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Abstract

This paper studies seasonal variability of phytoplankton photosynthetic parameters
in the Black Sea coastal waters near the Crimean Peninsula. Primary production was esti-
mated using a full spectral approach that took into account phytoplankton spectral light
absorption coefficient, spectral downwelling irradiance and quantum yield of photosynthesis.
In the coastal waters near the village of Katsiveli, the annual dynamics of chlorophyll a con-
centration was characterized by maximal values in winter and minimal (half as many) in sum-
mer, while in the waters near Sevastopol, the maximum was recorded in early October and
March, which is likely due to the “bloom” of phytoplankton. High annual variability of
both the phytoplankton spectrally weighted chlorophyll a specific absorption coefficient
(~ 3 times) and maximum quantum yield of photosynthesis (~ 7 times) was noted, with max-
imal values in summer and winter, respectively. In the vertical profile, the minimal values of
the quantum yield were observed in the sea surface layer associated with the high photosyn-
thetically active radiation incident on the sea surface. The variability in photosynthetic pa-
rameters, caused by phytoplankton adaptation to changing environmental factors, resulted
in a strong annual variability of primary production, which varied ~ 8-fold over the study
period. The obtained patterns of variability of the basic photosynthetic parameters of phyto-
plankton (the ability to absorb light quanta and use them in photochemical reactions) are
necessary for understanding the mechanism of formation of primary production in the studied
water region.
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AHHOTanust

HccnenoBaHa ce30HHAs U3MEHYMBOCTH (DOTOCHHTETHYECKMX XapaKTEPHUCTHK (PUTOIUIAHK-
TOHA B IPUOPEXHBIX Bojax UepHoro Mops y mobepexbs KpeiMckoro noxyoctposa. [lepBud-
HYIO IPOJYKIIHIO OLIEHUBAIIN C MCIIOIb30BAaHUEM MOJIHOTO CIIEKTPAILHOTO MOJX0/a, YUUThI-
BAIOILIETO CIIEKTPAJIbHBIE TTOKA3aTeNN MOTJIOMIEHHS CBETa MUTMEHTaMH (PUTOILIAHKTOHOM,
CIEKTPAIBbHYIO OCBEIIEHHOCTh M KBAaHTOBBIA BBIX0OA (hoTocuHTE3a. B mpuOpexxHBIX Bomax
y nocesnka Karusenu roioBast JuHaMHKa KOHIIEHTPALUH XJI0POoQHiIa @ XapaKTepH30Balach
MaKCHMaJIbHBIMU 3HAYESHUSIMU 3MMOW 1 MUHUMAJIBHBIMU (B JIBa pa3a MEHbIIE) JIETOM, TOT/Ia
Kak B Bogax BOMm3u CeBacTOMONSI MAaKCUMyM KOHIIEHTPAINH XJIopodmiia @ ObUT OTMEeUeH
B Ha4aje OKTSAO0psS U B MapTe, 4TO, BEPOSTHO, OOYCIOBJIEHO «IIBETEHHEM» (DUTOIIIAHKTOHA.
OTMeueHa BRICOKAs TOI0Bast BapuabeIbHOCTh KaK yAETbHON 3(PPEKTHBHOCTH MTOTIIOMIECHHS
CBeTa MUIMeHTaMH (PUTOIUIAHKTOHA (IIPUMEPHO B TPHU pas3a), TaKk ¥ MaKCHUMaJIbHOTO KBAHTO-
BOTO BbIX0J1a ()OTOCHHTE3A (IPUMEPHO B CEMb pa3) ¢ HaOII0AaeMbIMI MAaKCUMAIbHBIMH 3Ha-
YCHUSIMHU JIETOM M 3UMOH COOTBETCTBEHHO. B BEPTUKAJIBHOM PACIIPECACIICHNN KBAHTOBOI'O
BBIX0J]Ja MUHMMAJIbHBIE 3HAYCHUS OBUTM OTMEUYEHBI B TOBEPXHOCTHOM CJIOE, YTO CBSI3aHO
C BBICOKOH (DOTOCHMHTETHYECKH aKTUBHOM pajualnei, najarlieil Ha MOBEPXHOCTh MODSI.
BapuabenbHoCTh (DOTOCHHTETHYECKNX XapaKTEPUCTHK, 00yCIIOBIEHHAs afanTanueid Gpuro-
IJIAHKTOHA K U3MCHAIOIIMMCA d)aKTOpaM Cp€abl, MPUBEIIA K 3HAYUTCIILHOU FO}IOBOf/'I HU3MCHYH-
BOCTH TIEPBHYHON TPOIYKIMH, KOTOpasi 3a MCCIEAYyEeMBbIil IepHo] BapbHpoBaIa MPUMEPHO
B BoceMb pa3. [loqyucHHbIE 3aKOHOMEPHOCTH U3MEHIUBOCTH OCHOBHBIX (DOTOCHHTETUUECKUX
XapaKTEPUCTUK (PUTOIIAHKTOHA (CTIOCOOHOCTH ITOTJIOMIATH KBAaHTHI CBETA U MCIOJIL30BAaTh HX
B (DOTOXMMHMYECKHX DPEAKLMAX) HEOOXOIMMBI UL IOHMMAaHHA MeXaHu3Ma (OpMHUpPOBAHHSA
MIEPBUYHOMN MPOIYKIMH B HCCIIETYEMOH aKBaTOPHHU.

