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Purpose. Data from the immersion fluorescence sensors of the CTD complex and BioArgo floats are
widely used for studying spatial and temporal variability of the chlorophyll a concentration on large
scales. In these devices the fluorescence sensors are not equipped with a dark chamber; as a result,
a part of the reaction centers of photosystem 2 is closed due to the sunlight effect. It is manifested in
decrease of the measured fluorescence intensity in the upper mixed layer due to fluorescence quenching,
while the chlorophyll a concentration can remain unchanged. The purpose of the work is to develop the
algorithm for correcting the fluorescence quenching.

Methods and Results. It is shown that photosynthetically available radiation decreases with depth within
the upper mixed layer by almost an order, and the chlorophyll a fluorescence measured by
the immersion sensor (without a dark chamber), increases with depth in this layer. Relationship between
light intensity and share of open reaction centers of photosystem 2 in cell of microalgae was revealed.
The relationship is described by the exponential function. The share of open centers effects on the degree
of fluorescence intensity decreasing and therefore on fluorescence quenching induced by light.
Conclusions. The universal algorithm for correcting fluorescence quenching in the upper mixed layer
is proposed. Due to its correction, almost uniform fluorescence distribution is obtained in the upper
mixed layer which is in a good consistence with the results of chlorophyll a concentration measurements
in situ.
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Introduction
Concentration of chlorophyll a (C,), being the main photosynthetically active
pigment, is used to calculate primary production (PP) and assess trophic status of the
water area. Standard spectrophotometric method of C, determination?! is
painstaking, requires special equipment and is carried out only in laboratory
conditions. Currently, as an alternative approach to C,estimation, a fluorimetric

! Gosstandart, 1999. State Standart 17.1.4.02-90. Method of Spectrophometric Determination of
Chlorophyll a. Moscow: IPK lIzdatel'stvo Standartov, 14 p. (in Russian).
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method for C, determination based on the relationship between C, and fluorescence
has become widespread [1, 2]. The accuracy of the fluorimetric method for Ca
calculating is determined by the correctness of this ratio assessment, which is
especially important for mesotrophic waters [3].

In natural water bodies, the fluorescence intensity profile (F) is measured by
a special sensor mounted on the CTD hydrological complex. For long-term
observations with high spatial resolution, various drifting floats are used, including
floats of the Biogeochemical-Argo project (BGC-Argo). Modern models make it
possible to measure vertical profiles of hydrophysical/hydrochemical parameters,
including the chlorophyll a fluorescence. BGC-Argo floats are widely used for
research in various parts of the World Ocean, including the Black Sea
(http://biogeochemical-argo.org/).

In vivo the chlorophyll a fluorescence intensity of (F, pE-m=3-s) is known [4]
to depend on the light conditions of the environment (photosynthetically available
radiation (PAR), puE-m?2-s?), the chlorophyll a concentration (Ca, mg-m?) and

the physiological characteristics of phytoplankton (a;h (k) L OR):

F=PAR-Co oy~ Qi - @, (1)

where éph* — spectrally average value of chlorophyll a specific light absorption
coefficient by phytoplankton pigments aj (1), m*mg?’; ¢ — quantum

fluorescence yield, mole of emitted photons/mole of absorbed photons; Q, —

dimensionless fluorescence intracellular reabsorption coefficient, dimensionless.
Taking into account the above dependence (1) in the upper mixed layer with

a uniform distribution of C, and a,, the fluorescence intensity should be constant

within the upper mixed layer limits. It should be noted the design feature of
the sensors used with the CTD complex and in the BGC-Argo floats: they do not
have a dark champer. In such sensors, F measurement in vivo occurs without
preliminary dark adaptation of phytoplankton necessary for opening all the reaction
centers (RC) of photosystem 2 (PS 2), which is associated with the processes of HO
decomposition and O release. During daylight hours, as a result of the sunlight action,
the RC PS 2 part goes into an inactive state and non-photochemical quenching of
fluorescence develops, leading to an underestimation of the F values in the subsurface
sea layer [5]. Non-photochemical quenching of fluorescence is associated with a number
of photoinduced processes, such as the electrochemical proton gradient formation on
thylakoid membranes, quenching of fluorescence by carotenoids (zeaxanthin), and,
finally, photo destruction of RC PS 2 [6].

