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Abstract

The coefficient of attenuation of photosynthetically active radiation (Kd(PAR)) and the depth of the euphotic zone (Deu)
are widely used to study biogeochemical processes and eutrophication in marine ecosystems. However, determination of
Kd(PAR) and Deu in estuaries is hampered by the simultaneous influence of many environmental factors. In this study, we
analyzed the relationship between water turbidity (Turb), Kd(PAR), Deu, and environmental variables in the Neva Estuary,
the largest estuary in the Baltic Sea. The summer values of Kd(PAR) and Deu were significantly higher than in the open
waters of the Baltic Sea and varied in the range of 0.5-9.1 m~! and 0.5-8.5 m, respectively. Mixed-effects regression analysis
showed that the concentration of suspended mineral matter primarily determined the Turb. This variable fluctuated widely
due to frequent wind-induced resuspension of bottom sediments and the periodic construction of port infrastructure in the
shallow upper reaches of the estuary. Deu was determined by the depth of the water area, concentration of chlorophyll 4,
and concentrations of suspended mineral and organic matter. The average efficiency of using PAR energy for gross primary
production (PP) was about 2%. However, PP did not depend on the amount of radiation incident on the water surface,
but was mostly determined by underwater light and nutrient conditions. The study showed that more research on the impact
of environmental variables on underwater light conditions in different regions is needed to predict the impact of climate
change and anthropogenic factors on phytoplankton productivity in coastal areas.

Keywords Attenuation coefficient - Suspended matter - Chlorophyll - CDOM - Light conditions - Primary production -
Baltic Sea

Introduction

Depth of euphotic zone (Deu) is one of the main parameters
for calculating the value of primary production and cycles of
nutrients in biogeochemical models of aquatic ecosystems,
which model the primary productivity of phytoplankton
(e.g., Behrenfeld and Falkowski 1997; Eilola et al. 2009;
Neumann et al. 2015). It is defined as the layer of water that
retains 1% of the amount of photosynthetically active radia-
tion (PAR) that has reached the surface of the water. This
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amount of PAR is sufficient for significant photosynthesis
of autotrophic organisms (Kirk 2011). To find the depth of
the euphotic zone, it is necessary to measure the intensity of
PAR, which is the density of the flux of photons per second
coming from the sun in the spectral range of 400—700 nm
per unit of water surface, since aquatic autotrophs use light at
these wavelengths for photosynthesis (Kirk 2011; Neumann
et al. 2015). The decrease in PAR with depth is estimated
using the vertical attenuation coefficient for downward irra-
diance (Kd(PAR)). Knowing the Deu and Kd(PAR) values,
supplemented by estimates of chlorophyll a concentration, is
also important for evaluating the level of seawater eutrophi-
cation using remote sensing (Lee et al. 1996; Pierson et al.
2008; Kim et al. 2015; Alikas and Kratzer 2017; Kratzer
et al. 2019; Gomes et al. 2020). For example, the Kd(PAR)
value for the open waters of the Baltic Sea was calculated
from satellite measurements of radiation at a wavelength
of 490 nm (Kd(490)) in the top meter water layer, since
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this parameter is usually obtained from remote sensing
(Pierson et al. 2008). In this study, a simple semi-analytical
model was used to predict Kd(490) and Kd(PAR). A series
of model simulations based on variations in optically sig-
nificant constituents over a range realistic for the Baltic Sea
were used to define the relationship between these attenu-
ation coefficients. Based on these model experiments, the
coefficients of the equation for the dependence of Kd(PAR)
on Kd(490) were determined (Pierson et al. 2008).

PAR values at different depths are usually determined
using scalar and planar quantum sensors (Arst et al. 2008;
Kirk 2011). Scalar quantum sensors have a special spherical
design, which gives possibility to detect radiation from all
sides and take into account, among other things, photons
reflected from various particles in the water or from the bot-
tom. It measures the photosynthetic photon flux rate, called
quantum scalar radiation (LI-COR 2022). Such sensors
make it possible to determine in situ at what depth the PAR
decreases to 1% of its value on the water surface. Unlike sca-
lar quantum sensors, planar quantum sensors measure only
the downwelling PAR; therefore, at a high concentration of
light-scattering particles, they can significantly underesti-
mate the PAR values (Arst et al. 2008).

Kd(PAR) can be calculated from measurements of the
amount of incident radiation near the water surface and at
different depths (Kirk 2011):

Kd(PAR) = ~3 In PAR, (1)
where PAR,, and PAR are the PAR just below the surface
and at depth d, respectively. The depth of the euphotic zone
(Deu) is inversely proportional to Kd(PAR).

Factors responsible for changes in light conditions
include suspended particulate inorganic and inanimate
organic matter, phytoplankton, colored dissolved organic
matter (CDOM), and water molecules. Their relative con-
tribution to light attenuation and primary production (PP)
limitation varies in space and time (Lund-Hansen 2004;
Domingues et al. 2011; Thrane et al. 2014; Wang et al.
2019). For example, the attenuation of light with depth
depends on the concentration of particulate organic and
inorganic substances suspended in water (Armengol et al.
2003; Swift et al. 2006; Devlin et al. 2008). In estuaries and
coastal lagoons, suspended particles can account for up to
75% of the PAR attenuation (McMahon et al. 1992; Philips
et al. 1995; Christian and Sheng 2003). Coastal lagoons and
shallow estuaries have high sediment surface area to water
volume ratios and frequent wave resuspension of sediments.
These features suggest that sediment resuspension, not
increased pelagic productivity, often may be the dominant
control on light availability in their waters (Armengol et al.
2003; Lawson et al. 2007; Devlin et al. 2008; Golubkov and

Golubkov 2022). On the other hand, a study of 75 boreal
lakes showed that CDOM absorbed the largest fraction of
PAR in the majority of lakes and phytoplankton pigments
captured a minor fraction (Thrane et al. 2014). A particularly
strong negative effect of CDOM on PP was observed at low
concentrations of total phosphorus and photosynthetic pig-
ments in water. Moreover, the degree of shading by these
compounds is greatest in the blue part of the PAR spectrum
(400-500 nm) that coincides with the absorption peak of
chlorophylls and light-harvesting carotenoids (Thrane et al.
2014). The waters of the Baltic Sea have higher concentra-
tions of CDOM compared to other marine and ocean areas
(Kratzer and Moore 2018). There is also an opinion that
CDOM has a significant impact on water transparency in
regions with high river flow (Harvey et al. 2019).

