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Despite the potential for carbon storage in tidal flats, little is known about the
details of relevant processes because of the complexity of intertidal physical
and chemical environments and the uniqueness of the biota. We measured air-
water carbon dioxide (CO,) fluxes and water-sediment oxygen (O,) fluxes over
atidal flat in Tokyo Bay by the eddy covariance method, which has the potential
to facilitate long-term, broad-scale, continuous monitoring of carbon flows in
tidal flats. The results indicated that throughout the tidal flat in Tokyo Bay, CO,
was taken up from the atmosphere at a rate of 6.05 + 7.14 (mean + SD) mmol
m~2 hour™, and O, was taken up from the water into the sediment at a rate of
0.62 + 1.14 (mean + SD) mmol m~2 hour™%. The fact that the CO, uptake rate
was about 18 times faster than the previously reported average uptake rate in
the whole area of Tokyo Bay was attributable to physical turbulence in the
water column caused by bottom friction. Statistical analysis suggested that light
intensity and water temperature were the major factors responsible for
variations of CO, and O, exchange, respectively. Other factors such as
freshwater inputs, atmospheric stability, and wind speed also affected CO,
and O, exchange. High rates of O, uptake from the water into the sediment
surface and high rates of atmospheric CO, uptake into the water column
occurred simultaneously (R* = 0.44 and 0.47 during day and night,
respectively). The explanation could be that photosynthetic consumption of
CO, and production of O, in the water column increased the downward CO,
(air to water) and O, (water to sediment) fluxes by increasing the concentration
gradients of those gases. Resuspension of sediment in the low-O, layer by
physical disturbance would also increase the O, concentration gradient and
the O, flux in the water.
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Introduction

Coastal marine areas are important sites of carbon storage
because photosynthetic rates are high, and sedimentation and
burial of carbon sequesters carbon from the atmosphere for long
periods of time (Mateo et al, 1997; Mcleod et al., 2011).
Quantification of carbon fluxes in coastal waters is therefore
critical to identifying effective strategies for mitigating the
adverse effects of anthropogenic CO, emissions. Recent studies
have compared carbon accumulation rates and have concluded
that the rates in several coastal areas are ten times larger than the
rates in the open ocean (e.g., Nellemann et al., 2009). However,
there is a paucity of analyses of atmospheric CO, exchange rates
in coastal areas compared with the numerous studies of carbon
accumulation rates in sediments (Frankignoulle, 1988; Kayanne
et al., 1995; Borges et al., 2005; Tokoro et al., 2008; Tokoro et al.,
2014). Those studies have indicated that autotrophic production
in coastal ecosystems results in net CO, absorption from the
atmosphere and counteracts the tendency of those ecosystems to
emit CO, produced by the decomposition of organic matter
from land runoff. However, precise estimation of atmospheric
CO, exchange in coastal areas is challenging because of the
complexity of the spatiotemporal variations of coastal
CO, exchange.

Carbon accumulation rates in tidal flats (10-120 g C m™
year'1 % 0.13 million km?, (Widdows et al., 2004; Sanders et al.,
2010; Endo and Otani, 2019; Murray et al., 2019) have been
estimated to be on the same order of magnitude as the rates
associated with other vegetated coastal habitats like salt marshes
(15s1gC m?2 year'1 x 0.4 million km?2, Nellemann et al., 2009).
However, despite numerous measurements, little is known about
the details of carbon flows in tidal flats because of the uniqueness
of the biota, the complexity of the carbon flows, the intertidal
conditions, and inputs of brackish water. Because tidal flats
located near human population centers are easily affected by
anthropogenic impacts associated with eutrophication,
pollution, and land reclamation, analysis of interactions
between carbon fluxes and human activities is therefore an
urgent issue.

