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Purpose. Investigations were performed during a scientific cruise to characterize hydrophysical
properties, chlorophyll a concentration, photosynthesis-irradiance curves, spectral light absorption
coefficients by phytoplankton, and spectral quantum downwelling irradiance. From these results,
the dependence of the photosynthetic quantum yield upon environmental factors was studied with
the purpose of adapting an algorithm developed for the Baltic Sea so that it can be applied for
the Black Sea.

Methods and Results. Complex hydrophysical and biological studies were carried out at several
depths within the euphotic zone. Spectral bio-optical parameters were measured in accordance with
the latest NASA protocols (2018). Experiments to determine the photosynthesis-light relationship were
performed under temperature and light conditions similar to those in situ. The quantum vyield of
photosynthesis was calculated from parameters of photosynthesis-light curves (photosynthesis
efficiency, light saturation parameter) and the spectral light absorption coefficients by phytoplankton
pigments. It was found out that the main photosynthetic characteristics of phytoplankton, including
the maximum photosynthetic quantum yield and the fraction of phytoplankton absorption associated
with photoprotective accessory pigments, varied with depth within the euphotic zone, due to
phytoplankton acclimation to environment factors during the period of seasonal stratification.
The relationship between the photosynthetic quantum vyield and the quanta absorbed by
photosynthetically active phytoplankton pigments was revealed. The results of this research made it
possible to build on the approach developed for other regions and modify the equation for calculating
the quantum yield to apply specifically for environmental conditions in the Black Sea.

Conclusions. For the first time, comprehensive studies carried out in the Black Sea, including
measurements of the photosynthesis-light dependence, spectral light absorption coefficients by
phytoplankton and spectral downwelling irradiance as a function of optical depths within the euphotic
zone, made it possible to reveal the equation for calculating photosynthetic quantum yield. This new
equation can be applied for calculating primary production of the Black Sea using a spectral
approach, based both on the results of in situ measurements and remote sensing data.
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Introduction

Primary production of phytoplankton underlies the productivity of water
bodies [1-3], and is thus critical for studies of the spatial-temporal variability of
primary production. For the Black Sea, a spectral approach of primary production
assessment was developed. It takes into account the spectral properties of
downwelling irradiance, the efficiency of light absorption by phytoplankton and
the efficiency of absorbed quanta utilization in the process of primary synthesis of
organic matter [4]. In this spectral model, primary production is calculated based
on two photosynthetic characteristics of phytoplankton: the spectral coefficient

of light absorption by phytoplankton (aph (X))and the quantum yield of
photosynthesis ((p) Based on the results of multiannual research, the dependence
of a, (X) on chlorophyll a concentration (Chl-a) was obtained and parameterized

[5, 6]. The parameterization of the link between a, (k) and Chl-a makes it possible

to retrieve a, (k) spectra based on routine measurements of Chl-a, taking into

account the differences in phytoplankton absorbance capacity between seasons and
layers of the photosynthetic zone in the Black Sea. For the quantum yield of
photosynthesis, the quantitative relationships necessary for calculating primary
production in the Black Sea have not been revealed yet [4]. An approach to
estimate the quantum yield based on the spectral coefficient of light absorption by
phytoplankton and spectral quantum downwelling irradiance (E4 (X)) was

developed for the other regions of World Ocean [7, 8]. In particular, an algorithm
for assessment of the quantum yield, taking into account the influence of the main
environmental factors, was developed for the Baltic Sea [8]. This algorithm can be
used in models based on remote sensing data. However, the use of this approach
requires modification for conditions of the Black Sea.

The aim of this paper is to study the dependence of the photosynthetic
quantum vyield on the quanta absorbed by phytoplankton to determine
the quantitative dependence of the quantum yield on environmental conditions,
which is required for calculating primary production of the Black Sea using
a spectral algorithm [4, 8].