It should also be taken into account that the contribution
of various factors to the attenuation of PAR with depth var-
ies on the spatial and temporal scales (Lund-Hansen 2004;
Devlin et al. 2008; Wang et al. 2019). In different parts of
the estuaries, the set of factors may differ depending on the
depth, distance from the mouth of the river, the degree of
water eutrophication, and weather conditions, which makes
it more difficult to model phytoplankton productivity in
coastal areas (Wang et al. 2019; Turner et al. 2021). The
combined effect of various factors on light attenuation is
also still poorly understood, which can sometimes reduce
the effectiveness of measures to increase the depth of the
euphotic zone in the estuary by reducing the nutrient load
(Pedersen et al. 2014). Insufficient information on the degree
of influence of specific factors on Kd(PAR) and Deu compli-
cates the modeling of phytoplankton productivity in coastal
areas. This problem is exacerbated due to climate change,
which can lead to eutrophication of waters and an increase in
the runoff of CDOM from the catchment in northern regions
(Larsen et al. 2011; De Wit et al. 2016; Golubkov and Gol-
ubkov 2020; Golubkov 2021).

The Neva Estuary (Fig. 1), the largest estuary in the Bal-
tic Sea, is located in the northeastern part of the sea. The
Neva River is the most full-flowing river in the Baltic region
with an average discharge of 2490 m® s™! (78.6 km® year™!)
(Telesh et al. 2008). The catchment area of the estuary exceeds
280,000 km? (Golubkov and Golubkov 2020). It is located
at the northern boundaries of the temperate zone and at the
southern boundary of the subpolar zone (Meteoblue 2022).
Climate type in the region according to Koppen-Geiger cli-
mate classification (Kottek et al. 2006) is Dfc—snowy climate,
fully humid, with cool summers. The Neva Estuary is shallow
and non-tidal and with a smooth salinity gradient from fresh
water in the upper reaches (UR) to slightly saline in the middle
reaches (MR) (Golubkov and Golubkov 2020). Temperature
stratification is absent in the shallow UR of the estuary. The
MR of the estuary is located between Kotlin Island and the
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Fig. 1 The upper (A) and mid-

dle (B) reaches of the Neva
Estuary with indication of
sampling stations in midsum-
mer 2012-2020. Lines: isobaths
of 5, 10, and 20 m. Areas with
dots indicate dense reeds. Dam
is the St. Petersburg Flood
Protection Facility. Red circles
indicate water gates in the dam. IS
Red rectangle in the top block
of the map indicates location

of the Neva Estuary. Two-letter
country codes are given accord-
ing to ISO 31661 alpha-2
(International Organization for
Standardization 2022)
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conditional boundary of 29° 10’ E. In summer, constant tem-
perature stratification is observed in this part of the estuary.
The ecosystem of the Neva Estuary is subject to strong
anthropogenic impact, because the 5-million metropolis
of St. Petersburg is located on its coasts (Golubkov et al.
2019a; Golubkov and Golubkov 2022). The Flood Protec-
tive Facility that consists of 11 dams has been separating the
upper reaches (UR) of the estuary from its middle reaches
(MR) since the end of 1980s (Fig. 1). Frequent wind-induced
resuspension of bottom sediments in the upper shallow part
of the estuary, as well as the periodic construction of new
port facilities and the reclamation of new land, leads to a
significant increase in the concentration of suspended mat-
ter in some parts of the estuary (Golubkov and Golubkov
2022). Its ecosystem is also subject to significant eutrophica-
tion due to high nutrient load and climate change, resulting
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in increased biomass of phytoplankton, including harmful
algae, and high primary production in the estuary (Golubkov
and Golubkov 2021; Golubkov et al. 2019b, 2021). The con-
centration of chlorophyll a varied from 0.8 to 127 mg m~>,
and the gross primary production of plankton varied from
0.05 to 4.14 gC m~2 day ™! (Golubkov et al. 2017; 2021). The
general ecological characteristics of the Neva Estuary and
detailed description of both parts of the estuary were given
earlier in Golubkov and Golubkov (2021).

The objective of this study was to determine the values of
Kd(PAR) and Deu in the Neva Estuary. We also analyzed the
relationships of environmental factors with their values. The
assessment of the influence of various factors is important for
clarifying the regional features of light attenuation when con-
structing biogeochemical models of water productivity and pro-
cessing remote sensing data in the coastal zone of the Baltic Sea.
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Materials and Methods
Data and Methods

To analyze the dependences of Kd(PAR) and Deu on envi-
ronmental factors, we used data collected at sampling sta-
tions (Fig. 1) in late July—early August 2012-2020 during
long-term scientific monitoring of the Neva Estuary ecosys-
tem. Salinity (S) and temperature (7)) were measured using a
CTD90M probe from Sea & Sun Tech (Germany). The con-
centration of colored dissolved organic matter (CDOM) and
chlorophyll a (CHL), as well as turbidity (Turb), was deter-
mined using Cyclop-7 sensors connected to a submersible
C-6 multi-sensor platform (Turner Designs, USA). Cyclop-7
sensors checked and calibrated before measurements using
Turner Designs solid standard. Cyclop-7 was additionally
calibrated for CDOM according to the corrections proposed
by Downing et al. (2012). Test material of humic substances
(HS) from typical soils of the watershed of the Neva Estuary
was obtained from the Department of Soil Science and Soil
Ecology of St. Petersburg State University. HS solutions were
prepared by dissolving 1 g of test material in 1 L organic-free
deionized water, after which it was diluted to several solu-
tions with HS concentration of 0.0005, 0.001, 0.002, 0.003,
0.004, 0.005, 0.007, and 0.01 mass percent. Fluorimeter
measurements were made according to the method of Down-
ing et al. (2012). The carbon concentration in these solutions
was measured by high-temperature catalytic oxidation with
Shimadzu TOC-Lpycsy (Shimadzu Scientific Instrument,
Japan) according to the method of Bird et al. (2003).