Evaluation of the interactions between atmospheric CO,
and carbon fluxes in tidal flats is especially difficult. The
mechanism of exchange is quite different between periods of
sediment submergence (air-water) and exposure (air-
sediment). Furthermore, the estimation of air-water CO,
fluxes using empirical wind-driven equations, which have
been used in previous studies of other coastal areas and the
ocean, is likely to be inaccurate because air-water CO, fluxes
are likely to be greatly affected by tidal-driven effects (e.g.,
O'connor and Dobbins, 1958; Raymond and Cole, 2001; Borges
et al.,, 2004). Therefore, direct measurement techniques have
been used to estimate atmospheric CO, exchange rates over
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tidal flats. The chamber method is a direct measurement
technique that estimates CO, exchanges from changes of
CO, density inside a chamber on the surface of the water or
sediment. The method can be applied to both air-water and
air-sediment fluxes in tidal flats (Middelburg et al., 1996;
Migné et al.,, 2002; Spilmont et al., 2005; Klaassen and
Spilmont, 2012; Sasaki et al., 2012; Otani and Endo, 2019).
However, the temporal duration and spatial range of the
chamber method are limited because the measurement area
is usually less than 1 m* and the hand-operation is required for
each measurement. Therefore, a comprehensive analysis of
atmospheric CO, exchange over tidal flats is still difficult
with the method. The eddy covariance (EC) method is
another direct measurement method and is applicable to
measurements without submerged/exposed conditions.
Although the measurement area depends on several
conditions like the fluctuation of wind direction, the CO,
exchange in a scale of several hundred meters to several
kilometers can be measured without any hand-operation.
Although use of the EC method is costly because the
equipment is expensive and the correction procedure is
complex, the EC method has been used in several studies to
measure CO, fluxes over tidal flats because the fluxes are
integrated over large spatiotemporal scales (Zemmelink et al.,
2009; Polsenaere et al., 2012).

Water-sediment O, exchange is important proxy for the analysis
of inorganic and organic carbon dynamics in aquatic ecosystems
because O, exchange usually relates to CO, exchange in the mole
ratio of near 1:1 through photosynthetic activities, respiration and
organic matter decomposition. Although the measurement of
atmospheric O, exchange has not been reduced to practice due to
the difficulty in the measurement with enough sampling rate, the EC
method has been applied for the measurement of water-sediment
exchange (Kuwae et al., 2006; Berg et al., 2022). The EC method for
O, exchange has an advantage of the temporal duration and spatial
range as well as for CO, exchange. Additionally, the EC method can
measure O, exchange directly and avoid altering the natural
conditions (e.g., flow, light and metabolism) compared with other
methods using incubated cores or benthic chambers.

In this study, we used the EC method to measure
atmospheric CO, exchange over a tidal flat in Tokyo Bay. We
used other EC devices to measure exchange of O, between the
water and sediment for comparison with the CO, exchange and
determined whether biological activities in the water and
sediment were related. Our goal was to identify the factors
that regulated those fluxes. Most of the tidal flats in Tokyo
Bay have disappeared because of urban development and
reclamation of coastal land during the last century, and
measurements in the remaining tidal flats were therefore
important for the prediction of how future human activities
will likely affect conditions in the bay.
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Materials and methods

In situ measurements were conducted over the Banzu tidal flat
in Tokyo Bay during February 2011. The Banzu tidal flat is an
intertidal sand flat with an area of 7.6 km” and a shallow slope of
1/1000 situated on the eastern shore of Tokyo Bay, Japan
(Figure 1). The sediments are fine sand flat with a median grain
size of 170-190 um (Uchiyama, 2007). The tidal range during the
measurement was 0.7-1 m and about half of the area was
submerged at high tide. There are no macrophytes on the tidal
flat, and microphytobenthos on the sediment (2200 mg Chl-a m™
and 90 mg C m2, Hosokawa, 1999) account for most of the
primary production. The biomass of the secondary producers was
larger than of the primary producers and was reported to be 1500
and 20,000-40,000 mg C m? in September as of bacteria and
macrobenthos (mostly bivalves), respectively (Hosokawa, 1999).
Although the biomass of macrobenthos in winter was reported to
be one-tenth the mass of in summer, the secondary producers in
the tidal flat were considered to exceed the primary producers in
the biomass through the year. The large biomass of secondary
producers indicates a large organic carbon fixation from plankton
or detritus inflowed from the surrounding areas like Tokyo Bay.
This suggested that estimation of atmospheric CO, exchange
without direct measurements should be difficult due to large
carbon input come from outside the tidal flat. Although the
tidal flat consists of an estuarine delta connected to the Obitsu
River (watershed area: 273.2 km?), water exchange would be
driven mainly by tidal exchange because the flow rate was far
smaller than the tidal current and could not be quantified by the