Methods
The results of bio-optical investigations carried out during the international
expedition aboard R/V Trepang in June 1996 were used. In this expedition,

the E, (1), light dependence of the photosynthetic rate, and an (X) were measured

simultaneously at several depths within the euphotic layer. E, (x) was measured

with the spectroradiometer (Biospherical Instruments Inc.) at seven wavelengths:
412.5; 443.5; 489.7; 509.3; 554.4; 665.6 and 683.7 nm. Chl-a was determined by
the fluorometric method described in detail in [9].

Spectral measurements of light absorption coefficients by phytoplankton
pigments were carried out according to the method from [10, 11], which
corresponds to NASA protocol [12]. Optical densities were measured with the
double-beam spectrophotometer SPECORD M40 (Carl Zeiss Jena) from 350 to

750 nm. The B-correction of the optical density of the particles collected on
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the filter to the values for the suspended particles was done with the equations
obtained in [13]. The separation of the absorption of phytoplankton pigments

(aph(x)) from the total particulate absorption was carried out according to

the method from [14].

Measurement of the light dependence of the photosynthetic rate. The rate of
photosynthesis was measured by the standard radiocarbon method described in
[15]. Water samples were exposed for one hour at 16 irradiance levels from 5 to
1000 pmol quanta-m?-s™ using a custom incubator. Different irradiance levels
were achieved by placing flasks at various distances from the light source —
a halogen lamp. In addition, light filters with a neutral spectral transmission
characteristic (K = 50 %) were set between the flasks. A blue filter and 5 % CuSO,
solution were placed in front of the lamp to attenuate long-wavelength radiation
(over 700 nm). In the experiments, the irradiance inside the flasks was measured
using a quantum meter equipped with 4x sensor - QSL-2100 Scalar PAR Irradiance
Sensor (Biospherical Instruments Inc.). To describe the light dependence of
photosynthesis, the following empirical equation was used [16]

P=p[1-expla-1/P Jexp(s-1/R.), (1)

where P is the rate of photosynthesis (mgC-m - h™%), at photosynthetically available
radiation intensity | (umol quanta-m2-s™%); Ps is the scale multiplier (mgC- m=3- h™);
o is the efficiency of photosynthesis, which is equal to the tangent of the initial slope
of the photosynthesis — light curve ((mgC - m3 h™)/(umol quanta - m2 - s™%)); and B
is the photoinhibition parameter (MgC - m3. h™)/(umol quanta - m™2 - s™%)). In the
absence of inhibition (B = 0) Ps is equal to the maximum rate of photosynthesis
(Pmax). The parameter of light saturation of photosynthesis Ix (umol quanta-m2.s™)
was calculated as follows:

I, =P, /o @)

max !

where Pmax (MgC - m =3 - h ™) and o (mgC - m h™})/(umol quanta- m ™% s %)) are the
main photosynthetic characteristics obtained as a result of the fitting of
experimental data of the photosynthesis vs light dependence with the equation (1).

Quantum vyield of photosynthesis was determined based on measurements of
the photosynthesis — light dependence and the spectral coefficients of light
absorption by phytoplankton pigments [2]. The quantum yield values obtained in
this way are usually considered as measured due to the absence of a direct method
for measuring the quantum yield of photosynthesis [2, 3]. The quantum yield
values were calculated by the formula [17, p. 187; 18, p. 1288]

P =P tanh(K(p/I), ()

where K, is the coefficient corresponding to the light intensity at which ¢ reaches

its: maximum values at(p,, ). Due to the fact that light saturation of

the photosynthetic rate is associated with a change in the quantum vyield,
the coefficients K, (3) are equal to 1, (2). As a result, in the calculations of ¢
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values (3) I, values, calculated based on the equation (2), were used.
The maximum guantum yield of photosynthesis ((pmax) was calculated according to
the following formula:

Pmax = a/aph,

where Eph is the efficiency of light absorption by phytoplankton pigments

(wavelength weighted light absorption coefficient), equal to the number of
absorbed quanta, normalized to the number of quanta of photosynthetically
available radiation in the environment. aph is calculated according to the following

formula;

700
_[ aph (1)-Q(A)dA

= 400
aph =200 !