The PAR values were determined using a LiCOR-
193SA scalar quantum sensor connected with a tripod to a
CTDOY0M probe and controlled using Sea & Sun Tech soft-
ware. LICOR-193SA calibrated every 2 years (according to
recommendations of manufacture) using spectrophotometer
and reference silicon photodiodes that are traceable to the
National Institute of Standards and Technology (NIST).

All probes were programmed to take readings at 1-s inter-
vals. In order to minimize wave-related error, the readings
were averaged over standard intervals in 10-cm increments.
The value of PAR on the water surface (PAR) was taken as
100%, and the decrease in PAR with depth was expressed
as a percentage of PAR,. The depth at which the PAR value
reached 1% of the PAR, value was accepted as the depth of
the euphotic zone (Deu). The number of photons reaching
this depth (PAR},) was also measured.

Total suspended particulate matter (SM), suspended par-
ticulate organic matter (SOM), and suspended particulate
mineral matter (SMM) were considered environmental fac-
tors influencing Turb, Kd(PAR), and Deu. Water samples
for determining SOM and SM were taken with a 2-L bath-
ometer in the UR of the estuary: from the surface, at a depth

of half a meter above the bottom, and from three equidistant
water layers between them. In the MR of the estuary, sam-
ples for determining SOM and SM were taken from water
layers above the thermocline, which was determined using
the CTD90M probe. Samples were taken from the surface,
from a depth of 0.5 m above the thermocline and from three
equidistant water layers between them. In this way, com-
posite samples of 10 L were obtained. Half a liter of water
was taken from these samples for laboratory determination
of SOM and SM. SM concentration was determined after
filtration through Whatman GF/F filters with a gravimetric
technique (Grasshoff et al. 1999). The SOM concentration
was determined by the dichromate acid oxidation of a sus-
pension previously deposited on preheated (1 h, 105 °C) and
preweighed GF/F filters (Grasshoff et al. 1999). The SMM
concentration was determined by subtracting SOM from SM.

Statistical Analysis and Data Modeling

The Deu values were averaged for each station over the peri-
ods 2012-2020 and visualized using SURFER 8.0. Vertical
PAR attenuation profiles in % were averaged for the river
station (R1), separately for all stations in the UR of the estu-
ary, and separately for all stations in the MR of the estuary.
The results were visualized using Microsoft Excel. All data
points were used for this (18 stationsx9 years =162 numbers).

The indicator values at each station on each sampling
date were used for correlation, regression, and mixed-effects
regression analysis. Untransformed data were used for all
statistical analysis. Data from stations where the PAR pen-
etration depth was limited by the bottom were excluded
from correlation, regression, and mixed-effects regression
analyses. As a result, we used a matrix of 89 data points for
the correlation-regression analysis (Table 1S). Correlation
and linear regression analyses were perform using Microsoft
Excel. The significance of the Pearson correlation coefficient
was calculated taking into account the Bonferroni correction.

Part of the SOM data was missing in 2020; in this regard,
we analyzed in mixed-effects regression analysis only data
for 2012-2019. Some stations also did not have all indicators.
As a result, for the mixed-effects regression analysis, we got
a final matrix of 63 data lines for each indicator (Table 1S).

Linear mixed-effects models were performed to deter-
mine the most significant factors influencing Deu and Turb
using function “lme” from package “Ime4” (Bates et al.
2015) of the R software (version 4.2.1) (R Core Team 2022).
The null models with no fixed effects except for an intercept
were built separately for Turb and Deu. The full models with
all environmental indices were also built separately for Turb
and Deu. The script was the same as described by Winter
(2013) in “Part 2: A very basic tutorial for performing linear
mixed effects analyses.” Then, the function “dredge” from
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R package “MuMIn” (Barton 2022) was used to find best
mixed models for Deu and Turb. As a result, we performed
two multiregression models with random effects for Turb
and for Deu. The residual plots were checked for all final
models and it showed that the residuals were unbiased and
homoscedastic. In this way, combinations of factors most
strongly influencing separately Turb and Deu were found.

To evaluate the significance of the obtained models with
a random factor, we ran the “r.squaredGLMM” command
from the “MuMIn” package and found that Adj R* for mod-
els without a random factor (R*m) was lower than for models
with a random factor (R?c =0.77). Marginal R*m represents
the variance explained by the fixed effects. Conditional R*c
is interpreted as a variance explained by the entire model,
including both fixed and random effects (Barton 2022).
Accordingly, mixed-factor models better described the origi-
nal data. After that, we ran the “ranova” function from the
R package “ImerTest” (Kuznetsova et al. 2017) and checked
the significance of random effects. We also used the “anova”
function from the R package “ImerTest” package to run the
type III analysis of variance with Satterthwaite’s method
and test the significance of the predictors (fixed effects). In
addition, using the “anova” command from the “ImerTest”
package, we compared our mixed models with random null
models separately for Turb and Zeu in a likelihood ratio
test, as suggested by Winter (2013). As a result, we got the
AIC, chi-square value, probability of chi-square value, and
log-likelihood values. The last function calculates the log-
likelihood for some parameter values, given a random sam-
ple and distribution. This allowed us to conclude that the
models we obtained describe the initial data well (better than
random models with all factors). The full results of the final
models are presented in Tables 2S and 3S.