Tokyo Bay

Platform

FIGURE 1

Obitsu River
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former observations (e.g., Uchiyama, 2007). The water of Tokyo
Bay has been reported to be an atmospheric CO, sink because of
the photosynthetic activity of phytoplankton (10-20 mg Chl-a m’
%) which is enhanced by sewage inputs from the surrounding
urban area (Kubo et al., 2017; Tokoro et al., 2021).

The EC method for measuring atmospheric CO, exchange
determines vertical CO, fluxes within the atmosphere by
measurements at high frequency (10-20 Hz) of eddy
movement vertically and atmospheric CO, density. The EC
method can estimate atmospheric CO, exchange from
measurements in air at an altitude of more than several meters
and is thus applicable to measurements in the intertidal zone.
The EC method also enables continuous and automatic
measurements to be made over broad spatiotemporal scales.
Comprehensive analysis is thus easier with the EC method than
with other onsite measurement methods. We used the following
equation to calculate CO, exchange (F; positive and negative
values mean atmospheric CO, efflux and influx from/to water or
sediment, respectively) every 30 minutes:

JR— ! !
%pLW’ “F+p.(1 +#%)T“TW-FZ

a

F=p/w'-Fi+pu (1)

where F; and F, are the transfer coefficients that correct the
frequency attenuation of the CO, exchange for the response time
of the sensor, path-length averaging, sensor separation, signal
processing, and the averaging time of each measurement
(Massman, 2000). The first term on the right-hand side of Eq.
1 is the product of F; and the uncorrected CO, exchange
calculated as the covariance of the CO, density p, and vertical

Kisarazu
tide station

Location of the measurement site (Banzu tidal flat, Tokyo Bay, Japan). The yellow shading indicates the area of the tidal flat during low tide.
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wind speed w (the bar and prime symbols indicate the mean and
the deviation from the mean, respectively). The wind speed was
corrected using a double rotation to make the average vertical
wind speed zero during the 30-min time interval (Lee et al.,
2004). The second and third terms are the product of F, and the
Webb-Pearman-Leuning correction for the fluxes of latent heat
and sensible heat, respectively (Webb et al., 1980). These terms
correct for the change of air volume due to changes of moisture
and temperature, respectively. The other symbols in Eq. 1 are as
follows: p;, dry air density; p,, water vapor density; T,, air
temperature; and u, ratio of molar weight of dry air to
water vapor.

Although the EC method facilitates coastal measurements,
the estimated fluxes have been associated with large
uncertainties, especially for air-water CO, fluxes (Vesala et al,
2012; Blomquist et al., 2014; Kondo et al., 2014; Tokoro et al,,
2014; Tkawa and Oechel, 2015). Several studies reported that
these uncertainties were caused by the spatiotemporal
heterogeneities of water temperature or turbulence conditions
(Rutgersson and Smedman, 2010; Mork et al., 2014). Although
several studies have suggested methods to correct air-water CO,
fluxes estimated by the EC method (Prytherch et al., 2010; Edson
et al.,, 2011; Landwehr et al., 2014; Tokoro and Kuwae, 2018), we
made the following simple corrections during the post-
processing procedure because the measurement in this study
included air-sediment CO, fluxes that were not covered by the
above correction methods.

We used two operations to detrend measurement
parameters and exclude CO,-exchange outliers in this study.
Detrending is a necessary procedure in the EC method because
long-term variations that are unrelated to CO, eddy movement
must be removed. The three main types of detrending methods
involve use of mean values, linear approximation, and high-pass
(recursive) filtering. The appropriate method depends on the
complexity of the long-term trend. In this study, we used high-
pass filtering because the temporal changes in the tidal flat were
complex. High-pass filtering was carried out with an exponential
moving average as follows:

(@)

where x; and y; are the filtered and original datum at time ;.

xi=0-x g+ (l-a) y

o is the time constant of the filtering and was set to 1.7x107
seconds in accord with McMillen (1988). We used the median
absolute deviation (MAD) of the CO, exchange as a criterion for
excluding outliers (Rousseeuw and Croux, 1993).

