepening to the bottom
of the Z., at some stations. Thus, Z;\; /Ze, varied in this area from 0.1 to 1.3. In a relatively nar-
rower UML, phytoplankton deals with higher PARy;,;; than in the case when the UML is comparable
with the Z.,. Phytoplankton photosynthetic parameters shifted due to its adaptation to different envi-
ronmental factors in the UML. Variable chlorophyll a fluorescence is a reliable indicator of photosyn-
thetic parameters of phytoplankton. Effect of environmental factors on photosynthetic characteristics
can be described by RLCs [Schreiber, 2004; Serddio et al., 2006], since RLCs of variable fluorescence
are dependent on phytoplankton “light history” [Cruz, Serddio, 2008; Perkins et al., 2006]. The out-
comes of this study showed that the shape of RLC of rETR depended on the phytoplankton photoac-
climation to different light conditions within the layer. Although the shape of rETR photoresponse was
mostly the same for phytoplankton inhabiting different layers, the absolute values of tETR,,x and Iy
differed, as well as their variability range. In more insolated layers (the surface and the UML), phy-
toplankton featured higher values of rETR;,,x and I than phytoplankton inhabiting a lower and less
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insolated Z., (the layer below the UML) (see Fig. 6). For the entire data array (covering the surface layer,

the UML, and the layer below the UML), the relationship of Iy and rETR;.x with daily PAR was revealed
(p <0.0001) (Fig. 9).
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Fig. 9. Dependence of the light-saturation coefficient (I} ), the maximum relative electron transport rate
(rETR

max)» and the tangent of initial slope of the rapid light-response curve (o) on the daily photosyn-

thetically available radiation in the environment (PAR): at the surface (#), in the upper mixed layer (¢),
and in the layer below the upper mixed layer (#)

Puc. 9. 3aBucumocts 3HaueHuil koadduimenta HacoieHus ceetoM (I ), MakCMMaJIbHOM OTHOCUTEIbHOMN
cKopocTH TpaHcropra 31eKkTpoHoB (rETR,,,) ¥ TaHreHca Ha4yaJIbHOrO HAaKJIOHA OBICTPON CBETOBOW KpH-

BOI1 (1) OT CYyTOYHOH (POTOCHHTETHUYECKH aKTHBHOW paauanuu B cpesie (PAR): B moBepxHOCTHOM ciioe (¢),
B BEpXHEM KBa3MOAHOPOAHOM cJjioe () U B ClIoe NOJ, BEPXHUM KBa3UOAHOPOAHBIM ciioeM (4 )

The values of I and rETR,,,x were characterized by a steep increase under low PAR and a smooth
increase under PAR exceeding 1 mol-m-day'. However, no relationship was revealed between o
and PAR (p = 0.003) (see Fig. 9). Light-dependent variability of rETR;,x and Iy was in agreement
with variability of these photosynthetic parameters due to phytoplankton photoacclimation [Behrenfeld
et al., 2004; Maclntyre et al., 2002]. The photoacclimation is accompanied by changes in concentra-
tion and activity of enzymes of the Calvin cycle and in changes in the photosynthetic electron transport
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chain, resulting in the rETR,,x variability [Behrenfeld et al., 2004; Maclntyre et al., 2002]. Notably,
in the present study, no significant photoadaptive changes in o were noted (see Figs 6, 9). However, shifts
in a could be expected, since changes in the content of photosynthetic accessory pigment or other com-
ponents of the photosynthetic apparatus affecting the photoprotection capacity were recorded in other
studies, e. g., in [WoZniak et al., 2007].