Transfer Efficiency of PAR to Gross Primary
Production of Plankton

Using our data on the gross primary production of plank-
ton in the Neva Estuary published earlier (Golubkov and
Golubkov 2021) and the data of this study, we calculated
the transfer efficiency of photosynthetically active radiation
on the water surface (PAR,) to gross primary production of
plankton. We performed the calculation in the same way as
O’Gorman et al. (2016). The values of gross primary pro-
duction were expressed in gC m~2 day~'. The conversion
factor for PAR that was used in the calculations was 1 mol
photon m~2 day~'=6.13 g C m~ day~! by relating the Q/W
ratio 2.5 10*! photon s~ kJ=! =4.15 x 10~ mol photon kJ !
(Morel and Smith 1974) with the reciprocal of the energy
content of glucose expressed in carbon units 15.7 kJ g~! glu-
cose=25.4x 1073 g C kJ~! (Southgate and Durnin 1970).
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Results

The Attenuation Coefficient of Photosynthetically
Active Radiation and the Depth of the Euphotic
Zone

The number of photons at different stations, determined
just below the water surface, changed by almost two
orders of magnitude during the study period, averaging
22.98 mol m~2 day~! (Table 1). At the same time, the PAR
attenuation coefficient and the depth of the euphotic zone at
different stations changed 17 times.

The minimum Deu value of 0.5 m was in 2020 at station
6 located in the UR of the estuary, and the maximum value
was 8.5 m at station 14 in 2016 in the MR of the estuary. The
spatial distribution of this indicator showed the lowest Deu
values in the upper and coastal parts of the estuary (Fig. 2a).
In addition, the euphotic zone was deeper at the confluence of
the Neva River than downstream in the estuary. Farther from
the mouth of the river, Deu first decreased slightly, and then
began to increase and reached its highest values in the north-
western part of the MR (Fig. 2b). Such a spatial distribution
of Deu is associated not only with optical characteristics, but
with water depth in various parts of the estuary. For exam-
ple, on average, 4% of the PAR falling on the water surface
reached the bottom at station 2 (Fig. 2b). However, on one
of the dates, 21% of the surface PAR reached the bottom at
this station. At other stations in the UR of the estuary, more
than 1% of the PAR also periodically reached the bottom. The
depth of the euphotic zone was always limited by the bottom
at stations 1 and 2 and usually at stations 3, 4, and 6 in the
UR of the estuary (Fig. 2a). On the contrary, less than 1% of
the PAR always reached the bottom at river station R1 (depth
11 m) and at all stations in the MR of the estuary (Fig. 2a, b).

PAR attenuation profiles averaged over 2012—2020
showed that the profiles for the UR and MR of the estu-
ary almost coincided (Fig. 3). The depth at which 10% of
PAR remained from its values on the water surface dif-
fered slightly and averaged 1.5 m, 1.65 m, and 1.7 m in the
river and in the upper and middle reaches of the estuary,

Table 1 Euphotic zone depth (Deu), quantum scalar PAR just below
the water surface (PAR,) (zero point of the Deu profile), and average
PAR attenuation coefficient for the euphotic zone (Kd(PARp,,)) in
the upper and middle reaches of the Neva Estuary at the end of July
to early August 2012-2020

Min Max Average Median
PAR,, mol m~2 day~! 1.21 101.41 22.98 13.95
Kd(PARy,,), m™! 0.54 9.21 1.65 1.40
Deu, m 0.5 8.5 3.4 3.3
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Fig.2 The average depth of the (a)
euphotic zone (a) and the verti-
cal distribution of PAR (b) in
the upper and middle reaches of
the Neva Estuary in late July—
early August 2012—2020. The
depth of the euphotic zone was
always limited by the bottom at
stations 1 and 2 and usually at
stations 3, 4, and 6. Dam is the
St. Petersburg Flood Protection
Facility
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respectively. Therefore, on average, the PAR attenuation with
depth occurred a little faster in the Neva River (Fig. 3a) than
in both reaches of its estuary (Fig. 3b, ¢). Another difference
was that the spread of standard deviations was higher in the
shallow UR than in the deep MR of the estuary (Fig. 3b, c).
In addition, the spread of standard deviations of PAR attenu-
ation in the water column in the Neva River was less than
in the estuary, especially at depths more than 2 m (Fig. 3a).

In the Neva Estuary, the power-law relationship between
the Deu and the Kd(PAR) gave a high coefficient of deter-
mination (Fig. 4). The depth of the euphotic zone up to
the value of Kd(PARy,,,) ~2 decreased significantly as it
increased. However, at Kd(PARp,,) > 2, the Deu values
remained almost unchanged (Fig. 4). The resulting power
regression is described by the formula:

Deu = 4.6052Kd(PARp,,)™" )

Environmental Factors Affecting the PAR
Attenuation Coefficient and the Depth
of the Euphotic Zone

The minimum, maximum, average, and median values of
the environmental indicators used in the statistical analysis
are shown in Table 2.

An analysis of Pearson’s pair correlations showed that
all optical characteristics of water correlated with each other.
Kd(PARy,,) was negatively correlated with Deu, i.e., with
an increase in the PAR attenuation coefficient, the depth of
light penetration into the water column decreased (Table 3).

