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Abstract As an important -starting point in the marine ecosystem, phytoplankton primary production is the
foundation of the marine food web and an important indicator for seawater quality. In this paper, in order to
accurately measure, monitor, and predict spatiotemporal variations of phytoplankton primary productivity, and
its kinetic response to external environmental conditions, a measurement technology based on chlorophyll
fluorescence kinetics was studied, and a fast measuring instrument with a response time of 1. 6 minutes and a
precision of 4. 86 % was developed. The correlation coefficient between the measured phytoplankton primary
productivity by the developed instrument and the measured photosynthetic oxygen evolution rate by the liquid-
phase oxygen electrode was 0.991. The instrument was equipped on the China Marine Surveillance 101
experimental ship for the underway measurement and the vertical profiles measurement of phytoplankton
primary productivity in the Yellow Sea and the Bohai Sea. Underway measurement results showed that the
phytoplankton primary productivity in Bohai bay is 1. 1~1. 4 times higher than outside the bay. and vertical
profiles measurement results showed a depth-dependent response of phytoplankton primary productivity on
each site in the Yellow sea area. Compared with traditional methods, the developed instrument in this paper
has the advantages of rapidness, stability, and no need for sample cultivation and can provide an advanced

technical method for marine ecological environment assessment.
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photosynthetic fluorescence parameters of mixed
Introduction cyanobacteria and algae communitiest’”’. Corno evaluated the
effects of wvertical depth and nutrition on the primary
Reliable assessment of phytoplankton primary production of the North Pacific subtropical circulation based

productivity is crucial to understanding marine carbon
geochemical cycling and the oceanic ecosystem function. As
the basis of the marine food web™’, the carbon sequestration
of marine phytoplankton accounts for about 50% of the global
phytoplankton primary production and defines the carrying
capacity of the aquatic ecosystem' . The monitoring of
marine primary productivity has important values for the
balance of global CO, . the early warning of algal bloom and
the assessment of marine fishery resources™®®!.

Traditionally, the rates of phytoplankton primary
productivity have been measured by tracing the evolution of
O, or the assimilation of CO,. These methods are time and
money consuming and cannot meet the needs of in situ and
rapid monitoring of marine primary productivity. With the
rapid development of satellite and remote sensing technology,
watercolor sensors began to be applied to the real-time and
high-resolution measurement of marine primary productivity
globally. However, the in-situ verification requirements of
remote sensing data and the weather interference cannot be
ignored. Since the 1990s, the chlorophyll fluorescence method
has been introduced into the aquatic ecosystem. Because of no
need for sample cultivation, non-invasiveness and high
measurement resolution, the chlorophyll fluorescence method
has been widely wused to measure phytoplankton
photosynthetic fluorescence parameters and the rapid and in
situ detection of marine primary productivity'®”. Based on
the fast repetition rate fluorescence technology, Xie Yuyuan
studied the evolution of the maximum quantum yield F,/F,, of
phytoplankton in the South China Sea Basin, and found that
phytoplankton photosynthetic performance was characterized
by a nocturnal decrease, dawn maximum. and midday
decrease of F,/F,,".

application of a flow-through multi-wavelength fast repetition

Emilie Houliez presented the first field

rate fluorometer for measuring the parameters F,/F,, and opsy
of the algae communities in the Baltic Sea, and the results

showed that FRRf was conducive to the measurement of

on the fast repetition rate fluorescence method. Increasing
water depth may account for the decrease in the difference
between '"C and FRRf measurements with depth. In
oligotrophic water, the rapid repetition frequency fluorescence
method has a good correlation with the measured value of
neHl In 2007,

fluorescence-based photosynthetic rate detection system for
[11]

Wang Junsheng developed a delayed
higher plants-'"’. In 2015, Shi Chaoyi studied a measurement
technology of phytoplankton photosynthesis parameters based
on tunable pulse laser-induced fluorescence technology in the
aquatic ecosystem #1%

In this paper, based on the fluorescence kinetic method,
an instrument for measuring phytoplankton primary
productivity has been developed. The phytoplankton primary
productivity can be quickly obtained with the bio-optical
model by measuring the fluorescence kinetic curve'*'™, This
instrument was equipped on the China Marine Surveillance
101 experimental ship. which completed measurement and
vertical profiles measurement of phytoplankton primary
productivity underway during the cruise in the Yellow Sea and
the Bohai Sea. The stability and reliability of the instrument
were verified. The developed instrument can provide a new
means for the in situ and rapid survey of phytoplankton

primary productivity in the offshore ocean.

