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30HJNPYIONIN CITEKTPAJIbHBIV U3MEPUTEJDb ®JIIOOPECIEHIIAN
1N PACCEAHUA, UCIIBITAHUA B JABOPATOPHBIX 1 ITOJIEBBIX YCJIOBUAX

Cratbs noctynuia B penakuuto 30.01.2020, nmocne nopadotku 12.03.2020

C 11e/1b10 TIPOBEICHMST SKOJOTMYeCKOr0 MOHUTOPHHIA U TOJTyYeHMs OIIePaTUBHBIX TaHHBIX O COCTOSIHUM UCCIIeIyeMOil aK-
BaTOPUU ObLI CO3IaH 30HIMPYIOIIMIA CIIEKTPAIbHBIIA M3MePUTEb (DII0OPECLEHIINN 1 paccesiHus cBeTta. OH I03BOJISIET OHOBPE-
MEHHO IPOBOIUTh U3MEPEHHUsI (DIIIOOPECIIEHIIMK (PUTOIIAHKTOHA, PACTBOPEHHOTO OPraHMYECKOTO BEIIIECTBA U PACCEsSTHUSI CBETa
B MOPCKOI1 BOJIe, B CIIEKTPAJILHOM JMAaIla30He, OXBaThIBAIOIIEM O0JIACTD OT OJIMIKHETO YiIbTpadroieTa 10 KPaCHOM rpaHULIbI BU-
numoro crekTpa. [lonydeHue CrieKTpoB yKa3aHHBIX ITapaMeTPOB ITPOM3BOISATCS B OMHOM M TOM XK€ U3MEPUTEIbHOM 00beMe, YTO
n30aBIIIeT OT HEOOXOOUMOCTH COIJIACOBHIBATh MOyYEHHBIC CUTHAIBI TT0 00BEMY (hTI0OpECIMPYIONIEeTo BellecTBa. Pe3ynbraThl
MPOBEPKU (PYHKIIMOHUPOBAHUSI MIPUOOPa B TAOOPATOPHBIX YCJIOBMSIX Ha 00pa3liaXx MOHOKYJIBTYD (DUTOIIAHKTOHA, OOUTAIOILETO
B Bomax YEpHoro Mopsl, TToKa3aju Xopolllee COBMaIeHNe U3MEPEHMIT C TUTepaTypHBIMUA JaHHBIMU. B Xone ncnbltaHmii mpubopa
Bo Bpemst 106-ro peiica Ha HUC «ITpodeccop Bomsthuiikuii» BecHoit 2019 r. 6bUIM MPOM3BEACHBI U3MePeHUsT Ha 77 TUAPOJIOTHU-
YECKMX CTAaHIIMSX CICAYIOUINX TTapaMeTpoB: TTpoduIIeil BEpTUKAIBLHOTO pactpeaeacHus (IroopeceHINN (PUTOTIIIAHKTOHA; pac-
TBOPEHHOIO OPraHMYEeCKOro BEIleCTBa U YIIPYTOro paccesiHus cBeTa. B pesysibraTe ObLIM MOTYyYEeHbI CBEACHMUS O BEPTUKAILHOM
pacripefeJiecHI U3MepsieMBbIX ITapaMeTPOB Ha MCCIeIOBAaHHBIX akBaTopusx Y€pHoro Mopsi. Pe3ysbTaThl IpoBeAEHHBIX UCITBITa-
HUIA TIPEICTaBJIEHHOrO U3MEPUTEIIsl TO3BOJIMIIN alipoOMPOBATh TEXHMUECKOE UCTIOTHEHME U METOIOIOT IO PA0OThI C JTAHHBIM M3-
MEpUTEJIEM.

KiroueBbie clioBa: CrieKTpabHBIN (DII0OpUMETp, CIIEKTP BO30YKIeHUS (HITI0OPECIIEHIIMI MUKPOBOIOPOCIei, (pirioopeciieHIusT
xjopoduiiia, GIoopecleHIUs PpACTBOPEHHOTO OPraHUYeCKOro BelllecTBa, BepTUKaIbHbIe poduin daoopecuenunu, Yép-
HOE Mope.