Vertical attenuation coefficient of PAR correlated posi-
tively with water turbidity, concentrations of total suspended
particulate matter, and mineral suspended particulate matter,
as well as with the percentage of the mineral fraction in the
total suspended matter. It correlated negatively with depth,

@ Springer



636

Estuaries and Coasts (2023) 46:630-644

(a) PAR [% from surface]
0 10 20 30 40 50 60 70 80 90 100
0 1 I 1 1 1 1 L 1 1 Py
0.8 -
= —e—Average
= —e—Average-SD
§ —e—Average+SD
1.6 4
2.4 4
(b) PAR [% from surface]
0 10 20 30 40 50 60 70 80 90 100
0 1 1 1 Il 1 1 L 1 1 &
0.8 -

—e—Average

‘_% —e—Average-SD
§ —o—Average+SD
[a]
1.6 4
2.4 A
(c) PAR [% from surface]
0 10 20 30 40 50 60 70 80 90 100
0 1 1 1 1 1 1 1 1 1 ’Y
0.8 -
—e—Average
E
= —e—Average-S
8 D
[
o
1.6 4
2.4 A

Fig.3 Average, average minus, and average plus standard deviation ver-
tical profiles of PAR attenuation in the Neva River (a) and in the upper
(b) and middle reaches (c) of the Neva Estuary during the study period
of 2012—2020. The red dots mark the depth at which, on average, 10%
of PAR remained of its values on the water surface. This depth averaged
1.5 m, 1.65 m, and 1.7 m in the river, in the upper and middle reaches of
the estuary, respectively
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Fig.4 Dependence of the depth of the euphotic zone (Deu) on the
PAR attenuation coefficient (Kd(PARp,,)) in the Neva Estuary in late
July—early August 2012—2020

water salinity, percentage of organic suspended matter, and
chlorophyll a in the total suspended matter. Water turbidity,
in turn, was negatively correlated with D, S, SOM%, and
CHLm% (Table 3). However, water salinity was apparently
important not in itself, but as a measure of distance from the
river mouth, since the water turbidity decreased at deeper
and more seaward stations. Water turbidity positively cor-
related with values of SM, SMM, and SMM% (Table 3).
The euphotic zone depth correlated negatively with Turb,
SM, SMM, and SMM% and positively with D, S, SOM%,

Table 2 Morphometric, physio-chemical, and biological indicators
at sampling stations in the Neva Estuary during the period of 2012-
2020. D, water depth (m); D,,_,,, water depth at stations 11-17 (m);
DT;,_;,, thermocline depth at stations 11-17 (m); S, salinity (PSU);
Turb, turbidity (NTU), CDOM, colored dissolved organic matter (g
m‘3); SM, suspended particulate matter (g m_3); SOM, suspended
particulate organic matter (g m~>); SMM, suspended particulate min-
eral matter (g m~>); CHL, chlorophyll a (mg m™>); SOM%, percent
SOM in SM; SMM%, percent SMM in SM; CHLm%, percent CHL in
SM; CHLom%, percent CHL in SOM

Min Max Average Median

D 2.5 25.5 11.6 10.4

D,y 6.5 25.5 14.9 13.0

DT,,_17 2.1 19.2 8.2 72

S 0.06 2.24 0.51 0.38
Turb 2.28 65.68 8.61 5.61
CDOM 10.82 21.05 14.07 13.56
SM 2.53 22.60 5.93 4.57
SOM 1.10 6.66 2.53 2.45
SMM 0.21 20.15 3.40 1.92
SOM% 9.12 94.91 53.38 55.13
SMM% 5.09 90.88 46.62 44.87
CHL 8.82 85.47 20.42 15.81
CHLm% 0.04 1.45 0.42 0.41
CHLom% 0.04 2.10 0.88 0.80
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Table 3 Pearson’s correlation coefficients. Only statistically significant
correlations (p-value <0.01) are shown, taking into account the Bon-
ferroni correction. ns, not significant. Abbreviations are the same as in
Tables 1 and 2

Deu Kd(PARp,,) Turb CHL
Kd(PARy,,) —0.83
Turb —0.63 0.88
CHL ns ns ns
PAR, ns ns ns ns
PAR ns ns ns ns
D 0.57 —-0.44 ns ns
S 0.56 ns ns ns
CDOM ns ns ns ns
SM —0.55 0.85 0.95 ns
SOM ns ns ns ns
SMM —0.55 0.84 0.96 ns
SOM% 0.53 —0.55 -0.57 ns
SMMY% —0.53 0.55 0.57 ns
CHLom% ns ns ns 0.61
CHLm% ns ns -0.40 0.48

and CHLm%. The highest and most significant correlation
for Deu was with water turbidity (Table 3). The depth of the
euphotic zone depended with a high degree of confidence on
the turbidity (Fig. 5). Accordingly, the depth of the euphotic
zone in the midsummer in the Neva Estuary can be calcu-
lated from the water turbidity using the formula:

Deu [m] = 7.48Turb **°[NTU] 3)

Although the correlation coefficient between Turb and
Deu was very high, it was lower than one (Fig. 5). Accord-
ingly, it can be assumed that the set of factors influencing
these indicators was different. We performed mixed-effects
regression analysis using a mixed model for Turb and Deu,
which allowed us to obtain statistically significant linear
mixed-effects models for both indicators (Table 4).

10 1~

Deu [m]

Turb [NTU]

Fig. 5 Relationship between of the euphotic zone depth (Deu) and the
water turbidity (Turb) in the Neva Estuary

A mixed-effects model for water turbidity in the estuary
with three predictors gave the most accurate results. The
predictors were the depth of the water area (D), the con-
centration of suspended particulate mineral (SMM), and
suspended particulate organic matter (SOM). This model
corresponds to the regression equation:

Turb [NTU] =4.83 + 0.87SMM [gm |

+0.48S0M[gm~’] — 0.15D[m] “@

The water turbidity was affected to the greatest extent by
SMM, which explained 91% of the variance; second and third
places were taken by D and SOM, which together explained 9%
of the variance (Table 5). Although the second and third pre-
dictor, D and SOM, improved the reliability of the model, they
were important only in combination with the first predictor.

The mixed-effects model showed that the depth of the
euphotic zone in the Neva Estuary depended on a combina-
tion of four environmental factors: the depth of the water area,
the concentration of chlorophyll a, and the concentrations of
suspended particulate mineral and organic matter (Eq. 5).

Deu [m] =3.95 + 0.08D[m] — 0.02Chl [mgm™|

— 0.06SMM [gm™] + 0.13SOM [gm ] ®)

Analysis of variance showed that the main predictor of
the model was water depth, which explained 60% of the vari-
ance. Chlorophyll a concentration, which explained 26%
of the variance, was the second most important predictor
(Table 5). The remaining two predictors were not statisti-
cally significant, but together, they explained 14% of the
variance (Table 5).