1 Measurement principle and system

1.1 Principle of fluorescence kinetics measurement

The phytoplankton primary productivity is measured by
the oxygen evolution rate or CO, absorption efficiency in
tradition, while it is characterized by the electron transport
rate in the fluorescence kinetic method. Theoretically, the
electron transport rate is consistent with the oxygen evolution
rate or CO, absorption efficiency™*'”!. The model of energy

flow and electron transport during photosynthesis is shown in

Figure 1.
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Schematic diagram of energy flow and electron transport during photosynthesis
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The primary charge separation takes place in the reaction
center of chlorophyll. The generated high-energy electrons
promote electron transfer on the photosynthetic film. Under
irradiation, the oxidant Pgs and electrons are produced. The
Pgso with a strong oxidation potential can trigger water to
release oxygen. The electron transport to the primary
Quinone electron acceptor Q,, leading to a relatively stable
deoxidizer Q, » and possesses a reduction potential to drive
to PSIL. In

proton gradient

electron transport the process of electron

transport, the on both sides of the
photosynthetic membrane drives the synthesis of ATP. The
re-oxidation time of Qs usually takes about 100 ~ 200 pus
(single turn-over).

The light energy absorbed by the reaction center is used
for photochemical reactions and dissipated in the form of

fluorescence and thermal emission. The fluorescence yield
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Fig. 2 Chlorophyll fluorescence kinetic curve

light. The
during the

depends on the intensity of the excitation

chlorophyll fluorescence yield versus time
excitation process is shown in Figure 2.

During the single turn-over time, with energy
accumulates, Q. is gradually unable to receive electrons,
which eventually causes the electron transport chain to be
blocked. The excess energy is dissipated in the form of
fluorescence, causing the fluorescence yield to rise from the
static minimum fluorescence F, and reach the maximum
fluorescence yield F, , which is the fast phase process of
fluorescence kinetics. When the excitation light is stopped,
the reaction center reopens with the re-oxidation process of
QA . The absorbed light energy is reused in the photochemical
reaction, and the fluorescence yield gradually decreases. That
is the relaxation process of fluorescence dynamics.

1.2 Measuring system

In order to achieve accurate acquisition of fluorescence
kinetic curves of different types of phytoplankton, a multi-
band excitation light source, a high-accuracy drive circuit for
light

fluorescence detection circuit were designed,

adjusting the excitation source and a fast-phase
and a fast
measuring instrument for phytoplankton primary productivity
was developed. The instrument mainly consisted of four
modules; excitation light source unit, fluorescence detection
unit, control unit, and related optical structure. The system
structure of the developed instrument and its physical photo is

shown in Figure 3.

3. Fluorescence detection unit
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Fig. 3 The system structure of the developed instrument and its physical photo

LEDs with three bands of 469, 520, and 624 nm were
used as the excitation light source, which could meet the
detection needs of different algae in the actual aquatic
ecosystem. The excitation drive unit, composed of a DSP
pulse signal generator, MOSFET tube, drive chip and other
peripheral devices, could achieve precise control of the
intensity of the excitation light source. The maximum driving
pulse current of the circuit was up to 18A. Fast phase
excitation light intensity could be adjusted from 0 to 36 000
pmol quanta » m™* + s7'. Fast phase fluorescence detection

was mainly the photodetector, I/V conversion, compensator,

broadband

fluorescence signal was first converted into an electrical signal

amplifier and  high-speed sampler.  The
and then a digital signal by high-speed A/D for fluorescence
The main control unit mainly completes the
light

synchronization sampling, A/D data acquisition, and at the

data analysis.

generation of the pulse excitation signal, signal

same time, communicates with the PC to complete the
measurement of the fluorescence kinetic curve. The optical
structure adopted the integrated design of the focused
excitation light path and the fluorescence collection light path,

which could improve the excitation efficiency of the light
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source and the collection efficiency of fluorescence signal.
The chlorophyll fluorescence kinetic curve is obtained
using the developed instrument above. During the excitation
process, the fluorescence yield f (z) can be expressed by
formula (1).
f( = (F,-F,)C(t) = F, + F,C(1) (D
Among them, F, is the initial fluorescence yield of all
reaction centers of PS]| in a completely open state; F,, is the
maximum fluorescence yield when all PS ]| reaction centers
are closed; F, is the maximum variable fluorescence yield; C
(1) (0XC(1)<1) is the proportion of closed reaction centers.
The photosynthetic fluorescence parameters F,, F,,, F,/F, ,
opsy can be obtained by fitting the measured chlorophyll
fluorescence kinetic curve according to formula (2).
() = Fy + F, (1 — exp s o) 2)
According to the bio-optical model, the electron
transport rate of phytoplankton PS]| can be obtained by the
product of light irradiance, light absorption efficiency and

PSII photochemical quantum yield, as shown in formula (3).