KaroueBble ciioBa: XJIOpO(bHJIH a, KBaHTOBBII BbIXO[J (bOTOCI/IHTe?)a, IOorjiomeHue CBECTAa,
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Introduction

Phytoplankton uses the sunlight energy during the primary synthesis of organic
matter from inorganic compounds, the daily rate of which is called primary produc-
tion (PP) [1]. PP ensures functioning of all trophic levels in food web of water eco-
systems [1, 2]. The rate of photosynthesis depends on photosynthetically available
radiance (PAR), the nutrient supply and temperature [2]. The coastal waters of
the Black Sea (BS) are subject to strong anthropogenic impacts [3], which results
in an increase in the concentration of nutrients, organic and suspended matter
in the sea [4]. Elevated nutrient (mineral compounds of nitrogen, phosphorus and
silicon) concentrations in the upper mixed level (UML) contribute to higher photo-
synthesis rates and enhance the growth of planktonic microalgae [5]. The photosyn-
thetic and productive characteristics of phytoplankton determine the functioning
of all other levels of the aquatic ecosystem’s food web. Therefore, assessment of
the current state of phytoplankton productivity in the BS coastal waters is highly
relevant. Light intensity and its spectral properties change with depth in the sea as-
sociated with light absorption and scattering by optically active components (OAC),
namely phytoplankton, colored dissolved organic matter (CDOM), non-algal parti-
cles (NAP) and pure water [6]. Consequently, a spectral approach to primary produc-
tivity (PP) estimation provides more accurate estimates than other approaches, which
are based on PAR (i. e. light intensity integrated for wavelengths of 400-700 nm)
[7, 8]. For the BS region, a full spectral algorithm was developed [9]. This approach
considers the spectral properties of downwelling irradiance, light absorption by phy-
toplankton and the quantum yield (efficiency of absorbed photon use in photosyn-
thesis), which determines the accuracy of the PP estimate [9-11].

This study focuses on the seasonal dynamics of PP, chlorophyll a concentration,
photosynthetic parameters of phytoplankton, namely spectrally weighted chloro-
phyll a-specific phytoplankton absorption coefficient and the quantum yield of pho-
tosynthesis in the BS coastal waters. Additionally, the aim of this study is to inves-
tigate the influence of the spectral composition of light on the spectrally weighted
chlorophyll a-specific phytoplankton absorption coefficients.

Methods

Study area

The study was carried out in the BS coastal waters. The BS is an inland sea,
the easternmost of the seas of the Atlantic Ocean basin. In the southwest it connects
to the Sea of Marmara through the Bosphorus Strait, in the northeast it connects to
the Sea of Azov through the Kerch Strait. The BS is one of the largest and deepest
inland seas. Its greatest depths are in the range of 2210-2258 m. About 1000 large
and small rivers flow into the BS. Due to the large river runoff, the BS surface waters
salinity is 18%o [12].

Bio-optical properties and phytoplankton photosynthetic parameters were meas-
ured at two fixed stations in the coastal waters of the Crimean Peninsula:

1. A station located about a mile offshore outside of Sevastopol Bay (44°38' N,
33°29" E) with a depth of ~50 m (to the bottom) (22.02.2022; 16.06.2022;
13.07.2022; 06.10.2022; 09.11.2022; 29.11.2022; 07.03.2023; 21.03.2023);
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2. The oceanographic platform of the Marine Hydrophysical Institute (MHI) of
the Russian Academy of Sciences located in the coastal waters ~ 0.37 mile offshore
from the village of Katsiveli with a depth of ~30 m (to the bottom) (44°23" N,
33°59"E) (08.06.2023; 24.01.2024).

Water sampling

The downwelling irradiance spectra Eq(A) were measured in increments of 1 m
within the euphotic zone using a RAMSES submersible spectroradiometer (TrioOS,
Germany). The euphotic zone depth (Ze,) is limited to the depth at which 1% photo-
synthetically available radiation (PAR) penetrates. Water samples (5 L) were collected
using Niskin bottles at the depths selected based on water transparency and temper-
ature profiles. Water transparency was assessed based on Secchi disk depth (Zs).

Pigment Analysis

The sum of chlorophyll a and pheopigment concentrations (TChl-a) was deter-
mined by the spectrophotometric method [13, 14] with 90% acetone using Whatman
GF/F glass fiber filters (25 mm diameter, 0.7 pm size pore). The optical density (OD)
of the acetone-extracted phytoplankton pigments was measured with a Lambda 35
dual-beam spectrophotometer (PerkinElmer).

Absorption Measurements

The spectral light absorption coefficients of phytoplankton (apn(A)), NAP
(anar(X)) and CDOM (acpom(L)) were measured in accordance with modern proto-
cols [15, 16] using a Lambda 35 dual-beam spectrophotometer (PerkinElmer)
equipped with an integrating sphere. The chlorophyll a-specific phytoplankton light
absorption coefficient of (a’pn())) (m*mg™") was calculated by dividing am(})
by TChl-a.