Analysis of random effects showed that there were no
statistically significant random effects on the turbidity model
(Table 6). At the same time, “Year” (the year, when samples
were taken) had a statistically significant random effect on
the Deu model.

Mixed-effects regression analysis also showed that,
although Turb and Deu in the Neva Estuary were closely
and significantly related, the sets of factors affecting
these two indicators in the estuary were somewhat dif-
ferent. The turbidity of water was almost completely
determined by the concentration of SMM. The depth of
the euphotic zone according the result of mixed-effects
regression analysis was determined by a large number
of factors, and two of them, the depth of the water area
and the concentration of chlorophyll, were statistically
significant. An unexpected result was that the concentra-
tion of CDOM, varying within the study area by 2 times
(Table 2), did not show significant correlations in the
analysis of pairwise correlations (Table 3), and was not
a predictor in mixed-effects regression models for Turb
and Deu (Table 5).
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Table 4 The results of comparing the obtained mixed models with null models using the Likelihood Ratio Test. Df, degree of freedom; AIC,
Akaike information criterion; logLik, log-likelihood; Chisq, chi-square value; Pr(> Chisq), probability; R’m, marginal R%; R?c, conditional R?

Df AIC logLik Chisq Df Pr(> Chisq) R’m R%
Turb.null 4 320.8 —~156.4
Turb.model 7 276.9 —-131.5 49.97 3 <0.001 0.74 0.84
Deu.null 4 167.6 -79.8
Deu.model 8 162.1 —73.0 13.5 4 0.009 0.51 0.75

Diagrams of the horizontal distribution of the euphotic
zone depth, constructed according to empirical data
(Fig. 2a) and according to mixed-effects regression equa-
tion (Fig. 6), are almost identical. Therefore, the resulting
multiple regression equation is consistent with these data.

Transfer Efficiency of PAR to Gross Primary
Production of Plankton

The transfer efficiency of photosynthetically active radiation
on the water surface (PAR;) to gross primary production of
plankton in the Neva Estuary was 1.91%. The utilization effi-
ciency of PAR in the estuary decreased with an increase in its
intensity on the water surface (Fig. 7a), because the primary
production of plankton did not depend on PAR, (Fig. 7b).

Discussion

Summer Kd(PAR) values in the Neva Estuary (Table 1)
were significantly higher compared to Kd(PAR) values
in the open sea waters of Northern Europe. For example,
Kd(PAR) value was about 0.4 m~! in the open waters of the
North Sea (Riegmann and Colijn 1991). In the study cover-
ing the north of the Gulf of Bothnia, the western part of the
Gulf of Finland, and the central and southern parts of the
Baltic Sea to the Denish Straits, its values varied from 0.10
to 0.95 m~! (Neumann et al. 2015). In the Danish Straits

Table 5 Analysis of variance for model predictors. F, F value; p-value,
probability of F value. Abbreviations are the same as in Tables 1 and 2.
Bold font indicates statistically significant predictors

Y variables X variables F p-value Contribution to
model variance (%)

Turb SMM 77.8 <0.001 91

D 5.02 0053 6

SOM 2.62 0.113 3
Deu D 18.80 <0.001 60

Chl 8.27 0.006 26

SMM 3.18 0.081 10

SOM 1.34 0252 4

connecting Baltic and North Seas, Kd(PAR) varied within
0.1-0.6 m~! in different seasons (Lund-Hansen 2004). In
these straits, the depth of the euphotic zone was 8.3 m, and
Kd(PAR) was 0.56 m~! in March during the peak of spring
bloom. In June, Deu was 15.7 m and Kd(PAR) decreased to
0.29 m~! (Lund-Hansen 2004). In the Neva Estuary, with
a minimum Kd(PAR) of 0.54 m~!, the maximum depth of
the euphotic zone was 8.5 m (Table 1), which practically
coincides with the minimum Deu in the Danish Straits. In
these straits, 50% of PAR was attenuated at depths of 1.6 and
2.4 m, when Kd(PAR) were 0.56 and 0.29 m~', respectively
(Lund-Hansen 2004). For comparison, in the Neva Estuary,
PAR decreased to 50% at a depth of about 0.4-0.5 m at the
peak of summer bloom (Fig. 3), and the maximum Kd(PAR)
was more than 9.0 m™' (Table 1).

The values of Kd(PAR) and Deu in the Neva Estuary are
close to the values of these indicators in the lakes located in
the watershed of the Gulf of Finland. A study of Finnish lakes
located on the northern coast of the Gulf of Finland showed
that Kd(PAR) in these lakes varied within 1.7-3.5 m™! in
summer (Jones and Arvola 1984). In the lakes located on
the southern coast of the Gulf of Finland, the Kd(PAR) val-
ues varied closer to the range in the Neva Estuary than in
the Finnish lakes. For example, Kd(PAR) was between 0.7
and 2.5 m~! in the mesotrophic Lake Pepsi with an average
depth of 7 m (Noges 2001). In the shallower eutrophic Lake
Vortsjarvi (average depth 2.8 m), Kd(PAR) varied from 1.65
to 3.40 m~! (Arst 2003). In the hypereutrophic and shallowest
lake Harku (maximum depth 2 m), Kd(PAR) ranged from 2.5
to 7.7 m~" (Arst et al. 2008). These values were similar to

Table6 ANOVA-like table with test of random-effect terms in the model.
Abbreviations are the same as in Tables 1 and 4. LRT, likelihood ratio test
value

Y variables X variables logLik AIC LRT Pr(> Chisq)
Turb none —131.44 276.9
Station —-132.73 2775 2.582 0.1080
Year —131.60 275.2 0.309 0.5781
Deu none —73.04  162.08
Station —=74.10  162.21  2.130 0.14445
Year —78.43 170.86 10.787 0.00102
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Fig.6 The euphotic zone depth 29°30' 30°00°
(Deu) in the Neva Estuary L L —
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Kd(PAR) values (0.5-9.2 m™) in the Neva Estuary. There-
fore, the values of Kd(PAR) and the depth of the euphotic
zone in the Neva Estuary and other coastal shallow areas of
the Baltic Sea were more similar to their values in the lakes
located on the catchment area of the Gulf of Finland than to
the waters of the open part of the Baltic Sea.