The present paper is aimed to create an algorithm that will allow correction of
the chlorophyll a fluorescence quenching, measured at sea using immersion sensors.
Testing of the developed algorithm is carried out on the example of the Black Sea.
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Methods

Works were carried out on October 24 — 28, 2017, when seasonal stratification
of waters was observed in the deep Black Sea. An SBE 911plus probe (Sea-Bird
Electronics) with sensors of temperature, salinity, density and fluorescence of
chlorophyll a (F) was used as a probe complex.

The light conditions for the phytoplankton existence at different depths
throughout the euphotic layer were determined using the Bouguer — Lambert
equation of light attenuation [7]:

PAR, = PAR,-e KaZ, (2)

where PAR, — PAR, penetration to z-depth; PAR, — PAR, falling to the sea surface;
Kq — diffuse attenuation coefficient, estimated based on depth of Secchi disk
visibility (Zs) [8]:

Ky =1,08 2,7,

The euphotic zone (Z.,) was taken equal to the penetration depth of 1% of
the PAR,, value. Z., was determined according to the formula [8]

Zeu = 4,6 / Kd,

where 4.6 corresponds to the optical depth (Kq - ), which 1% PAR, penetrates to.

Eo was estimated according to the formula [9, p. 5] taking into account
cloudiness degree in the day of measurements. For the upper mixed layer the mean
value of light intensity for layer from the sea surface to the bottom (PARy,;) was
calculated as described in [10, p. 1266]:

_.ZuML
[1—e  Zeu ]
ZuML
4,6————
Zeu

PARUML = PARO

The experiments in the research vessel laboratory to evaluate the parameters of
the variable fluorescence of phytoplankton, adapted to different light conditions of
existence in the upper mixed layer, were also carried out. The fluorescence intensity
was measured with a MEGA-25 laboratory fluorometer with high sensitivity,
developed at the Department of Biophysics, Faculty of Biology, Moscow State
University [11]. This instrument supports to determine the chlorophyll a
fluorescence values with high sensitivity on natural phytoplankton: F, (constant
fluorescence with opened RC PS 2), F, (maximum fluorescence with closed
RCPS 2), R, /F, (quantum yield of light energy use with opened RC PS 2) after

dark adaptation and also F, (a quasistationary level of fluorescence in an object
adapted to light) and F,, (maximum fluorescence after continuous irradiance) in
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constant light — and calculate the photochemical and non-photochemical quenching
of fluorescence induced by light in an experiment.

F, and F. were determined under illumination with a saturating flash (duration

0.8 s, intensity 5000 uE-m2.st). The fluorescence intensity decrease due to the use
of light energy in photosynthetic reactions is called photochemical quenching of
fluorescence caused by acting light, and characterizes the activity of RC PS 2:

_Fr;_Ft

F.-F’ )

Op

where F, — continuous fluorescence after light adaptation of phytoplankton.

The fluorescence signal decrease as a result of thermal dissipation of
the excitation energy is called non-photochemical quenching. These parameters
allow estimation of the ratio of open and closed photosynthesis centers in the light.
The measuring technique of the reduced parameters and their physical meaning are
described in detail in [6, 12].

Results
In the middle of daylight hours in the upper mixed layer, the F values measured
near the sea surface were less than the values recorded in the lower part of the upper
mixed layer (Fig. 1, green line).
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Fig. 1. Profiles of vertical distribution of temperature T (red line), fluorescence intensity F measured
by the immersion sensor of SBE 911 plus probe (green line); profile F reconstructed with account of
light intensity (black line); chlorophyll a concentration C, (blue squares) at the individual stations in

different periods of a day, October 2017
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In the considered period PAR, was ~20 E-m2.day? (at 4 stations) and
~15 E-m?2.day? (at 6 stations), which, taking into account the 9.6-hour daylight
hours, was 580 and 450 uE-m-s?, respectively. The homogeneous distribution in
the upper mixed layer suggests that the phytoplankton in this layer mixes quite
quickly and does not have time to adapt to conditions at a specific depth of the upper
mixed layer. In this case, the physiological characteristics of phytoplankton (a;h (x)

o) reflect its adaptation to PAR . PARyy,, Varied between stations from 140 to

290 uE-m2.s, About 8% (~1.4 uE-m?2.s™) of PAR, penetrated the lower boundary of
the upper mixed layer (~18 m), which indicates a high gradient of the PAR in the
layer. Taking into account the homogeneity of the upper mixed layer in temperature,

values C, and aph(455) [13], the F decrease (according to the data of the

immersion probe) within the upper mixed layer limits is due to achange in the
proportion of open RC PS 2 (d,,) algal cells under the PAR influence and
corresponds toq, . The d,,, value decreases with the increase of PAR level in the
phytoplankton habitat. Under the constant light d,, can be determined by the
formula (3) [14, p. 724], where F,is the quasistationary level of phytoplankton
fluorescence adapted to light corresponding to the natural conditions of existence.