Spectrally weighted chlorophyll a-specific absorption coefficients of phyto-
plankton a”n(z), m*>mg', were calculated as

oy @ o, 2) - EqQh, 2)dh

a'w(z) = .
’ I Eq(h, 2)dh - TChl-a

Primary production
PP, mgC-m-d”', was determined according to the full spectral approach [9]:

PP = 12000-¢(2)- PURp(2),

where 12000 — moles to mg carbon conversion ratio; ¢ — the quantum yield of pho-
tosynthesis, and PUR, — the amount of quanta absorbed by photosynthetically ac-
tive pigments, per TChl-a unit.

The ¢ values (mol C-mol quanta™'), were calculated as [17]:

b (2) = ous(2) tanh (G ).

PAR(2)

where Qmax 1S the maximum quantum yield of photosynthesis; Ii is the light intensity
saturating relative electron transfer rate (rETR), which corresponds to I for the photo-
synthesis rate [17].
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The Pmax, mol C-mol quanta™, was assessed based on the parameters of variable
chlorophyll a fluorescence:

Do = (i—m)/ (Ke-2),

where Fp, is the maximal fluorescence of chlorophyll a with closed reaction centers
(RC) of photosystem II (PSII); F, is the difference between F,, and the minimal fluo-
rescence of chlorophyll a with open RC PSII (F0); K. is the number of electrons
required to fix a single CO, molecule [18]; 2 is the number of photons required
for the transfer of one electron along the photosynthetic electron transport chain [2].

Fm, FO and rETR were measured in the laboratory with a chlorophyll fluores-
cence kinetic measurement system (fluorimeter Smart) developed at the Department
of Biophysics, Faculty of Biology, Lomonosov Moscow State University [19].

K., mol electrons-mol C ™', was calculated in accordance with [20]:

K:.=0.85PAR + 6.55.

Iy, umol quanta-m *-s”', was calculated as [21]:
_ tETRypx
k o >

where rETRmax is the maximal value of rETR; a is the tangent of the initial slope of
the light curve of rETR. The light curve of rETR was fitted using the equation [22]:

a-PAR B-PAR
TETR = rETRmax \ 1 —exp - exp ,
tETR ik tETR ax

where B is the tangent of the slope of the curve on the declining section.
PURsp, tmol quanta-m-s™!, was calculated as [23]:

PURysp(2) = kpsp PUR(2),

where ks, is a coefficient reflecting the contribution of photosynthetic pigments
to light absorption by all pigments, PUR is the number of quanta absorbed by all
phytoplankton pigments. The kg, was calculated as [23]:

kpsp = (1 — NPSP) /(1 + NPSP),

where NPSP is the weight fraction of photoprotective pigments in the total amount
of phytoplankton pigments. The NPSP, g-g', was calculated using its dependence on
the daily average light intensity in the UML (PARumi) [24]:

NPSP = 0.0202 (PARym1 — 2.92).

PARumi, pmol-quanta-m s ', was calculated as [23]:

1- exp(— 4.6 ﬂ)

Zeu

PARum = PARy -

Zuml
4.6 Zeu
where PAR is the daily PAR incident on the sea surface [25]; Zum is the depth of
the upper mixed layer. Z,m was determined using a temperature gradient [26].
PUR, umol quanta-m>-s', was calculated as:

PUR(z) = [/

200 Ed(z, M)- ay,(z, MdA.
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Results and discussion

Hydrological parameters

In summer (June, July 2022), the sea surface temperature (SST) varied in the ran-
ge from 19 to 25°C and the average PAR, equaled 59 + 1 mol quanta-m >-day .
At the station located near Sevastopol, the seasonal thermocline was well-developed
(vertical temperature gradient > 2°C-m™"). It divides the euphotic layer into two
layers: the UML and thermocline with a part of the euphotic zone located below.
During stratification, the UML waters are characterized by higher light intensity,
temperature and dissolved oxygen concentration in comparison to the waters under
the thermocline [27]. The coastal waters in the Katsiveli area were characterized by
the absence of a thermocline in early June. The water temperature was 19°C over
the entire water column. This is probably due to the high dynamic activity of the
coastal waters near the Southern Coast of Crimea [28, 29]. In autumn, SST varied
from 15 to 20°C, the average PAR, equaled 27 = 8 mol quanta-m >.day '. Water
stratification was only observed in early October. In winter, SST varied from 10
to 14°C and the PAR, on average was 22 + 5 mol quanta-m >-day'. In spring, SST
was 9°C, and the averaged PAR, was 32 + 5 mol quanta-m >-day '. During the winter
and early spring, the water was well-mixed due to convection and winds at both
stations. The water transparency and Z, at the stations significantly differed by sea-
son (Fig. 1).

Spectral downwelling irradiance and euphotic zone

Light is the main factor for photosynthesis. An electron needs the energy of
a photon of the visible spectrum to move from the ground state to the excited state
[2]. The attenuation of light with depth, as well as the change in the spectral charac-
teristics of light, occurs due to scattering and absorption of light by suspended mat-
ter, CDOM and pure water [6] (Fig. 2, a). A comparison of the E4(A) spectrum shape
showed (Fig. 2) that the wavelength of the E4(A) spectrum maximum at a depth of 1%
PAR shifted from ~ 495 nm to ~ 561 nm, since the surface total non-water light
absorption at 438 nm (@io-w(438) = apn(438) + anar(438) + acpom(438)) increased
from 0.204 m™' in February to 0.328 m™' in October (Fig. 3, a).