[ Q)
700

where Q(x) is the quantum irradiance in the experiment, which was calculated by
the formula:

Q()=E(x)-F(x)-s(x)
where E()) is the quantum irradiance spectrum provided by the light source; S(A)

is the spectrum of light transmission in 5% CuSO, solution; and F(1) is

the spectrum of light transmission by the blue filter.

The approach to modeling the quantum yield of photosynthesis, which does
not use data on the light dependence of the photosynthetic rate, indirectly considers
the influence of the main environmental factors on the quantum vyield variability,
namely, through the specific (per Chl-a unit) absorption of light by
photosynthetically active pigments of phytoplankton [7, 8, from. 530]:

0(2)=¢max - T (E,T)-0.6
where o, iS the theoretical maximum of the quantum yield, equal to
0.125 mol C- (mol quanta)™' [19]; 0.6 is the coefficient proposed in [8] due to
the fact that in nature the value of @ma is lower than the theoretical maximum;

f(E,T) is the coefficient taking into account the effect of light and temperature on

the quantum yield of photosynthesis.

PUR’ KPUR’ (T
f(E,T)=|1-exp( ) |- ”i"( ), @)
KPUR,, (T) PUR’,,
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where PUR;Sp is the number of quanta absorbed by photosynthetically active

*

pigments, per Chl-a unit (mol quanta: mg’l-s’l);KPURpsp(T) is a coefficient

characterizing the temperature effect on the specific absorption of light energy by
phytoplankton.

The value of PUR;sp (mol quanta- mg™* - s7!) was determined from the total

amount of quanta absorbed by all phytoplankton pigments (PUR), then normalized
to Chl-a:

~ PUR
PP Chl-a’

where k., = [(1 —NPP) /(1 +NPP)] is a coefficient reflecting the contribution of

photosynthetic pigments to light absorption by all pigments and taking into account
the weight fraction of photoprotective pigments in the total amount of
phytoplankton pigments NPP (g - g ') and an almost two-fold excess of the specific
light absorption indicators of photoprotective pigments in comparison with other
pigments [20]. The NPP index was determined using its dependence on the daily
average PAR value in the upper mixed layer (UML) — PAR,,, [20]:

PUR’, =k

NPP =0.0842 - (PAR m —0.7), (%)

where PAR,,, has the dimension MJ - m ~* . day ™.

The energy values of solar radiation (MJ - m™ - day') was recalculated to
guantum dimension (mol quanta- m2 - day ') in accordance with the mean ratio for
the visible domain of radiation [19]: 1 mole of quanta = 0.24 MJ. As a result, we
obtained:

NPP =0.0202-(PAR y — 2.92).

The PAR ., value was determined by the equation from [20, p. 1266]:

{1— exp(—4.6 : Zu”%eu H

ZumI
46- 7

PAR,m = PARy -

]
eu

where PAR, is solar radiation incident on the sea surface (shipboard measurement
results); Z,, and Z,, are the UML and euphotic zone depth, respectively. Z,, was
determined as the depth of where PAR was reduced to 1 % of the PAR, .

The number of PAR quanta absorbed at depth z (PUR(z)) was calculated based
onE,(%,z) and a, (1,z) by the following formula:
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700
PUR(2)= [ Eq(.2)-apn(%2)dh,
400

where E,4(},z) and & (X, z) are the results of measurements at various depths (z)

during the expedition.

KPUR;Sp (T) (equation (4)) takes into account the effect of temperature (T) on

the specific absorption of light by photosynthetically active pigments according to
the Arrhenius's equation:

* * -%O
KPUR,, (T)= KPUR 0 - Qi (6)

where KPUR', is KPUR,

osp. when T =0 °C, and Qo is the coefficient showing

p
the increase of PUR;Sp when the temperature rises by 10 °C. For the Baltic Sea,

the values of the coefficients were determined [8, p. 537]: KPUR;SpY0 =
=5.237 - 10" mol quanta - mg* - s and Qo = 2.03.