MAD = median{|X; - median(X)|}  (3)
where X; is the original datum. A scaled MAD
(=1.4826xMAD) was used as an alternative to the standard
deviation as an outlier criterion to avoid an outlier effect on
the mean and standard deviation. This criterion was suitable for
the outlier exclusion of EC data because the outlier criterion was
an order of magnitude larger than the average value. In this
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study, a CO, exchange rate that deviated from the median of all
the CO, exchange data by more than three times the scaled
MAD was identified as an outlier and was excluded.

The EC method for O, exchange between the water and
sediment was basically the same as the EC method for CO,
exchange. The O, exchange was determined from the covariance
of O, and the vertical current velocity because the change of
water volume with temperature and moisture could be ignored.
A sampling rate somewhat more than several Hz would be
enough for O, and current velocity measurements because the
water eddy transport at a frequency of 0.3-1.4 Hz would be the
main contribution to O, exchange according to previous studies
(Kuwae et al., 2006; Berg et al., 2022). In addition, the transfer
coefficients (F; and F, in Eq. 1) could be ignored because any
related parameter such as the path-length averaging distance and
sensor separation are far smaller for O, EC devices than for CO,
EC devices. The time lag between the O, and current
measurement should be corrected because the time response
of O, is slower than that of other devices like the current
velocimeter. The details of the time lag correction have been
described by Kuwae et al. (2006). The post-processing procedure
of detrending and outlier exclusion were applied using the linear
approximation and the scaled MAD, respectively, because the
long-term changes of O, were less complicated than those of
atmospheric CO,.

CO, EC data were recorded every 30 minutes from 17
February 2011 at 11:30 to 24 February 2011 at 22:00. The EC
measurement devices for CO, were installed on a platform on
the tidal flat (35.401°C N, 139.893°C E) where the water depth
was about 0.3-1.0 m at high tide during the measurement period
(Figure 2). The platform was located near the edge of the tidal
flat, and the altitude of the platform was almost zero. The
duration of the exposure period was about 11-13 hours during
the measurement. We used an open-path CO, analyzer (LI-
7500; LI-COR) and a 3-D sonic anemometer (CSAT-3,
Campbell) for the EC measurement of atmospheric CO,
density and atmospheric eddy diffusion, including air
temperature, respectively. The devices were placed at the top
of the platform (about 5 m from the bottom). All EC data were
measured at a sampling rate of 20 Hz, and the atmospheric CO,
exchange was calculated every 30 minutes. The footprint, which
is an index of measurement range of the EC measurement,
depends on the measurement height, wind speed, atmospheric
stability, and the roughness of the measurement site (here, 0.005
m was assumed to be the roughness of the tidal flat). Footprint
estimation (Kljun et al.,, 2004) indicated that 90% of the CO,
exchange measurement came from< 270 m upwind.

The EC measurements of O, were made only from 16:00 on
21 February to 22:30 on 24 February. The O, EC measurement
devices were set on the platform in a direction perpendicular to
the dominant direction of the tidal current to avoid artifacts
during measurements (Figure 2). O, concentrations were
measured with a Clark-type oxygen microelectrode (OX-10,
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FIGURE 2
Platform for CO, EC and O, EC

Unisense). The time for a 90% response of the microelectrode to
a O, change was less than 0.3 s. Eddy current movements were
measured with an acoustic Doppler velocimeter (ADV) (Vector,
Nortek). O, concentrations and eddy current movements were
measured at a rate of 64 Hz as a precaution in the analysis of
dissipation rate near sediment (not used in this study), although
about 5 Hz is enough for O, EC measurements. The O,
exchange was calculated every 5 minutes, and 30-minute
averages were compared to CO, EC data. Horizontal current
velocities were also measured with the ADV. Because these
devices were positioned ~5 cm above the sediment surface, the
measurements were invalid when the water depth was less than
5 cm.