The light attenuation depends on the OAC content in water [6]. A decrease
in the OAC content is accompanied by an increase in the water transparency,
and light penetrates to greater depths than in waters with lower transparency [6].
The transparency determines the Z., (Fig. 3, b). In summer, at the beginning of June,
with arw(438) equal to 0.138 m™ in the surface layer, Z., was 24 m. With a double
increase in aoew(438) (0.253 m™') in mid-July, the Z, decreased by ~ 1.6 times (15 m).
In winter, a different pattern was noticed: with relatively identical ao.-w(438) values
in the surface layer, Z., was in the range from 28 to 38 m (Fig. 3, b). As a result,
link Zey vs. aw-w was weak in the surface layer, likely due to the inhomogeneous
vertical distribution of OAC and to the influence of light scattering (Fig. 3, b).
Suspended matter both absorbs and scatters light. Therefore, an increase in micro-
algae biomass and NAP in water (Fig. 3, ¢) can lead to a decrease in Z., due to
an increase in the contribution of backscattering to light attenuation. It is worth not-
ing that the effect of backscattering on transparency is manifested to a greater extent
in the presence of mineral particles [30].
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Vertical profiles of temperature T (blue line), photosynthetically

available radiance PAR (red line) and chlorophyll a plus pheopigment concen-
trations TChl-a (green circles) near Sevastopol and Katsiveli

Puc. 1. Beprukansusle npoduiau Temneparyps! 7 (CHHSS JTUHUS ), POTOCHH-
TETHYECKH aKTHMBHOW pamuanuu PAR (kpacHast JIMHHS) U CYMMapHOH KOHIICH-
Tpaiuu xnopopua a u peonurmentoB 7Chl-a (3enensie kpyxku) Bosim3u Ce-
Bacromnois u Kanusenu
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Fig. 2. Spectral downwelling irradiance Eq(A) at optical depths of 0 (red curve),
1.5 (purple curve), 2.3 (green curve), 4.6 (blue curve) (a); light absorption at 438 nm
by non-algal particles anap(438) (red), colored dissolved organic matter acpom(438)
(blue) and phytoplankton a,n(438) (green) (b) at the surface of the Black Sea

Puc. 2. CrnekrpanpHoe n3inyueHue, npoHukaromee B Toy Boas! Ed (A) Ha ontu-
yeckoi riyouHe 0 (kpacHas kpuBas), 1.5 (¢uoneroBas xpuBas), 2.3 (3eyeHast Kpu-
Bas), 4.6 (cuHssA KprBas) (a); MOTIOMICHUE CBEeTa HA JUTMHE BOJHEI 438 HM HE)KHUBBIM
B3BCIICHHBIM BEIIECTBOM anapr(438) (KpacHBIiT), OKpalIeHHBIM PacTBOPEHHBIM Opra-
HUYECKUM BEIIECTBOM dcpom(438) (cuumii) n ¢purommankToHOM apn(438) (3eneHslit)
(b) Ha moBepxHOCTH YepHOTO MOpS

Pigment concentration

In summer, in coastal waters near Sevastopol, the vertical TChl-a distribution
was relatively uniform throughout the studied layer (including the UML and the ther-
mocline layer) (Fig. 4, @). On average, TChl-a in the UML was 1.5 £ 0.4 mg:m™,
which exceeded the winter values at this station by almost 2 times (0.8 + 0.2 mg-m™
in the UML). At the station near Katsiveli, the opposite situation was observed: win-
ter TChl-a values (1.2 = 0.2 mg-m in the UML) were 2 times higher than summer
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TIIOIIeHNeM cBeTa (6e3 ydeTa IMOTIIONICHNUS BOIO) Ha [UTHHE BOJHBI 438 HM dior-w(438)
U Ze, (b); COOTHOILIEHUE MEXY TIOKa3aTeSIMH TOTJIOLICHHS CBETA HEYKMBBIM B3BEILICH-
HBIM BEIIECTBOM Ha JUTHHE BOJHBI 438 HM anap(438) u Z., (¢)

ones (0.6 + 0.1 mg-m in the UML). Such an increase of TChl-g in winter compared
to summer is typical for the deep-water areas of the Black Sea [31, 32]. The maxi-
mum TChl-a values for the study period were recorded in March (2.3 + 0.5 mg-m™
in the UML) and at the beginning of October (3.1 £ 0.2 mg-m~ in the UML)
(Fig. 4, @). The obtained data are consistent with the known patterns of phytoplank-
ton bloom. Spring bloom is often observed in March in the coastal waters of
the Black Sea due to the nutrients supply and increase of solar radiance [33, 34].
Autumn phytoplankton bloom is caused by an increase in the nutrients supply [33].

Spectrally weighted chlorophyll a specific absorption coefficient of phyto-
plankton

Change of a"m(z) with depth in different seasons is shown (Fig. 4, b).
The 5*ph(z) values in the surface layer (0—1 m) almost tripled from the minimal val-
ues (0.009 m*mg ") in early March to the maximal values (0.024 m*mg ') in sum-
mer (Fig. 4, b). In March, the a pn(z) increased from 0.009 to 0.015 m*mg .
The maximal values (0.023-0.024 m*mg ') were recorded in summer at both sta-
tions near Katsiveli and Sevastopol. In autumn 5*ph(z) was lower (0.018 m*>mg ")
than in summer. In winter the a"pn(z) values differed between stations by a factor of
two: 0.021 m*>mg ' near Sevastopol and 0.012 m>mg ' near Katsiveli.