The main factors affecting the values of Kd(PAR) and Deu
are usually considered to be the concentrations of SM and
CDOM. It has also been shown that SM and CDOM primarily
filter out the short-wavelength part of the spectrum, while the
long-wavelength of PAR goes deeper (Kirk 2011; Chupakova
et al. 2018; Zhang et al. 2020). Changes in the concentration
of SM, including non-living organic matter and phytoplank-
ton, explained up to 85% of the variability in water transpar-
ency even in the open part of the Baltic Sea (Baltic Proper)
(Kratzer and Tett 2009; Harvey et al. 2019). In the Danish
Straits, changes in Kd(PAR) were 42% dependent on SM, 32%
on phytoplankton biomass, and 17% on CDOM (Lund-Hansen
2004). According to our data, the mineral and organic fractions
of suspended particulate matter, as well as phytoplankton bio-
mass, which was measured by the concentration of chlorophyll
a, were also predictors of the depth of the euphotic zone in
the Neva Estuary (Table 5). It should be taken into account
that in the shallow UR of the estuary, a high concentration
of suspended matter is mainly observed due to the resuspen-
sion of bottom sediments in windy weather (Martyanov and
Ryabchenko 2016), or as a result of the construction of port
infrastructure, which is periodically renewed in the UR of
the estuary (Ryabchuk et al. 2017; Golubkov and Golubkov
2022). During these periods, the concentration of SM reached
180 g m~2 and it mainly consists of SMM, the content of which
in SM can exceed 90% (Golubkov and Golubkov 2022). The
depth of the euphotic zone during such periods averaged
about 1.5 m in the UR of the estuary (curve of average+SD
PAR in Fig. 3b). On the contrary, in calm weather during the
period when the construction of ports was not carried out, the

concentration of SM in the water in the UR of the estuary sig-
nificantly decreased, and the PAR values decreased with depth
much more slowly (curve of average—SD PAR in Fig. 3b). In
contrast to the UR, there was no resuspension of bottom sedi-
ments due to wind mixing in the stratified MR of the estuary
(the thermocline depth is less than the depth of the water area,
Table 2). In this part of the estuary, the PAR values at different
depths varied mainly due to the inflow of some SM from the
UR of the estuary or periodic weather-related algal blooms
occurring there (Golubkov and Golubkov 2020, 2021). As a
result, the variation in PAR values at different depths in the
MR of the estuary was less than in its UR (Fig. 3b, c¢). At the
same time, the differences in the average vertical profiles of
PAR attenuation with depth between the upper and middle
reaches of the Neva Estuary were not so significant. The shal-
low depths of the euphotic zone in the upper reaches of the
estuary were often determined by its shallowness, when the
lower part of the PAR attenuation profile was “cut off” by the
bottom (Fig. 2b).

Resuspension of bottom sediments both in windy weather
and due to the construction of port infrastructure in the Neva
Estuary led to a multiple increase in the concentration of
suspended mineral matter (SMM) and a decrease in the
proportion of organic matter (SOM%) and the proportion
of chlorophyll (CHLm%) in suspended matter (SM). As a
result, turbidity was positively and euphotic zone depth was
negatively correlated with SM and SMM, and vice versa,
Turb was negatively correlated, while Deu was positively
correlated with SOM% and CHLm% (Table 3). The short-
term resuspension of bottom sediments due to strong wind
apparently did not have a subversive effect on phytoplankton,
since it corresponded to the natural dynamics of the estuary
ecosystem. However, a long-term increase in the concen-
tration of suspended matter during the construction of port
infrastructure resulted in a significant decrease in primary
production of plankton (Golubkov and Golubkov 2022).
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Fig.7 Dependence of transfer (a)
efficiencies of PAR energy at
the water surface (PAR,) to first 16 -
trophic level (a) and primary
production (PP) on PAR (b) in
the Neva Estuary in midsummer
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CDOM concentration is an important parameter in Deu
calculations in hydrodynamic-biogeochemical models for
open and coastal areas of the Baltic Sea (Savchuk 2002),
especially for its northern parts, such as the Gulf of Bothnia
(Savchuk 2002; Neumann et al. 2015; Harvey et al. 2019).
For example, water transparency in the coastal zone of the
Swedish part of the Gulf of Bothnia significantly depended
on the concentration of CDOM (Harvey et al. 2019). Our
studies also showed high concentrations of CDOM in the
upper and middle reaches of the Neva Estuary (Table 2) that
were even slightly higher than in the coastal zone of the Gulf

@ Springer
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of Bothnia. These high concentrations were due to a very
large catchment area of the Neva River, covering 281,000
km? (Telesh et al. 2008), which has many swamps. However,
changes in CDOM concentration were not a predictor in
mixed-effects regression models for Deu in the upper and
middle reaches of the Neva Estuary (Table 5). The reason
for this, apparently, was that its concentration in different
parts of the UR and MR of the estuary changed only 2 times
during the summer period (Table 2). In opposite, accord-
ing to our data, the concentration of SM in different parts
of the estuary altered by 9 times (Table 2). The maximum
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SM values were observed in the shallow parts of the estu-
ary, and the minimum values were in its deep parts. For this
reason, water depth and the concentration of SM were one
of the main predictors in mixed-effects regression equation
for Deu and showed significant pairwise correlations with
Deu and Kd(PAR) in the Neva Estuary (Tables 3, 5). There-
fore, depth may be also a good predictor for the depth of the
euphotic zone in shallow coastal waters of the Baltic Sea. A
similar conclusion was made for water transparency in the
East Japan and East China seas, where the depth of coastal
waters identified as an important predictor of this indicator
(Kim et al. 2015). At the same time, depth was not taken
into account in the biogeochemical models developed for the
Baltic Sea, since the bulk of the data for their calibration was
obtained in open Baltic waters, where depth is not important
(Savchuk 2002; Neumann et al. 2015; Harvey et al. 2019;
Kratzer et al. 2019). This limits the applicability of these
models to the shallow coastal areas of the Baltic Sea.