The details of the methods used to make the other physical
measurements such as water temperature, salinity, water depth,
and radiation were as follows. Water temperature and salinity
were measured using a thermo-salinometer (Compact-CT, JFE-
Advantech) at a sampling interval of one minute. Water depth
was measured using an optical O, sensor (Rinko, JFE-
Advantech) at sampling intervals of 10 minutes; the sensor
was also used to calibrate the O, microelectrode. Water depths
were determined from the raw O, sensor data and one-point
calibration using the tide data at Kisarazu produced by the Japan
Meteorological Agency (Figure 1). Photosynthetically active
radiation (PAR) was measured with a quantum sensor (LI-
190, LI-COR) installed on the top of the platform (5-m
height). The sampling interval for these data was one minute.

Frontiers in Marine Science

CO, EC devices

10.3389/fmars.2022.989270

O, EC devices

05

The devices, except for the PAR sensor, were installed on the
platform at a height of ~5 cm above the sediment surface.

The factors that determined atmospheric CO, exchange
rates were quantified via multivariate linear analysis. Because
the mechanism of CO, exchange on tidal flats was quite different
between submerged and exposed periods, the analysis was
performed separately for submerged and exposed periods.
Measurements made during daytime and nighttime were
analyzed separately. The effects of the variables were quantified
by the partial regression coefficient of the normalized predictor
variables. The predictor variables were normalized by
subtracting the mean and dividing by the standard deviation
of each predictor variable. The partial regression coefficient was
the slope of the relationship between the normalized predictor
variables (water temperature, salinity, air temperature, wind
speed, PAR, water depth, current speed and O,) and the
dependent variable (CO, exchange). Predictor variables with
larger coefficients accounted for more of the variance of the
dependent variable.

Results

Twenty of the CO, exchange data were excluded because
they were outliers based on a scaled MAD of 6.77 mmol m >
hour™!; the remaining 338 data were used to determine

atmospheric CO, exchange rates over the Banzu tidal flat
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(Figure 3). The CO, exchange rate (—6.05 = 7.14 mmol m™>

hour™!, mean + 1SD) indicates that the tidal flat was an
atmospheric CO, sink during the measurement period. The
CO, exchange during submerged periods (here, water depth >
0.05 m) and exposed periods were —6.51 + 6.80 (n = 163) and
-5.61 + 7.43 mmol m 2 hour! (n = 175), respectively. The
difference between the CO, exchange rates was not significant (t-
test, P=0.24). The CO, exchange rates during daytime (here,
more than 10 umol quanta m ™ s™' PAR) and nighttime were -
8.20 + 7.35 (n = 151) and -4.31 + 6.48 mmol m™> hour™" (n =
187), respectively. The result indicates that the tidal flat absorbed
atmospheric CO, through the day and the influx of atmospheric
CO, was significantly greater during daytime than at night (t-
test, P=4.2 x 107).

After exclusion of five outliers of the O, exchange data based
on a scaled MAD of 1.14 mmol m > hour™', the remaining 68
data were used to determine a water-sediment O, exchange rate
of —0.62 + 1.14 mmol m > hour™". The fact that the O, exchange
rate was negative meant that the flux of O, was into the
sediment. The water-sediment O, exchange rates during
daytime and nighttime were —-0.63 + 1.16 (n = 26) and
—0.64 = 1.14 mmol m™? hour ™ (n = 42), respectively. The
difference was not significant (t-test, P=0.97).

The averages and standard deviations of related predictor
variables were as follows: water temperature, 9.33 + 1.70°CC (n =
175); salinity, 28.92 + 6.11 (n = 167); air temperature, 7.45 +
2.39°CC (n =279); wind speed, 5.34 + 2.47 m s7! (n=279); PAR,
202 + 326 umol quanta m 2 s™! (n = 358); water depth, 0.19 +
0.27 m (n = 357); current speed, 1.08 + 0.83 cm s ' (n=88);and

10.3389/fmars.2022.989270

dissolved O,, 10.77 + 0.83 mg L' (n = 174) (Figure S1). The
winds blew from the northeast during most of the measurement
period (February 18-23) but blew from the south on February 17
and 24.