© O. B. Kudinov'*, O. V. Martynov', R. I. Lee?

'Marine Hydrophysical Institute RAS, 299011, Kapitanskaya Str., 2, Sevastopol, Russia
2A.0. Kovalevsky Institute of Biology of the Southern Seas RAS, 299011, Nakhimova Prospekt, 2, Sevastopol, Russia
*e-mail: kudinov_ob@mbhi-ras.ru

SOUNDING SPECTRAL METER OF FLUORESCENCE AND LIGHT SCATTERING:
LABORATORY AND FIELD TESTING

Received 30.01.2020, in final form 12.03.2020

In order to conduct environmental monitoring and obtain operational data on the state of the investigated water area, a
sounding spectral fluorescence and scattering meter was created. It allows simultaneous measurements of the fluorescence of phy-
toplankton, dissolved organic matter and light scattering in the sea water, in the spectral range covering the region from the near
ultraviolet to the red boundary of the visible spectrum in the same measuring volume.

The results of instrument testing in laboratory conditions on samples of phytoplankton monocultures existing in the Black
Sea waters showed good agreement between the measurements and literature data. During the expedition of the R/V “Professor
Vodyanitsky”, at 77 hydrological stations the following parameters were measured: vertical profiles of the phytoplankton fluo-
rescence; DOM; the elastic light scattering. As a result, information was obtained on the vertical distribution of the measured
parameters in the studied waters of the Black Sea. The results of tests of the presented meter allow to approve the technical design
and works methodology of this meter.

Key words: spectral fluorometer, microalgae fluorescence excitation spectrum, chlorophyll, DOM, vertical fluorescence
profiles, Black Sea.
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1. Introduction

Determination of water bio-optical properties, assessment of biomass and primary production of phytoplankton
are modern areas of environmental monitoring [ 1, 2]. Biological organisms are highly sensitive to the pollutants of the
environment, as well as to changes in climate, light conditions, etc. [3]. Phytoplankton as the primary link of the ecosys-
tem trophic chain is the sensitive to the above-mentioned factors [2]. Phytoplankton distribution in the water column,
its concentration and phases of growth have the highest importance for the environmental assessment. Today, phyto-
plankton concentrations can be measured from airplanes or satellites [4, 5]. However, modern methods of bio-optical
observations, despite their fast development, are mainly concerned with the surface layer of seawater, while the vertical
distribution or seasonal and interannual variability of fluorescence could be not as thoroughly studied.

Most of the contact methods for assessing the biomass and primary production of phytoplankton in water bodies
require a long time to analyze water samples, which is a significant disadvantage, especially when studying large water
areas. The fluorescence method is much simpler in application than the methods that require sampling, which makes
it possible to carry out an express analysis of the state of aquatic ecosystems and obtain arrays of environmental data.

The estimation of phytoplankton biomass from fluorometric measurements has certain limitations, since the ra-
tio of in situ fluorescence signal and chlorophyll concentration obtained by the extraction method is not constant over
the entire measurement range [6, 7]. A significant source of variability in fluorescence intensity is the phytoplankton
species composition. Fluorescence spectra are different for pigments of different taxonomic groups of phytoplankton.
Variation in species composition leads to a change in the fluorescence signal by the order of magnitude [8].

Studying the possibility of using spectral fluorescence as a tool for assessing the composition of phytoplankton
pigments, in the late seventies, Yentsch et al. [9, 10] conducted the first experiments, which were further developed
and expanded [11—14]. It was found that different classes of algae have different fluorescence excitation spectra, but
measuring the whole spectrum during large-scale field studies was too difficult. Kolbowski and Schreiber [15] solved
this problem and showed that measurements at just four or five wavelengths are sufficient to distinguish between four
groups of microalgae that are most common in the World Ocean [16]. Since algae from the same taxonomic group
contain a similar amount and a same type of photosynthetic pigments, the fluorescence excitation spectra are similar
for each group. Therefore, algae groups can be differentiated by the fluorescence excitation spectrum.

It should be noted that measurements of the vertical distribution of chlorophyll-a concentration require sounding
fluorimeters. This makes in situ spectral fluorimeters an important 21st century oceanography tool.