A more significant effect of CDOM on Deu in open waters
compared to coastal waters can be also explained by a faster
decrease in the concentration of suspended matter due to its
sedimentation compared to the concentration of dissolved
substances with distance from the river mouth (Lizitzin 1999;
Emelianov 2003; Bianchi 2007; Shirokova et al. 2017). As
a result, the role of CDOM in PAR attenuation can increase
with distance from the river mouth even if their concentra-
tion does not change (Pedersen et al. 2014). However, in the
shallow Neva Estuary with frequent resuspension of bottom
sediments and high level of eutrophication, this parameter
was insignificant as compared with SMM, SOM, CHL, and
water depth (Tables 3, 5).

The Neva Estuary is also one of the most eutrophic
areas in the Baltic Sea with high phytoplankton biomass in
summer (Golubkov et al. 2017, 2021). For this reason, the
concentration of chlorophyll was one of the predictors of
the euphotic zone depth in the Neva Estuary according to
mixed-effects regression analysis (Table 5). Similar results
were obtained in the eutrophic Roskilde Estuary within the
city of Copenhagen, where the concentration of chlorophyll
a had the main effect on Kd(PAR), and suspended inanimate
organic matter was in second place (Pedersen et al. 2014).
There is also an opinion that the depth of the euphotic zone
in the coastal areas of the Baltic Sea is mainly affected by
inorganic suspended matter (Lund-Hansen 2004; Kratzer
and Tett 2009; Kari et al. 2018), while in open waters, it
depends on the concentration of CDOM and phytoplank-
ton during algal blooms (Neumann et al. 2015; Harvey
et al. 2019). However, in the Neva Estuary, the depth of
the euphotic zone depended on both the concentration of
mineral suspended matter and phytoplankton (Tables 3, 5).
These examples show that there are regional features of the
relationship between the euphotic zone depth and various
environmental factors.

The formula (2) obtained by us for the relationship
between the depth of the euphotic zone and the PAR attenu-
ation coefficient gives a better determination coefficient and
very close to formula 4.6/Kd(PAR), which was proposed
by Kirk (2011) to inland and some turbid coastal waters.
This regional formula (2) as well as mixed-effects regres-
sion (Table 5) can be used to interpret satellite images of
the studied coastal area. Previously, a statistically significant
relationship has been shown between Kd(PAR) and the coef-
ficient of vertical attenuation at 490 nm (Kd(490)), which
can be easily obtained from satellite images of the Baltic
Sea (Mueller 2000; Pierson et al. 2008). Through mode-
ling, Pierson with colleagues (2008) showed that Kd(490)
is significantly related not only to Kd(PAR) but also to the
depth of the euphotic zone. For example, water transpar-
ency parameters were obtained in some parts of the Baltic
Sea, as well as in some lakes located in the Baltic catch-
ment using Kd(490) (Alikas and Kratser 2017). The regional
coefficients obtained by us increase the accuracy of deter-
mining the depth of the euphotic zone in summer, at least
in the Neva Estuary. They can also be used to study water
productivity from satellite images, taking into account the
relationship between Kd(PAR) and Kd(490).

O’Gorman et al. (2016) calculated that in the rivers of
the south-west of Iceland, the efficiency of using the PAR
energy incident on the water surface to produce gross pri-
mary production was 2.4—5.3%. In the case of the Neva
Estuary, the average efficiency of using PAR energy to cre-
ate gross primary production was inversely proportional to
the PAR value (Fig. 7a), averaging about 2%. At the same
time, the PP did not depend on the amount of radiation
incident on the water surface (Fig. 7b). This means that
the PP in the estuary was limited by other environmental
factors, which included underwater light conditions and
nutrient concentrations.

According to Harvey et al. (2019), predicted wetter climate
in Scandinavia and, as a result, a future increase in river runoff
will lead to a decrease in the euphotic zone due to an increase
in the runoff of humic substances from the watershed, which,
in turn, may lead to a decrease in the primary production of
plankton in coastal waters. For example, it has been shown
that CDOM, even at low concentrations, reduces transpar-
ency and, as a result, limits primary production in Norwegian
lakes, but the lack of light can be compensated by a higher
level of nutrients (Thrane et al. 2014). However, a significant
increase in precipitation in the region of the Neva Estuary in
recent years as a result of changes in atmospheric circulation
did not lead to a decrease in primary production in the estu-
ary (Golubkov and Golubkov 2020, 2021). This is apparently
due to the fact that, as shown by our studies (Table 3), CDOM
did not have a significant effect on the light conditions in the
upper and middle reaches of the Neva Estuary. On the con-
trary, rainy and windy weather observed in the region in 2010s
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during the period of the positive anomaly of the North Atlan-
tic Oscillation positively correlated with the concentration of
nutrients, chlorophyll, and the primary production of plankton
in these parts of the estuary (Golubkov and Golubkov 2020,
2021). It should also be taken into account that high solar
insolation and an increase in the intensity of photosynthesis
and phytoplankton biomass lead to a rapid depletion of nutri-
ents and a deterioration in light conditions in the water column
(Fogel et al. 1992; Fry 1996; Golubkov et al. 2020), which
can disguise the effect of an increased CDOM concentration.

In conclusion, one should agree with Harvey et al. (2019)
that light conditions in different regions of the Baltic Sea,
while seemingly identical, can be determined by different
factors, and that more research should be carried out in dif-
ferent water areas to clarify this issue.
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