The estimated partial regression coefficients and adjusted
coefficient of determination of each analysis are shown in
Table 1 (the dependent variable is CO, EC exchange rate), and
Table 2 shows the analogous data for O, EC change. Because of
small number of current speed and O, data, these variables are
not used for the CO, EC analysis. No multi-collinearity was
detected among the predictor variables; the highest correlation
coefficient between the predictor variables was 0.66 (water
temperature and air temperature). The analyses were
significant for CO, and O, exchange except for during the
night exposed period.

Discussion

Previous studies of CO, fluxes over tidal flats have reported
both the absorption and release of atmospheric CO,
(Middelburg et al., 1996; Migne et al., 2002; Spilmont et al,,
2005; Klaassen and Spilmont, 2012; Sasaki et al., 2012; Otani and
Endo, 2019). The causes of the differences in CO, exchange have
been thought to include the conditions of vegetation and
sediment as well as the season when the measurements were
made. The influxes of atmospheric CO, measured in this study
were consistent with the results of previous EC measurements in
the Wadden Sea (Zemmelink et al., 2009), where the sediment

=1

L CO2
02

Exchange (mmol m Zhour

48

50

52 54 56

Days in 2011

FIGURE 3

Temporal variations of atmospheric CO, (black) and O, (red) exchange rates measured by EC methods.
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TABLE 1 Partial regression coefficients between the predictor variables and atmospheric CO2 exchange.

Submergence
Day
Water temp. (C°) -0.036
Salinity (-) -0.57
Air temp. (C°) 0.32
Wind speed (m s -0.15
PAR (umol m~> s™) 0.58
Water depth (m) 0.18
Adjusted R* 0.44

Exposure
Night Day night
-0.91 n.d. n.d.
-0.56 n.d. n.d.
0.72 -0.25 0.24
-0.73 -0.42 0.08
n.d. -0.65 n.d.
0.29 n.d. n.d.
0.54 0.41 0.04

The adjusted coefficients of determination for each multivariate regression analysis are also shown. The shaded area indicates that the coefficient might be zero or opposite in sign or that the
analysis itself is not significant. Numbers in bold font indicate the most effective parameter in each analysis.

TABLE 2 Partial regression coefficients and coefficients of determination between the predictor variables and O2 exchange rates.

Water temp. (C°)
Salinity (-)

Air temp. (C°)

Wind speed (m s™)
PAR (umol m? s™)
Water depth (m)

DO (mg L™)

Current velocity (cm/s)
Adjusted R*

Details are the same as in Table 1.

and vegetation are similar to those at this study site. The
sediments in the Wadden Sea consist of fine sand and silt, and
the grain size is though to be the same or slightly smaller than at
this study site. Both sites have communities of bacteria and
microphytobenthos on the sediment surface. The CO, exchange
during the submerged (high tide) and exposed (low tide) periods
in the Wadden Sea were —10 and —11 mmol m 2 hour},
respectively, during the daytime. The corresponding fluxes
during the night were —0.3 and —1.0 mmol m™> hour™’,
respectively. The seawater flow from the surrounding coastal
areas that generally absorbs atmospheric CO, is a common
background of the CO, exchange at both sites. In addition,
primary production in the water column and microbial mats on
the sediment surface have been hypothesized to be the reason for
atmospheric CO, absorption in the Wadden Sea (Zemmelink
et al., 2009). Our results also indicated that the difference of
atmospheric CO, exchange was not significant between
submerged and exposed periods but was significant between
daytime and nighttime. Biological activities in the water column
and microbial mats might also be the main factors regulating
atmospheric CO, exchange at our study site.