In the surface layer, where E4(A) spectra have the same shape (Fig. 2), the sea-
sonal dynamics of a",n(z) depends only on a”,n(L) (equation 1). The minimal values
of the a’,n(438) were noted in winter near Katsiveli (0.032 m*mg ') and in spring
near Sevastopol (0.023 m*mg ' and 0.035 m>mg ") (Fig. 5, b). The maximal values
of a’n(438) (0.058 m*>mg ') were recorded in summer (June, July) at both stations.
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Fig. 4. Vertical distribution of the chlorophyll a plus pheopig-
ment concentrations TChl-a (a); the spectrally weighted chloro-
phyll a-specific phytoplankton absorption coefficient E*I)h(z) (b);
and da"m(z) calculated for photosynthetically active pigments
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Puc. 4. BeprukanpHoe pacmpeleieHrne CyMMapHOH KOHIIEH-
Tpanuu xyiopodmwuia a u peormmurmentos TChl-a (a); ynenpHast
(nopmuposannas Ha TChl-a) 5 pekTMBHOCT OTIIONIEHHS CBETA
BCEMHU NUTMEHTaMH (UTOIJIAHKTOHA ;*ph(z) (h); m a"w(2),
paccuuTanHas ;i OTOCUHTETHUECKUX TIMTMEHTOB @ psp(Z)
(¢) B mpubpexHbIX Boxax YepHOro Mopst

High winter values of a",n(438) in the coastal waters of Sevastopol (0.055 m*mg
in February) are most likely associated with the predominance of small-celled algae
species. In autumn, intermediate values of a"n(438) were observed: 0.037 m*mg
in October and 0.045 m*mg ' in November.

The changes in a p(}) are caused by the “pigment package effect”, which
is associated with intracellular pigment concentration and phytoplankton cell size
composition [35]. The intracellular pigment concentration changes as a result
of microalgal adaptation to environmental factors (PAR, the nutrient availability,
temperature) [36], which vary throughout the year. The PAR, varies from
22.1 £4.6 E-m *day ' in winter to 59.4+ 0.9 E-m >.day ' in summer [25]. As a result
of adaptive changes in the intracellular composition and concentration of pigments,
a pn()) differed seasonally [37].

_ Seasonal changes in a pn(438) (2.5 times) led to almost the same (2.7 times) changes
in a’m(z). A positive correlation was obtained between a'pn(z) and a’w(438) (Fig. 5, a).

In addition to photosynthetically active pigments, phytoplankton cells also con-
tain photoprotective pigments that absorb excess solar radiation to protect the RC
cells from photodestruction [38]. This applies to a greater extent to microalgae living
in the sea surface layer. In spring, the daily PAR incident at the sea surface averaged
32.4 + 5.5 mol quanta-m >-day ', while NPSP averaged 0.014 = 0.010 g-g". In summer,
when the PAR values were maximal — on average 59.4 + 0.9 mol quanta-m >-day ',
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Puc. 5. 3aBucumocts ynenbHoi (HopMupoBauHas Ha TChl-a)
3¢ (EKTHBHOCTH MOTJIOMICHUS] CBETa BCEMU IUTMEHTaMH (HUTO-
IUTAHKTOHA @ ph(Z) OT yiensHOTo (HopMupoBanHoro Ha TChl-a) no-
Kas3aTeJsl HOIJIOIICHHUS CBeTa IMTMEHTAMHU (DUTOILUIAHKTOHA HA JUTHHE
BOJIHBI 438 HM a",n(438) (a); 3aBHCUMOCTB @ pn(438) 0T cymMMapHOit
KOHIICHTpauuu xiopodmnia a u peonurmeHToB 7Chl-a(z) (b)

NPSP increased to 0.39 + 0.28 g-g' as a result of adaptation. In autumn, PAR decreased
to 27.0 £ 7.9 mol quanta-m >-day ', which led to a decrease in NPSP to 0.096 g-g .
The lowest level of PAR, was observed in winter — 22.1 £ 4.6 mol quanta-m >-day ',
for these conditions no photoprotective pigments were obtained.

Only light quanta absorbed by photosynthetically active pigments are used
during photosynthesis [2]. The annual dynamics of NPSP (0-0.39) led to varying
degrees of change in a*ps_p(z) relative to a pn(z). In summer, near Katsiveli and
Sevastopol, the values of a"ps(z) in the sea surface layer were 2.2 and 2.4 times less
than the value of 5*ph(z), correspondingly (Fig. 4, c¢). The value of 5*psp(z) in early
October in the sea surface layer was 1.2 times less than a"p(z). Winter and spring

5*psp(z) values were almost equal to @ pn(0) due to low (almost zero) content of pho-
toprotective pigments. As a result, the values of E*I,SP(Z) changed 2.3 times from
0.009 m*mg ' in early March to 0.021 m*>mg ' in late February (Fig. 4, c). Thus,

the variability range of the a’sp(z) values was narrowed compared to that of a’p(2).

Quantum yield of photosynthesis

Values of ¢ depend on the environmental conditions. Theoretically, ¢max
is ~ 0.125 mol C-mol quanta ' [39], whereas in practice, Gmay is lower [40], which
is associated with the inhibitory effect of high PAR and nutrients availability [41].