Photoinhibition of the maximum quantum yield of primary photochemistry of PSII (F,/F,,) was ob-
served in the surface layer of the study area (the Pacific Ocean and the Sea of Okhotsk). The ob-
tained wide range of F,/F,, variability in the surface layer (Fig. 5) is due to differences in PAR
and the sampling time, since they determine “light history” (Figs 6, 7). The variability in F,/F,, is me-
diated by changes in physiological state of photoautotrophs due to environmental factors [Schreiber,
2004]. The maximum achievable F,/F,, value is 0.80-0.85 [Bjorkman, Demmig, 1978]. F,/F,, de-
pends on environmental factors: light [Heraud, Beardall, 2000; Vassiliev et al., 1994], nutrient avail-
ability [Beardall et al., 2001; Behrenfeld, Kolber, 1999; Lindley et al., 1995], and temperature [Wu
et al., 2012], as well as on phytoplankton species composition [Suggett et al., 2009]. However, light
is the key driver of F,/F,, changes. Exposure to high light intensities results in photoinhibition: pho-
tosynthesis rate decreases in response to prolonged excess absorption of light quanta [Baker, 1996].
Phytoplankton of the upper water layer is most susceptible to photoinhibition, since it lives under rela-
tively high light intensity. The analysis of F,/F,, variability showed inverse relationship between F,/Fy,
and PAR, at the sampling time (p < 0.0001) (Fig. 10). Minimum values of F,/F, (< 0.50) were ob-
tained at relatively high PAR (> 750 uE-m~%s™), indicating an inhibitory effect of high light inten-
sity. Photoinhibition of phytoplankton was governed by destruction of D1 protein of PSII reaction
center [Chow, Aro, 2005]. The restoration of F,/F,, during the night and the fact that it reaches its
maximum in the early morning (Figs 6, 7) are related to D1 protein restoration in the dark [Chow,
Aro, 2005]. In the UML and the layer below the UML, where PAR was lower than at the surface,
changes in F,/F,, values were weakly expressed, and F,/F,, values were close to the maximum achievable
magnitude (see Fig. 5).

0.8 -

F,/F, =-0.00015 PAR,+ 0.66, r = 0.73,n = 76

0.2~ [ T T T T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400
PAR , kmol m 28!

Fig. 10. Dependence of the maximum quantum yield of primary photochemistry of photosystem II (F,/F,,)
in the surface layer on the photosynthetically available radiation incident on the surface layer (PARy)
at the sampling time in waters near the Kamchatka Peninsula in August—-September 2023: in the Pacific
Ocean (@) and the Sea of Okhotsk (+)

Puc. 10. 3aBrcuMOoCTh 3HAUYEHHUI MaKCUMAJILHOTO KBAHTOBOTO BhIXOJa (POTOXUMHUYECKUX peakiuii oTo-
cuctems! II (F,/F,,) B OBEpXHOCTHOM ciioe MOpPS OT (POTOCMHTETUYECKU AKTUBHOHM pajualyy, Majano-
Iel Ha MOBEPXHOCTb MOPsl B MOMEHT oT0opa 1pod (PAR), B menbdoBbix Bogax noiryocrposa Kamuarka
B aBrycre u ceHtsiope 2023 r. — B Tuxom okeane (@) u Oxorckom Mope (+)

The values of ¢ rose while PAR decreased (Fig. 8). The obtained range of ¢nax Was in good
agreement with the data of earlier studies covering the Pacific Ocean [Bricaud et al., 2002; Lindley
et al., 1995; Vijayan et al., 2009] and the Sea of Okhotsk [Isada et al., 2013], where ¢, values
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in the surface layer were generally about 10—-40% of the theoretical maximum, 0.125 mol C/mol quanta,
and even reached 0.1 under some environmental factors. Research on ¢y, variability in various regions
of the World Ocean showed as follows: the values of ¢y,ax in eutrophic waters (~ 0.05 mol C/mol quanta)
were higher than in mesotrophic waters (~ 0.035 mol C/mol quanta) and oligotrophic waters
(~ 0.005 mol C/mol quanta) [Babin et al., 1996]. It was also shown that ¢, values depend on nutrient
availability [Johnson et al., 2002; Kolber et al., 1990] and/or on taxonomic composition of phytoplank-
ton populations [Babin et al., 1996; Cota et al., 1994]. Cyclic electron flow around photosystem I (PSI)
can reduce ¢pn,x. The cycle is related to the ratio of PSII-to-PSI reaction centers, which is > 1 in di-
atoms, ~ 1 in prochlorophytes, and ~ 0.25 in cyanobacteria [Babin et al., 1996]. However, the irradiance
has the maximum effect on ¢,,x values [Babin et al., 1996; WozZniak et al., 2007].