According to the measurement data at the separate upper mixed layer depth
the relation between d,, and PAR was obtained (Fig. 2), which is described by
an exponential dependence (when PAR = 0 all the RCs are open, correspondingly
dop = 1):

d —0,0019-PAR ) (4)

=e

op
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Fig. 2. Dependence of the value of a portion of the open reaction centers (photosystem 2) (d,,) upon
light intensity (photosynthetically available radiation) in the Black Sea upper mixed layer in October,
2017

64 PHYSICAL OCEANOGRAPHY VOL.27 1ISS.1 (2019)



Based on the data on PARo and K using the equations (2) and (4) d,, were
calculated for the upper mixed layer with high resolution in depth (1 m):

dop(z) = e—0,0019'(PAR0.e—Kd.Z). (5)

Due to the lack of dark adaptation of phytoplankton when measuring F in vivo,
the obtained data corresponds to F, that reflects the intensity of phytoplankton

fluorescence adapted to light (natural lighting conditions). Under these conditions,
phytoplankton cells have open and closed reaction centers of photosynthesis.
The proportion of closed RCs (dgjpseq), that is, RCs that are not involved in
photosynthesis and have a high level of non-photochemical quenching of fluorescence,
was determined by the following formula

derosea =1 — dop .

The potential F of the closed RCs, which is not registered by immersion sensors
(without a dark chamber) used in combination with CTD and in BGC-Argo floats, it
is determined by the expression

Feiosea = Ft-dciosea -

To level the light-induced decrease in F in the upper mixed layer and restore the
profile of real F (Frea), it is necessary to take into account Feosed:

_ . »—Kgz
Froa = F; (2 — ¢—0,0019-PARy-e”Kd ) (6)

The fluorescence profiles recalculated according to equation (6) and probe data
are shown in Fig. 1.

As a result of the correction of fluorescence quenching, it was obtained (Fig. 1),
that Frea €xceeds the measured F within the entire upper mixed layer. The greatest
differences between Fr.a and F were obtained in the surface layer (37-51%). Thus,
the use of the algorithm developed by the authors led to an increase in fluorescence
in the surface layer by ~1.4-1.5 times. The correctness of the change depends on the
accuracy of the assessment of light conditions. Due to the fact that the average
exposure level was applied for daylight hours, the highest accuracy of restoration for
daytime soundings was obtained.
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Discussion

When working with chlorophyll a fluorescence measurement data recorded
using an immersion probe not equipped with a camera for dark adaptation of
phytoplankton, the light effect in the upper mixed layer on the fraction of inactive
photosynthesis reaction centers should be taken into account, which determines
the non-photochemical quenching of fluorescence (equation (1)). Earlier, for BGC-
Argo floats, to level out the illumination effect on the value of F, it was proposed to
use the F data obtained at nighttime [15]. However, this approach (excluding
daytime measurements F) limits the amount of data F, therefore, limits biological
research based on measurements using floats. It should be noted that
the measurement of the transparency of waters and PARs, which are important
environmental factors determining the primary production characteristics of
phytoplankton, can only be carried out during daylight hours.

In the present study, based on the obtained dependence of the fraction of closed
RC PS 2 on PAR, an algorithm for correcting the chlorophyll a fluorescence
guenching in the upper mixed layer is developed. Using this algorithm allows
restoring the real profile of chlorophyll a concentration. In fact, using the algorithm,
the fluorescence values for the case when all RC PS 2 are open and active and,
therefore, quenching of F is absent (equal to 0), are obtained. The dependence of the
ratio of open and closed centers on the PAR (equation (5)) is of a general nature;
therefore, an algorithm based on this dependence can be used to restore the vertical
fluorescence profile, and, consequently, the chlorophyll a concentration in different
water areas. The exponential dependence coefficient (equation (5)) was obtained for
the PAR value averaged over daylight hours. In order to refine the algorithm in the
future, it is planned to study how the value of this coefficient changes during daylight
hours.

Conclusions
The universal algorithm for correcting fluorescence quenching in the upper
mixed layer is proposed. Due to its correction, almost uniform fluorescence
distribution is obtained in the upper mixed layer which is in a good agreement with
the results of chlorophyll a concentration measurements in situ.
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