134 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2026



In the sea surface layer, where the PAR values are maximal, the lowest values
of ¢max were noted: from 0.003 mol C-mol quanta™' in early June to
0.025 mol C-mol quanta ' in late February. The ¢max increased with depth due to de-
creasing PAR. As a result, the ¢pmax near the bottom of the euphotic zone increased
from 0.044 mol C-mol quanta™" in early June to 0.053 mol C-mol quanta " in early
October (Fig. 6, a).

Seasonal variability of Ix values is associated with the acclimation of phyto-
plankton to changes in the light level in the sea [2]. In summer, in coastal waters
near Sevastopol, I values varied from 280 umol quanta-m >s™' in June to
320 umol quanta-m *-s”' in July in the surface layer. The Ix decreased with depth
by 1.5 and 2.5 times in June and July, respectively (Fig. 6, b). The average I value
in the UML was 270 + 30 pmol quanta-m s '. The I values were higher in autumn
(on average 290 = 30 umol quanta m -s' in the UML) and varied in the sea surface
layer from 310 pumol quanta-m s ' in October to 330 pmol quanta-m >-s ™' in No-
vember. At the beginning of October, a more pronounced decrease in Iy with depth
was noted than in November (Fig. 6, b). High winter values were noted in the UML of
the Sevastopol coastal waters (on average 310 + 25 pmol quanta m s !). In the sea
surface layer by the end of November, Iy was equal to 315 pmol quanta-m *s ', and
at the end of February it was 350 pmol quanta-m *-s'. A more uniform vertical
distribution of this parameter was observed in winter. The Ix values at the beginning
of spring were similar to those in winter (315 + 30 umol quanta-m s ' in the UML).
In the surface layer, the I, was 300 pmol quanta-m *-s™" in early March and increased
up to 350 umol quanta-m >-s”' in late March.

$,,., mol C - mol quanta™ I, puE-m?-s

0 0.01 0.02 0.03 0.04 0.05 0.06 100 150 200 250 300 350 400
L b b b b by A T I NI N

H@®@ e o o (I @ (€] (¢]
7 N ] 7
e @ (9] [} )§
o 2 ® . °® 2 o
a T © ) - [6)
5 4 oo ® ] . )
=] Roo | e o @
<
8 6— ® 6— )
o i
(¢] @
= 8 8—|
10— a 10— b
Winter Spring Summer Autumn

@ 24012024 @ 07.03.2023 © 08.06.2023 © 06.10.2022
@ 22.02.2022 21.03.2023 16.06.2022 09.11.2022
13.07.2022 @ 29.11.2022

Fig. 6. Vertical distribution of the maximum quantum
yield of photosynthesis max (@) and the light intensity satu-
rating the photosynthesis I (b) in the Black Sea coastal waters

Puc. 6. BeprukanbHoe pacmpeseneHrne MaKCUMaabHOTO
KBaHTOBOT'O BbIX0/1a (poTOCHHTE32a (max (@) M FHTEHCHBHOCTH
cBeTa, Hacklatomiero gorocunres I (b), B IpUOPEKHBIX BO-
Jax YepHoro mopst
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In summer, the Ix values in the coastal waters of Katsiveli averaged 320 +
+ 15 umol quanta-m s ' in the UML (340 pmol quanta-m >-s”' at 0 m), which ex-
ceeded Ik values near Sevastopol. The vertical distribution of the Ix was uniform near
Katsiveli, which is due to the absence of thermal vertical stratification. In winter,
the lowest Ix values were recorded in the coastal waters of Katsiveli over the entire
study period: 220 £ 5 pmol quanta-m 2-s ' in the UML. In summer and early October,
a decrease in the Iy with depth by ~ 2 times was noted in the coastal waters of Sevas-
topol due to temperature stratification of the waters. During the rest of the study pe-
riod, when temperature vertical stratification was not observed, the depth-dependent
variability of the Iy values was insignificant. The variability of the Ix values among
seasons and with depth noted in the study is a result of phytoplankton adaptation to
light conditions and depends on the so-called light history of phytoplankton [42].
Within the UML, phytoplankton is in constant vertical movement, and therefore,
the photosynthetic parameters of phytoplankton are determined by the average light
intensity for this layer [23, 43]. Temperature (density) gradient is a barrier to the ver-
tical mixing of water. As a result, phytoplankton in the layers (above and below
the thermocline) exist under different environmental factors, such as light intensity,
nutrients and temperature. This determines the pronounced variation in the phyto-
plankton photosynthetic parameters with depth [44].