2. Materials and methods

To solve the task of determining the species composition of phytoplankton a spectral meter was developed in
the Department of Marine Optics and Biophysics of Marine Hydrophysical Institute of RAS. It allows to measure
simultaneously the fluorescence of phytoplankton and dissolved organic matter and light scattering in seawater. The
spectral range is from the near ultraviolet (360 nm) to the red border (690 nm) of the visible spectrum for the same
measuring volume [1, 17, 18]. The optical diagram of the device is shown in fig. 1.

The source of phytoplankton fluorescence excitation is a 4-color LED (RGBA LED) with spectral bands 450—
460, 525—535, 565—575 and 620—630 nm (with half-width 5 nm), which correspond to maxima of the excitation
spectra of four microalgae groups. To excite the fluorescence of dissolved organic matter (DOM), a source of ultra-
violet radiation (UV LED — 365 nm), perpendicular to the source of chlorophyll excitation, was added. LEDs are
installed in the focus of the lenses, which convert the light emitted by the LEDs into a parallel beam and direct it into
the measuring volume. The radiation scattered by the measuring volume at a 90° angle, as well as the excited fluores-
cence radiation, pass through a lens that collects the radiation and directs it to the photocathode of a highly sensitive
photomultiplier tube (PMT). In front of the PMT window, a disk with interchangeable color filters is placed. The
fluorescence and scattering are measured at the wavelengths of 360, 460, 530, 570, 625 and 685 nm.

The device was tested under laboratory conditions. For experiments, the samples of monocultures of phytoplankton
common for the Black Sea from the collection of A. O. Kovalevsky Institute of Biology of the Southern Seas RAS were
used. During the experiments, fluorescence excitation spectra for various concentrations of green microalgae (7et-
raselmis viridis (Rouchijajnen) R. E. Norris, Hori et Chihara 1980), diatoms (Phaeodactylum tricornutum Bohlin 1898),
dinophytic (Prorocentrum caspicum (Kiselev) Krachmalny 1993), and chrysophytes (Isochrysis galbana Parke 1949)
were measured. The measurements were carried out in filtered seawater with increasing concentrations of phytoplank-
ton. The resulting signal was normalized by the elastic scattering intensity in the corresponding spectral ranges.

The obtained fluorescence excitation spectra (at the emission 680 nm) of microalgae of various cultures, normal-
ized by the maximum values, are presented in fig. 2. In the same figure, the obtained spectra are compared with data
from published sources [19].
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Fluorescent and scattering
measuring volume

Fig. 1. Optical diagram of the instrument for measuring the fluorescence and light scattering.
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Fig. 2. Normalized fluorescence excitation spectra of various monocultures of phytoplankton common for the Black Sea.
Comparison of measured and published data [19]. Dotted line — fluorescence excitation spectra of published data; solid
line — data obtained from our meter.
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The compared spectra are similar in shape, which indicates that the applied methodological approach and the
design of the device are correct.

Also, the spectrograms were obtained for the following cases: a) tap water filtered with a household filter and b)
with a reverse osmosis filter, ¢) sea water, d) seawater filtered with a 1 um filter, ) own spectrogram of the device and
f) spectrograms of various phytoplankton cultures. Fig. 3, a (see Insert) shows the own spectrogram of the device,
it is formed by the intersection of the passbands of the filters and the emission of LEDs and lies on the diagonal of
350,350—650,650 nm.

The spectrogram is based on the reference spectra of the optical filters transmission and LED emission. The exci-
tation spectrum of the LEDs is plotted along the horizontal axis, and the registration spectrum (transmission of light
filters) is along the vertical axis. Thus, on a diagonal the radiation of the elastic light scattering is shown, fluorescence
is above the diagonal, and anti-Stokes luminescence is below the diagonal.

Fig. 3, b (see Insert) shows the spectrogram of filtered seawater. Filtration was made using a 1 um cell filter. Three
main spots can be seen on the spectrogram. Two of them are associated with the elastic scattering, because they fall
on the diagonal of the own spectrogram of the device in the range of excitation wavelengths 500—650 nm. And the
spot at 350—400 nm lies above the diagonal and appears to be the fluorescence of the dissolved organic matter, which
cannot be eliminated using filter (only by using sorbents).