The magnitude of the rate of CO, uptake from the
atmosphere was about 20 times larger than the magnitude of
the uptake rate of 0.33 + 0.31 mmol m~> hour" in Tokyo Bay

Frontiers in Marine Science

07

Submergence
Day Night
-2.35 0.86
-0.33 -1.36
0.62 -0.10
-1.18 -0.77
0.16 nd.
0.22 -0.16
0.04 0.71
0.07 0.02
0.97 0.51

reported by Tokoro et al. (2021). The previous study by
Zemmelink et al. (2009) in the Wadden Sea has likewise
indicated that atmospheric CO, absorption measured over the
tidal flat was larger than that estimated in nearby European
coastal zones (< 1.4 mmol m™ hour™). A similarly large CO,
exchange in near-shore areas has been observed in several
coastal areas by direct measurements using floating chambers
(Borges et al., 2004; Tokoro et al., 2008) and by the EC method
(Rutgersson and Smedman, 2010; Tokoro et al., 2014; Ikawa and
Oechel, 2015; and this study). These studies have indicated that
large CO, exchange rates could be explained by physical
turbulence near the water surface. Physical turbulence near the
water surface in an area where the depth of the water exceeds the
mixed layer depth is regulated only by wind speed, whereas
physical turbulence in shallow areas is enhanced by factors like
bottom friction and friction associated with macrophytes.
Because of the absence of macrophytes and the turbulent
conditions at the study site, we hypothesized that physical
turbulence associated with bottom friction was the main
reason for the enhancement of gas exchange in our study.
Unfortunately, the quantification of the bottom friction effect
was impossible in this study because the significant relationships
of current speed and water depth to the CO, exchange were not
confirmed from our measurements (Tables 1, 2). More
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measurements of the CO, exchange, depth and current speed are
required for the precise analysis of atmospheric CO, exchange
over tidal flats.

The adjusted coefficient of determination indicated that
about half of the variance of the CO, exchange could be
explained by the predictor variables. The exception was the
CO, exchange when the sediment was exposed at night. The
unexplained half of the variance might have been associated with
heterogeneity inside the footprint caused by differences of tidal
conditions and differences of salinity due to inputs of river water.
Nonlinear relationships between the predictor variables and CO,
exchange as well as errors in EC measurements may have
accounted for the rest of the unexplained variance.

The partial regression analysis for the CO, EC data showed
that salinity and PAR were the most significant regulating
factors during submerged conditions and the daytime,
respectively (Table 1). The implication was that the input of
freshwater and photosynthetic uptake of CO, in the water and
on the sediment surface regulated atmospheric CO, exchange
over the tidal flat. The salinity decreased when the water over
the tidal flat was shallow. The freshwater presumably came
from the Obitsu River, which discharges from the northeast
onto the tidal flat (Figure 1). The fact that the prevailing winds
blew from the northeast caused part of the footprint to be easily
affected by discharges from the Obitsu River. Note that the sign
of the PAR coefficient differed between the periods of
submergence and exposure. Because atmospheric CO,
exchange was basically negative (influx to water or
sediment), the positive coefficient was inconsistent with
expectations based on photosynthetic activity. High PAR
might have increased the water temperature and thereby
reduced the solubility of CO, in the water. The result could
have been a decrease of atmospheric CO, uptake, despite an
increase of photosynthetic activity in the water during the
measurement period when both water temperature and PAR
were low throughout the year. Because the water temperature
just below the water surface could not be measured by the
thermo-salinometer, such a relationship might not be apparent
from the partial regression coefficient of water temperature
(=0.036 and insignificant) versus the CO, exchange rate during
the day under submerged conditions (Table 1).