One of the key parameters for estimating PP is ¢ [2]. It expresses the efficiency
of phytoplankton carbon fixation per quantum of light absorbed by the photosyn-
thetic apparatus of the cell [45]. The ¢ varied with depth and by season. Light
conditions determine the content of photoprotective pigments, which reduce
the ¢ values [2, 17]. Due to the high PAR values in the sea surface layer, the ¢
values were minimal: at the station near Katsiveli in summer, the ¢ was equal to
0.005 mol C-mol quanta™!, whereas at the station near Sevastopol, the average
summer values were lower and equaled 0.003 + 0.003 mol C-mol quanta™'. Within
the UML, ¢ increased by ~ 6 times at both stations. Autumn ¢ values reached
0.005 mol C-mol quanta™', increasing with depth in the UML by ~ 8 times. In win-
ter, when the PAR values were minimal, the ¢ was maximal: at the station near
Katsiveli, the ¢ in the sea surface layer was equal to 0.007 mol C-mol quanta™’
(increasing in the UML by ~ 7 times), while at the station near Sevastopol it
was 0.010 mol C-mol quanta™' (increasing in the UML by ~5 times) and
0.012 mol C-mol quanta™' (increasing in the UML by ~ 5 times) on 22.02.2022
and 29.11.2022, respectively. With the increase of PAR in spring, the ¢ values
began to decrease and amounted to 0.007 + 0.001 mol C-mol quanta' in the sea
surface layer, increasing within the UML by ~ 6 times (Fig. 7, a). It was found that
in winter in the sea surface layer near Sevastopol, the ¢ values were ~3 times higher
than in summer. Such significant seasonal dynamics of the ¢ is a consequence of
the phytoplankton acclimation to changing light conditions.

A comparison of the ¢ values with PUR "5, showed a relationship between these
parameters, which was described by a power function (Fig. 7, b).

Primary production

For the entire study period, the same types of vertical PP profiles were observed
with a maximum in the sea surface layer. The profiles varied significantly throughout
the year: from 11 mgC-m>-day ' in early November to 84 mgC-m>-day ! in early
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Puc. 7. 3aBUCHMOCTb KBAHTOBOI'O BBIXO/IA
¢dotocunresa ¢ or PAR B BepXHEM Iiepeme-
manHoM cioe (UML) (a) u oT Kolm4ecTBa
KBAaHTOB, IIOTJIOIICHHBIX (I)OTOCI/IHTeTI/I‘-leCKI/I

AKTUBHBIMHU [TUTMEHTAMH, B pPacyueTe Ha eu-
HuLy xyuopodmmuia a PUR*,s, 8 UML (b)

October (Fig. 8, a). The winter PP values at the stations near Katsiveli and Sevastopol
equaled 21 mgC-m>-day ' and 16 mgC-m>-day ', respectively. During March, the PP
increased from 43 mgC-m *-day ' to 58 mgC-m *.day '.The summer PP values were
higher in the coastal waters of Sevastopol (72 mgC-m>-day') than in those of
Katsiveli (34 mgC-m>-day ).

The maximal photosynthesis rate in the sea surface layer was observed in Oc-
tober (7.8 mgC-m>-h™"), and relatively high values were also observed in March
(4.0mgC-m>h™" and 4.5 mgC-m>h") and July (4.4 mgC-m>h") (Fig. 8, c).
The high photosynthesis rate corresponded to the maximum TChl-a values and mini-
mum ¢ values. In summer, the TChl-a values varied between stations by 3.4 times,
while the PP values differed by 2 times. In November, a decrease in the TChl-a
values also led to a 6-fold decrease in the PP values.

The values of assimilation number (AN) in the sea surface layer increased
from early November (1.3 mgC-mgTChl-a "-h™") to July (2.6 mgC-mgTChl-a "-h™")
at the station near Sevastopol and from winter (1.8 mgC-mgTChl-a "-h™") to summer
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Puc. 9. 3aBucumocts AN ot PAR B UML npubpexxusix Boa UepHoro mMopsi jeTomMm
(a), ocenslo (b), 3uMoti (¢) u BecHoit (d)

(4.0 mgC-mgTChl-a -h™") at the station near Katsiveli (Fig. 8, b). The analysis
showed that the AN varied among seasons, which was more pronounced in the sea
surface layer (Fig. 8, b). The AN depends mainly on light intensity and to a lesser
extent on other abiotic factors such as temperature and nutrients availability [42].
A comparison of the AN with the light intensity allowed us to reveal dependencies
for individual seasons (Fig. 9):

for summer, AN = 0.51 PAR*®, n=9, r"> = 0.83; 3)
for autumn, AN = 0.57 PAR** n =10, r* = 0.85; 4)
for winter, AN = 0.34 PAR’*?, n=5, r* = 0.87; (5)
for spring, AN = 0.45 PAR**', n =8, 1> = 0.86. 6)
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The revealed dependencies of the AN on the PAR (equations 3—6) reflect sea-
sonal differences in the AN under the same light conditions (Fig. 9).

Annual cycle

In the most productive surface layer of the sea (Fig. 8, a), ¢max varied ~ 7-fold
during the year, which exceeded the degree of variability of other photosynthetic
parameters. An analysis of the seasonal dynamics showed that ¢max (Fig. 10, d) was
related inversely to PARo, whereas Ix was directly related to PARy and showed
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Fig. 10. Annual cycle of the studied parameters. The red line is photosyntheti-
cally available radiance PAR at surface water. The dashed lines denote chloro-
phyll a-specific light absorption coefficient of phytoplankton a”,(438) (a); intra-
cellular content of photoprotective pigments and their share NPSP in the total
amount of phytoplankton pigments (b); the spectrally weighted chlorophyll a spe-
cific absorption coefficient calculated for photosynthetically active pigments

a"psp(2) (¢); maximum quantum yield of photosynthesis Gmax (d); the light inten-
sity saturating the photosynthesis Ik (e); quantum yield of photosynthesis ¢ (f);
chlorophyll a plus phaeopigment concentrations TChl-a (g); primary production
PP (h); assimilation number AN (i)