Spectrograms for various phytoplankton cultures were also plotted. Fig. 4 (see Insert) shows the spectrogram of
the fluorescence intensity of Isochrysis galbana where the fluorescence of pure water and own spectrum of the device
were subtracted to remove the contribution of scattering.

As a result, a spectrogram with three areas of fluorescence was obtained: 350—400 nm, 400—500 nm and 600—
650 nm bands of the excitation spectrum.

The fluorescence intensity spectrum of Isochrysis galbana shown in fig. 4 and in fig. 2 were obtained in different
experiments on samples of the same culture taken in different seasons, nevertheless, the spectra are the same. Also,
the spectrogram shows that the fraction of dissolved organic matter is present in the studied sample. The spectrograms
of other monocultures used in the experiment are presented in fig. 5 (see Insert).

Using the results of laboratory tests, the device was modified in accordance with the requirements for sounding
instruments, equipped with an autonomous data storage module “LAKUNA” [20], and subjected to immersion testing.

During the 106th cruise of the R/V “Professor Vodyanitsky” (April 18—May 13, 2019), test soundings were
made, as well as measurements of the following parameters at 77 hydrological stations: vertical distribution of phy-
toplankton fluorescence, DOM, the elastic light scattering. Intercalibration with the Indronaut-fluorometer probe
showed a significant degree of agreement between the measured parameters. Fig. 6 (see Insert) shows vertical tem-
perature profiles in arbitrary units, as well as fluorescence excitation spectra at a wavelength of 680 nm, normalized
by the elastic scattering, presumably these spectra belong to different groups of phytoplankton monocultures, such
as chlorophytes (green microalgae), cyanobacteria (blue-green), and cryptophytic. The fluorescence signal increases
below the layer of maximum gradient of temperature. The maximum values of fluorescence and, correspondingly,
maximum chlorophyll-a concentration are observed at the bottom of the photic zone, where the supply of nutrients
and the illumination level form optimal conditions for the development of phytoplankton.

The vertical distributions of DOM fluorescence and elastic light scattering in seawater at the station 130 are
shown in fig. 7. The fluorescence of DOM was excited at 365 nm and registered at 460 nm. Usually the DOM content
in the Black Sea water generally increases with depth and has a step at depths more than 80 m. These depths in the
Black Sea correspond to a transition zone between the oxygen and hydrogen sulfide waters (redox zone).

3. Conclusion

Tests of a spectral device for simultaneous in situ measurement of fluorescence and light scattering in seawater in
the spectral range 360—685 nm in the same measuring volume confirmed the use of correct methodological approach
used and design of the device. The data obtained are in good agreement with data from literary sources and are of
interest for further detailed analysis.

4. Financing

This work was carried out as part of a state assignment No. 0827—2018—0002 (code “Operational Oceanology”)
and No. 0827—2018—-0006.01 (code “Biooptics”) and on the topic “Functional, metabolic and toxicological aspects
of the existence of aquatic organisms and their populations in biotopes with different physicochemical conditions™;
State registration number AAAA-A18—118021490093—4.
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Fig. 7. The vertical profiles of the DOM (a) and light scattering (b) fluorescence in sea, measured at the station 130.
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Fig. 3. Spectrograms: a — own spectrogram of the device; b — filtered seawater.
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Fig. 4. Spectrogram (a) and fluorescence intensity spectrum (b) of Isochrysis galbana. The solid line is the registra-
tion at a wavelength of 680 nm, the dotted one is at 625 nm.
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Fig. 5. Spectrograms of various monocultures (a — diatoms Phaeodactylum Tricornutum; b — dimatoms Chaetoceros Affinis;
¢ — dinophytic Prorocentrum cordatum; d — dinophytic Scrippsiella Trochoidea).
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Fig. 6. The vertical profiles of fluorescence at the emission 680 nm and temperature, measured at the station 138 (a); the
vertical profiles of normalized spectra fluorescence at the emission 680 nm of phytoplankton (colors correspond to local
maxima of the excitation spectrum), measured at the station 97 ().