The partial regression coefficients during submergence at
night were negative and positive for water temperature and air
temperature, respectively. The implication is that colder water
and warmer air reduced the influx of atmospheric CO,. Because
an increase of temperature with height above the water surface
would stabilize the atmosphere directly over the water surface,
the vertical eddy transport of CO, might be reduced during
submergence at night on the tidal flat (Cava et al,, 2004). It is
possible that the same reduction of vertical eddy transport of
CO, occurred during the period of exposure, but because the
temperature near the sediment surface was not measured in this
study, we can neither confirm nor reject this hypothesis.
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The partial regression coefficients of O, fluxes estimated via EC
measurements indicated that wind speed increased O, absorption
into the sediment during both the day and night. Physical
turbulence of the water therefore had more effect on atmospheric
O, exchange than on CO, exchange. However, the high coefficient
of determination and partial regression coefficient of water
temperature during the daytime indicated that water temperature
was the dominant factor that regulated O, exchange between the
water and sediment. The implication was that photosynthetic
activity on the sediment surface during the submerged period was
more affected by water temperature than by other parameters like
PAR. During the night, when variations of water temperature
would be smaller than during the day, the effect of water
temperature would be less apparent. Freshwater input would
probably have decreased O, absorption into the sediment because
a decrease of salinity might have adversely affected photosynthesis
by microphytobenthos and thereby have decreased O, absorption.
Because the variations of water temperature were smaller at night
than during the day, the effects of freshwater input might be more
apparent at night than during the day.

A significant correlation between air-water CO, fluxes and
water-sediment O, exchange was apparent during both the day
and night (Figure 4). The implication was that high rates of O,
absorption near the sediment surface and high rates of atmospheric
CO, absorption into the water column over the sediment occurred
simultaneously. Such a relationship seems inconsistent with the
biological activity of the microphytobenthos because uptake of
dissolved O, should be accompanied by release of CO, into the
water column and a resultant increase of the partial pressure of CO,
in the water, and vice versa. However, the relationship seems
consistent with biological activity in the water column, wherein
photosynthetic activity leads to absorption of atmospheric CO, and
release of dissolved O,, and vice versa. The decrease of CO, and
increase of O, concentrations in the water column would cause an
increase of the downward CO, (air to water) and O, (water to
sediment) fluxes because the concentration gradients would increase
at each boundary layer. Physical turbulence could enhance that
relationship. An increase of wind speed or bottom friction could
enhance both air-water CO, fluxes and water—sediment O, exchange
via physical turbulence. Resuspension of sediment in the low-O,
layer by physical disturbance would also increase the O,
concentration gradient in the water. Unfortunately, the limited
number of O, EC measurements in this study precluded further
testing of this hypothesis. Additional O, EC data will be required fora
more detailed analysis.

Summary

The mechanisms associated with the atmospheric CO, exchange
on a tidal flat measured in this study could be summarized as follows.
(1) The tidal flat in Tokyo Bay and the Wadden Sea are both sinks for
atmospheric CO,. In both cases, there are no macrophytes, and the

frontiersin.org


https://doi.org/10.3389/fmars.2022.989270
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Tokoro and Kuwae

10.3389/fmars.2022.989270

CO2 exchange (mmol m Zhour ")

Daytime
20t A . Nighttime
_25 1 1 1 1
-4 -3 =2 =1 0 1 2

02 exchange (mmol m 2hour ")

FIGURE 4

Comparison between atmospheric CO, and O, exchange rates. The red and blue dots indicate exchange rates during daytime and nighttime,
respectively. The red and blue lines are the linear regressions between the two rates during the daytime (R*> = 0.44, p = 0.03) and nighttime data

(R? = 0.47, p = 0.002).

sediment is composed mainly of fine sand. (2) Air-water CO, fluxes
over the tidal flat were about 20 times the fluxes in Tokyo Bay. The
likely explanation is enhancement by tide-driven factors. (3)
Freshwater input and PAR were important factors that regulated
CO, exchange during submergence and the daytime, respectively. (4)
A stable atmospheric layer near the water/sediment surface might
have reduced atmospheric CO, exchange during the night. (5) O,
exchange was affected by physical turbulence caused by wind over the
water/sediment surface. O, absorption into the sediment would be
increased by warm water and decreased by freshwater inputs during
the daytime and nighttime, respectively. (6) Photosynthetic activity
in water and physical turbulence increased atmospheric CO,
absorption and the supply of O, to the sediment surface. This
study was limited to several days in the winter, and annual
measurements by EC methods are expected to provide more
understanding of the carbon flow over tidal flats surrounding
urbanized areas like Tokyo Bay.
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