Puc. 10. I'ogoBoii uki uccnenyembix napamerpoB. Kpachas nuuust — ¢oro-
CHUHTETUYECKU aKTHMBHAs panuaius PAR B moBepxHOCTHOM cioe Boa. Iltpuxo-
BBIMH JIMHUSIMH 00O3HAuEHBI: yJeNbHbIH (HopMupoBaHHbId Ha TChl-a) nokasa-
TEJb MOTJIOIIEHHUS CBETA IMTMEHTaMH (PMTOIUIAHKTOHA @ ph(438)) (@); BHYTpHKIIE-
TOYHOE COJCPIKaHKE (POTO3ANUTHBIX MUTMEHTOB U UX 10t NPSP B 001ieM Ko-
JIIYECTBE IIMTMEHTOB (UTOILTaHKTOHA (b); yaenbHas (HopmupoBaHHast Ha TChl-a)
3 PEeKTUBHOCTH MOTJIOMIEHHS CBeTa (POTOCHHTETHYECKUMH MUTMeHTaMu (puTo-
IJIAHKTOHA  d psp(Z) (C); MAKCUMAIBHBINA KBAHTOBBIM BBIXOA (POTOCHHTE3A (rmax
(d); HTEHCUBHOCTD CBeTa, HachIlIaomIero GorocuHres /i (€); KBAHTOBBIN BBIXO[]
(hotocunTesa ¢ (f); cymmapHasi KOHIEHTpauus Xjaopoduuia a u peonurmento 7Chl-
a (g); mepeuuHas npoxaykyst PP (h); accumunsaiuonHoe aucio AN (i)
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a twofold seasonal variation (Fig. 10, e). Since the ¢ depends on the ¢ma and
Ik (equation 2), and since ¢max Was the most variable seasonally, the ¢ was directly
related to PAR, yet to a lesser extent than dmax (Fig. 10, f). The intra-annual variabil-
ity of a",n(438) in the surface layer spanned a factor of three and was directly related
to PARy, except the high a’,» values in February (Fig. 10, a), which may be as-
sociated with small-celled species of phytoplankton [35], in particular coccolith-
ophores. The abundance of coccolithophores in the phytoplankton increased
in the last decade in the Black Sea [46]. However, the seasonal dynamics of Z*psp
(Fig. 10, ¢), which determines the rate of photosynthesis, differed from a"pn. This was
due to the proportion of photoprotective pigments (Fig. 10, ), which depended di-
rectly on the light intensity in the UML [23]. In the annual cycle of a’psp, a peak was
observed in February. The peak is associated with the dominance of small-cell phy-
toplankton species, and the decline in March is due to the bloom of large diatoms.
However, in general, a U-shaped type of cycle was observed with relatively lower
values in summer, with their increase in other seasons. The annual AN cycle
(Fig. 10, §) differs in type from ¢ and E*psp. This is due to the fact that AN also
depends on the light intensity. Consequently, the light factor has a predominant in-
fluence on the intra-annual dynamics of the AN. The TChl-« in the sea surface layer
varied 6 times during the year. The annual cycle of TChl-a has two peaks
(Fig. 10, g): spring and autumn, which is associated with the bloom of phytoplankton
in these seasons. The intra-annual variability of PP was 8-fold and was similar
to the annual cycle of TChl-a (Fig. 10, 7).

Conclusions

We analysed seasonal dynamics of photosynthetic characteristics of phyto-
plankton in the BS coastal waters near the Crimean Peninsula. The seasonal varia-
bility of PP was caused by acclimation of phytoplankton to environmental condi-
tions. The PAR incident on the sea surface increased approximately threefold
from winter (22 + 5 mol quanta-m >-day ") to summer (59 £ 1 mol quanta-m >day ).
This caused photoadaptive transformations in the pigment complex of microalgae,
namely changes in the concentration of chlorophyll a and accessory pigments,
including photoprotective pigments, which affect the capacity of phytoplankton to
absorb light in the sea and use it during photosynthesis. The seasonal variability
of the TChl-a occurred. High values of TChl-a in the sea were observed in early
October and in March, which may be associated with phytoplankton bloom, while
low values were observed in summer (twice as little). The 5*ph(z) varied signifi-
cantly among seasons: from minimal values in spring (on average 0.012 m?>mg ')
to maximal values in summer (on average 0.024 m*mg ') with intermediate values
in autumn and winter (on average 0.017 m?>mg"). The variability of the Z*I)h(z) is
mainly due to the intra-annual variability of the a”p. The a”pp Was minimal in sum-
mer (on average 0.010 m>mg ") due to the highest relative content of photoprotective
pigments (on average 0.35 g-g"). The ¢ in the surface layer varied among seasons by
~ 3 times from the lowest values in summer (0.003 mol C-mol quanta') to the high-
est values (0.010 mol C-mol quanta™') in winter, which is associated with the annual
dynamics of sea surface insolation. The variability of ¢ within the euphotic zone was
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greatest (up to 8.7 times) compared to other parameters. PP values varied widely in the
sea surface layer, decreasing with depth. The AN changed during the year by ~ 2 times
from 1.3 to 4 mgC-mgTChl-a -h!, which is associated with its dependence on PAR.
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