Results and Discussion

During the study period, Zum. was 10.0 £ 2.5 m on average, and Ze, was
34 +13 m. The light dependence of the photosynthetic rate was determined for
the surface layer (optical depth 0.2) and at depths with 10 % PAR level (optical
depth 2.3) and with 1 % PAR level (optical depth 4.6). The results have shown that
the values of the maximum quantum yield of photosynthesis varied from 0.0064
to 0.047 mol C- (mol quanta) *. The lowest values were noted in the surface layer
(table 1), where the PAR value was 49 + 14 mol quanta- m - day™' on average.
Phytoplankton acclimation to such a high level of light intensity was accompanied
by a change in the photosynthetic parameters, in particular, the parameter — Iy.
In the surface layer, Ix varied from 250 to 740 pmol quanta- m2- s * and was equal
to 470 + 170 umol quanta- m2- s on average (table). The phytoplankton existing
in the lower part of the euphotic zone were characterized by lower values of .
At optical depth of 2.3, Ik varied from 60 to 200 pumol quanta- m2 - s, averaging
120 + 51 pmol quanta- m2-s*. Near the bottom of the euphotic zone (optical
depth 4.6), Ix varied from 40 to 120 umol quanta- m2-s* and was 60 + 21 umol
guanta- m2- s on average. The noted I decrease with depth is associated with
phytoplankton acclimation to a decrease in irradiance within the euphotic zone
(table). This result is in good agreement with known patterns of acclimation in this
photosynthetic characteristic of phytoplankton, caused by changes in conditions in
the habitat — irradiance, temperature and nutrient availability [2, 21].

In the process of acclimation in pigment composition and concentration in
microalgae cells and their photosynthetic capacities, light conditions are the most
crucial. This is due not only to the specific effect of light [2, 3], but also to the high
degree of variability of light in the environment. The light intensity changes by two
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orders of magnitude within the euphotic layer. In addition, the spectral properties
of irradiance change with depth markedly [20, 22].

The maximum quantum vyield of photosynthesis, calculated based on
the results of experimental estimates of the photosynthesis — light dependence,
varied from 0.0064 to 0.047 mol C - (mol quanta)™, which is consistent with
variability noted in the Black Sea [23]. These ¢max Vvalues are obtained for
the absorption of light by all cell pigments. In summer, especially in June, the solar
insolation is maximal in annual cycle (table). Under these light conditions,
the proportion of accessory pigments — photoprotectors in the pigment complex of
cells increases, playing a protective role for the reaction centers of the cell
photosystem, absorbing excess quanta and releasing this energy in the form of
thermal or light (fluorescence) energy [2, 24, 25]. The effect of a high level of
irradiance on the maximum quantum yield of photosynthesis is consistent with
variability across waters of different trophic status [19].

Mean values and standard deviations (in bracket) of the following parameters:
chlorophyll a concentration (Chl-a, mg - m=), quantum yield of photosynthesis
(@, mol C - (mol quanta) %), its maximum value (¢max, mol C - (mol quanta)™),
light saturation parameter (lx, pmol quanta - m= - s%), share
of photoprotective pigments (NPP, g - g™1), daily averaged photosynthetic available
radiation (PAR , umol quanta - m™ - s7*) and daily value (PAR, (mol quanta - m= - d™?)