P. = EXapgy ><<}S/PSL[ / épsi (3
The absorption efficiency of photosystem [I apsy can be
normalized to the minimum fluorescence yield F,M*. as
shown in formula (4).
. k
P ! X aruy (4)

Among them, k,, ki, kq are the rate constants of
photochemical, fluorescence, and non-radiative decay.
Therefore, the PS]] electron transport rate can be expressed
as formula (5)

P. = EX ¢ sy X Fo/¢psi X K/Evgp (5

In the equation, E is the photon radiance. ¢'psy is the
photochemical quantum yield of PS|[ under light adaptation,
under dark

adaptation, where K is an instrument-specific constant,

$psp is  the photochemical quantum yield
according to this equation, the phytoplankton primary
productivity can be quickly estimated.
1.2.1 The response time of the instrument

The response time is the interval between the initial and
95% of the first stable value measured by an instrument. The
mean of the 10 response times is taken as the response time of
the developed instrument. The result shows that the response
time of the presented instrument is only 1. 6 min while that of
traditional laboratory analysis methods often exceeds 12
hours. The measurement resolution of the instrument largely
depends on the response time. So the presented instrument
can be used to realize the measurement of phytoplankton
primary productivity in a large offshore aquatic ecosystem
with high measurement resolution.
1.2.2 Precision analysis

According to the 10 repeated measurement data of

phytoplankton primary productivity, the relative standard
deviation is calculated according to formula (6). and the
standard deviation characterizes the

maximum relative

instrument precision (RSD).

(6)

In formula (6), n is the number of measurements, P; is
the i-th measurement value, and P is the average of the n-
time measurement values.

The marine Dunaliella salina cultured in the laboratory
was selected as the experimental sample, and five samples of

Dunaliella salina with chlorophyll concentrations 0. 1, 0.5, 1,

[~ 1

5 and 10 pg « L' were configured. The instrument was used
to measure the primary productivity of Dunaliella salina under
the light intensity of 100, 200, 400, 600 and 800 pmol -
m ?e« s '. The relative standard deviation of the
measurement results of each sample is calculated according to
Formula (6), and the measurement results show that the
relative standard deviations of the phytoplankton primary
productivity of the five samples under different light
intensities are all lower than 4. 86 %.

1. 2.3 Comparative analysis of electron transport rate and
oxygen evolution rate

The liquid-phase oxygen electrode is widely used to

’ efficiency. In this

measure plants photosynthesis
comparative experiment, Dunaliella salina was selected as the
research object. The electron transport rate measured by the
developed instrument and the photosynthetic oxygen evolution
rate measured by the liquid-phase oxygen electrode
(Hansatech Instruments, King’s Lynn, UK) was compared.

Culture aliquots of 5 mL. were put into the test tube of
this instrument, the electron transport rate of the sample was
measured under the conditions of ambient light 0 ~ 600
pmol » m™* « s7' at 20 °C. The liquid-phase oxygen electrode
system requires high sample concentration, culture aliquots of
100 mL were gravity-filtered through 47 mm GF/F filters and
gently resuspended into 5 mL of the sample to pre-concentrate
samples to 1. 8~2.3 mg chl a L', A magnetic stirrer was
used to ensure that the algae were evenly distributed. The
photosynthetic oxygen evolution rate synchronization test was
performed under ambient light 0~600 ymol * m™* « s~ " at 20
‘C. The relationship between the photosynthetic electron
transport Pe and the photosynthetic oxygen evolution rate
PO, of Dunaliella salina is shown in Figure 4 below.

Figure 4 showed that the photosynthetic electron
transport rate and photosynthetic oxygen evolution rate curves
of Dunaliella salina under gradient culture light (0 ~ 600
pmol* m™ « s7') had a good consistency, and the

correlation coefficient between Pe and PO, was 0. 991. Both
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of them gradually increase with the increase of light. When
the culture light reached 400 pmol + m™* « s™', the upward

trend of Pe and PO, started to slow down and gradually
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Fig. 4 Comparison of photosynthetic electron transport rate and photosynthetic oxygen

evolution rate curves of Dunaliella salina under different culture light

2

Instrument field measurement and analysis
2.1 Underway measurement of phytoplankton primary
productivity
High-frequency measurement of phytoplankton primary
productivity was conducted in the Yellow Sea and the Bohai
Sea during the autumn of 2019 (between 15th August and
26th August). The developed instrument was equipped on the
China Marine Surveillance 101 experimental ship. The ship
departed from Qingdao Nanjiang Wharf (36. 10°N, 120. 54°E)
at 7: 00 on August 18, 2019, arrived at Bohai Inner Bay
(38.89°N, 119.48°E) at 19:00 on August 19, and then
turned from the Bohai Sea back to Qingdao. On the way
back, 10 sites were selected on the coast of the Yellow Sea for
the in situ vertical profiles measurement of phytoplankton
primary productivity. The cruise route in the Yellow Sea and
the Bohai Sea during the investigation is shown in Figure 5.
The developed instrument was fixed in the cylindrical
frame structure, and the frame was placed in a seawater tank
on the ship, the seawater is continuously cramped in the
seawater tank during the cruise. The measurement period of
the instrument was set up to 10 minutes. The instrument was
connected to a 24V power supply and a computer through a
cable to achieve instrument power supply, data acquisition
and analysis.
the the

productivity in different positions of the sea was measured.