The values of ¢ varied by an order of magnitude: from 0.0046 to 0.057 mol C/mol quanta. Im-
portantly, ¢, the same as ¢m,x, depends chiefly on light intensity [WoZniak et al., 2007]. However,
light affects values of ¢ to a greater extent than values of ¢y, and this is especially evident at high
light intensities (Figs 8, 11) due to non-photochemical dissipation of the absorbed excitation energy,
mainly as heat [Kirk, 2011; Wozniak et al., 2007]. A tight relationship between values of ¢ and daily
PAR (p < 0.0001) (PARy),. for the UML and PAR, for the layer below the UML) was revealed;
it was described by an exponential function (see Fig. 11).

o ¢ =0.047EXP (-0.094 PAR), r=0.97, n =198

— : .
0 4 8 12 16 20 24 28
PAR, mol m2d

Fig. 11. Dependence of the quantum yield of photosynthesis (¢) on the daily photosynthetically available
radiation in the environment (PAR) in waters near the Kamchatka Peninsula in August-September 2023:
in the Pacific Ocean (@) and the Sea of Okhotsk (+)

Puc. 11. 3aBrucuMocTh 3HaYEHUI KBAHTOBOTO BBIXOAa (poTOCHHTE3a (P) OT CYyTOUHOH (POTOCHHTETUIECKU
akTMBHOH paauaumu B cpene (PAR) B menbdoBbx Bogax nomyoctpoBa Kamuarka B aBrycre u ceHtsiope
2023 r. — B Tuxom okeaHe (@) u OxorckoM mMope (+)

Conclusion. We studied the variability of the key photosynthetic parameters of phytoplankton:
the quantum yield of photosynthesis, its maximum value, and also the light-saturating coefficient — in wa-
ters of the Pacific Ocean and the Sea of Okhotsk off the southern Kamchatka Peninsula coast
in August—September 2023.

Reliable differences in the values of ¢, and Iy were revealed between the quasi-isolated layers
within the euphotic zone: the upper mixed layer (UML) and the layer below UML.

High variability of the photosynthetic parameters was observed in each selected layer; it was caused
by high heterogeneity of the study area in terms of the hydrological structure. Thus, the pycnocline was
located within the euphotic zone (Zjyy /Ze, varied from 0.1 to 1.3), which was the real physical boundary
between the layers. As a result, each layer featured high spatial heterogeneity in environmental factors,
mainly in light.
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As shown, Iy values were directly related to light intensity. Nonetheless, the values of ¢.x were
inversely related to light intensity, but to a larger extent than I.. Accordingly, ¢, which depended on Iy
and Quax, dropped while light intensity increased. The relationships between the phytoplankton photo-
synthetic parameters ((max, ¢, and Iy) and light intensity were revealed, which allows assessing phyto-
plankton photosynthetic parameters based on light in the case of highly variable hydrological structure
of waters.

The application of chlorophyll a fluorescence measurements for the assessment of phytoplankton photosyn-
thetic characteristics was carried out within the framework of IBSS state research assignment No. 124030100106-2.
Analysis of light-dependent variability in photosynthetic characteristics of phytoplankton was funded by the Ministry
of Science and Higher Education of the Russian Federation, project No. FZNS-2024-0037 “Integrated environmental
monitoring of coastal marine and terrestrial ecosystems of Kamchatka.” In situ measurements of chlorophyll a fluo-
rescence were performed within the framework of POI FEB RAS state research assignment No. 124022 100080-0.
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