%‘;gfﬁ' Chl-a Prmax 0 Ik NPP PAR PAR
0.36 0011  0.0031 470 0.44 1500 49.0

0.2 (017)  (0.0029) (0.0010)  (170)  (0.17)  (435.0)  (14.00)
0.75 0022 0.0200 120 0 72 2.3

2.3 (028)  (0.0076)  (0.0087) (51) (72.0) (2.40)
0.85 0032  0.0320 60 0 12 0.38

4.6 (0.43)  (0.0088)  (0.0088) (1) (4.5) (0.15)

The parameter ¢ varied with depth within the euphotic zone over a wide range:
on average, from 0.0031 + 0.0010 mol C- (mol quanta)* near the sea surface to
0.032 + 0.0088 mol C- (mol quanta)* at an optical depth of 4.6 (table). Due to
the fact that calculations of the quantum yield were made on the basis of results of
experimental studies of the photosynthesis — light dependence (the experimental
conditions were held close to the natural environment), this gives reason to
consider the quantum yield values as measured in situ.

It should be noted that the process of photosynthesis involves quanta absorbed
only by photosynthetically active pigments, although photoprotective pigments are
present in microalgae cells and also absorb quanta. This is especially relevant for
phytoplankton existing in the upper, highly illuminated layer. In this regard, it was
necessary to assess the content of photoprotective pigmentsors in the planktonic
microalgae. During the research period, the light intensity within the UML was
27 + 9.3 mol quanta - m™ - day ' on average. For such light conditions, as a result
of calculations (equation (5)), the NPP value in the pigment complex of
phytoplankton existing in the UML, was equal to 0.44 + 0.17 g - g *. In this case,
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the value of the K, coefficient was 0.41 + 0.18. As a result, the light absorption
only by photosynthetically active pigments was calculated.

The values of the quantum yield of photosynthesis, calculated from the results
of experimental measurements of the light dependence of photosynthesis, were
compared with the number of quanta absorbed by photosynthetically active

pigments per unit of chlorophyll a concentration (PUR;sp . As a result,

a dependence between these parameters was revealed, which was described by
a power function (Fig. 1).
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F i g. 1. Dependence of the photosynthesis F ig. 2. Comparison of the measured quantum
quantum vyield (¢, mol C-(mol quanta)™) vyield of photosynthesis (¢, mol C- (mol quanta)™)
calculated based on the parameters of with the values calculated in accordance with
the measured photosynthesis—irradiance  the approach to modeling proposed by Wozniak
relationship and the spectral light absorption et al. [8] and adapted to the Black Sea

coefficients upon the light quanta absorbed environments (@modet, Mol C - (mol quanta) ')
by the photosynthetic pigments normalized

on the chlorophyll a concentration (PUR;sp,
mol quanta - mg™? - s7')

Comparison of the measured values of the quantum yield (calculated based on
the measured photosynthetic characteristics of phytoplankton) with the model
results obtained in accordance with the approach [8] showed the need to change

the KPUR;Sp0 coefficient (equation (6)) value for the Black Sea conditions. This

approach to simulation of the quantum yield was developed based on numerous
results obtained in the Atlantic Ocean [26]. For oceanic waters, it was found that

*

the coefficient KPUR ,, = 8.545-10 " mol quanta- mg™* s * [26, 27]. To calculate

the quantum vyield in the Baltic Sea, this coefficient value was equal to
5.237-107 mol quanta- mg - s [8]. For the Black Sea, the value of the coefficient
(0.99 107 mol quanta- mg > s ) was obtained by comparing the measured ¢
values with those calculated using the model [8], when the maximum correlation
between them was achieved (the coefficient of determination r* = 0.75) (Fig. 2).
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Conclusions

Based on the results of the investigations that were performed during
the scientific cruise and included the water hydrological properties, the chlorophyli
a concentration, the photosynthesis — irradiance dependences, the spectral light
absorption coefficients by phytoplankton, and the spectral quantum downwelling
irradiance, the influence of light conditions on the main photosynthetic
characteristics of phytoplankton was shown. The dependence between
the photosynthetic quantum vyield and the amount of quanta absorbed by
photosynthetically active pigments of phytoplankton was revealed. The equation
for calculating the quantum yield in accordance with the approach developed for
other water areas [8] was modified for the Black Sea. The obtained equation will
be applied for calculating the primary production of the Black Sea based on
the spectral approach [4].
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