During cruise, phytoplankton  primary
The spatial distribution of phytoplankton primary productivity
in the Yellow Sea and the Bohai Sea is shown in Figure 6.

In Figure 6, we observe significant differences in

phytoplankton primary productivity in the Yellow Sea and Bohai

41°N

40°N

39°N

38°N |-

37°N |

36°N |

117°E  118°E 119°E 120°E 121°E 122°E  123°E

Fig. 5 The trajectory of the scientific research ship
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Fig. 6 The spatial distribution of phytoplankton primary

productivity in the Yellow Sea and the Bohai Sea

Sea. High-value areas of phytoplankton primary productivity
appear in the southern of Yuetuo Island and around Changdao
Scenic Area in Bohai Bay, which is significantly higher than
the primary productivity along the coast of the Yellow Sea.
The primary productivity in Bohai Bay is 1.1~ 1.4 times
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higher than the area outside the bay. There are more than 40
rivers along the coast of the Bohai Sea. River water injection
and surface runoff have brought nutrients to the Bohai Sea. In
addition, due to the impact of land-based pollution emissions
in recent years, a large amount of phosphorus, nitrogen, and
potassium nutrients flowed into the Bohai Sea, leading to
eutrophication in the inner bay, which is the main reason for
the high phytoplankton primary productivity in the
Bohai Bay.
2.2 Vertical profiles measurement of phytoplankton
primary productivity

The phytoplankton primary productivity in different
water layers was investigated at 10 sites located in the Yellow
Sea. During the vertical profiles measurement, the instrument
was lowered into the different depths of seawater at a constant
speed through the winch on the ship. At the same time. The
photosynthetic radiation sensor coming with the instrument
was used to record the solar irradiance. The trends of phyto-

GPP(nmol(e)/m™s™)

5.000
12.50
20.00
27.50
35.00
42.50
50.00
57.50
65.00

Depth/m
—
N - TR SSEVC I SRy

Ju—
)

Fig. 7  Phytoplankton Primary productivity and chlorophyll
concentration in different water layers of 10 sites
(a): Phytoplankton primary productivity;

(b): Chlorophyll concentration

plankton primary productivity were recorded at different
depths of 10 sites were shown in Figure 7(a).

In Figure 7(a), it shows a depth-dependent response of
phytoplankton primary productivity on each site in the Yellow
sea. With the depth increases, the phytoplankton primary
productivity at the 10 sites all show a gradual decline. At the
same time, the corresponding solar irradiance drops from

1

1500 pmol * m™* « s7' near the sea surface to 300 pmol *

m ? ¢ s ! at a depth of 12 meters. The negative correlation
between the phytoplankton primary productivity and depth is
likely attributable to the temperature and light environment
changes in vertical profiles. Cause with the depth increased,
the absorption of light energy by water and the scattering of
suspended particles in seawater gradually increased, all these
phenomena lead to a gradual decrease in the available light
energy of phytoplankton, and the productivity of
phytoplankton decreases with depth.

The phytoplankton primary productivity in the 10 sites is
not consistent in the Yellow Sea. The primary productivity in
site 2 and site 8 are significantly higher than that of other
sites. Figure 7(b) shows the chlorophyll concentration on the
surface of 10 sites, obtained by collecting and analyzing the
surface water of the 10 sites. We observe that there are high
chlorophyll values at site 2 and site 8. This is consistent with
the measurement results of primary phytoplankton
productivity. The difference in phytoplankton biomass in
different sea areas is the main reason for the change of

phytoplankton primary productivity.
3 Conclusion

In this work, a fast measuring instrument for
phytoplankton primary productivity was designed based on the
principle of chlorophyll fluorescence kinetics and the rapid and
in field survey of phytoplankton primary productivity in the
Yellow Sea and the Bohai Sea was presented. Be equipped on
The China Marine Surveillance 101 experimental ship. the
spatial distribution and vertical profiles of phytoplankton
primary productivity in the Bohai Sea and the Yellow Sea were
investigated. Nutrients, light, and biomass are the main
reasons for the differences in the distribution of phytoplankton
in the sea. The instrument had stable working performance
and high measurement efficiency. It could meet the needs of
fast and in situ measurement of the phytoplankton primary
productivity in the aquatic ecosystem. It provided a new
method for the rapid measurement of primary productivity in

coastal waters.
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