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As concerns about ocean acidification continue to grow, the importance of macroalgal
communities in buffering coastal seawater biogeochemistry through their metabolisms is
gaining more attention. However, studies on diel and seasonal fluctuations in seawater
chemistry within these communities are still rare. Here, we characterized the spatial and
temporal heterogeneity in diel and seasonal dynamics of seawater carbonate chemistry
and dissolved oxygen (DO) in three types of macroalgal habitats (UAM: ulvoid algal mat
dominated, TAM: turf algal mat dominated, and SC: Sargassum horneri and coralline
algae dominated). Our results show that diel fluctuations in carbonate parameters and DO
varied significantly among habitat types and seasons due to differences in their biological
metabolisms (photosynthesis and calcification) and each site’s hydrological
characteristics. Specifically, carbonate parameters were most affected by biological
metabolisms at the SC site, and by environmental variables at the UAM site. Also, we
demonstrate that macroalgal communities reduced ocean acidification conditions when
ocean temperatures supported photosynthesis and thereby the absorption of dissolved
inorganic carbon. However, once temperatures exceeded the optimum ranges for
macroalgae, respiration within these communities exceeded photosynthesis and
increased CO2 concentrations, thereby exacerbating ocean acidification conditions. We
conclude that the seawater carbonate chemistry is strongly influenced by the metabolisms
of the dominant macroalgae within these different habitat types, which may, in turn, alter
their buffering capacity against ocean acidification.
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INTRODUCTION

Macroalgae provide numerous ecological functions such as
enhancing the primary production and providing food and
shelter for other organisms (Kim et al., 2015; Mineur et al.,
2015; Metzger et al., 2019; Edwards et al., 2020; Sullaway and
Edwards, 2020). With increasing impacts of ocean acidification
(OA) on marine ecosystems (Doney et al., 2009; IPCC, 2019), the
role of macroalgae, and more specifically their metabolisms, in
buffering coastal ecosystems against OA has received
considerable attention because they can alter seawater
carbonate parameters through photosynthesis and respiration,
and to a lesser extent calcification and dissolution (Comeau and
Cornwall, 2016). Indeed, macroalgae can reduce seawater pCO2

within some coastal waters, and thereby temporarily mitigate the
effects of OA (Murie and Bourdeau, 2020; Xiao et al., 2021). They
can also influence diel and seasonal cycles in seawater chemistry
because their metabolisms are strongly influenced by patterns of
solar irradiance. These cycles, however, likely also vary among
habitats that are characterized by different macroalgae with
different metabolisms. As a result, examining diel and seasonal
variations in seawater chemistry within and around different
types of macroalgal communities can help discern the
importance of biological and chemical interactions between
macroalgae and seawater chemistry parameters (Gonzales
et al., 2017; Carrano et al., 2020; Carrano et al., 2021).

The coastal ocean experiences large fluctuations in its
carbonate chemistry due to both hydrodynamic and biological
activities (Lee et al., 2011; Cai et al., 2020; Kim et al., 2020b). In
fact, variability in seawater pH within some coastal oceans can be
greater than that in the open ocean (Hofmann et al., 2011).
Several studies have shown that substantial diel fluctuations in
pH and pCO2 occur in the waters around macroalgal
communities (e.g., Delille et al., 2000; Middelboe and Hansen,
2007; Delille et al., 2009; Krause-Jensen et al., 2015). In general,
photosynthesis and respiration strongly contribute to diel
variations in inorganic carbon by absorbing CO2 during the
day and releasing CO2 at night (Chou et al., 2018), with the net
effects of these being manifested in net community production
(NCP) (Cyronak et al., 2018; Edwards et al., 2020). To a lesser
extent, the production and dissolution of CaCO3 by calcifying
organisms (e.g., coralline algae, epiphytes and benthic
invertebrates) also alter seawater carbonate chemistry, with the
net effects of these being quantified as net community
calcification (NCC) (Turk et al., 2015; Ragazzola et al., 2021).
Both NCP and NCC can regulate seawater total alkalinity (AT)
and total dissolved inorganic carbon (CT) following a well-
established stoichiometry, where the ratio of AT-CT for NCP is
–0.2 and the ratio for NCC is 2.0 (Krumins et al., 2013; Sippo
et al., 2016). Hence, measuring the relationship between AT and
CT could be an effective way to identify the dominant metabolism
within these communities. For example, while NCP is the
dominant metabolism within some shallow coastal regions of
the Mediterranean Sea throughout the year, NCC can lead to
decreases in AT during the summer within areas of the coast that
are dominated by coralline algae whose metabolisms alter DAT/
Frontiers in Marine Science | www.frontiersin.org 2
DCT ratios (Ragazzola et al., 2021). Another potential metric for
evaluating the biogeochemical effects of macroalgal communities
on seawater chemistry is the relationship between CO2 partial
pressure (pCO2) and dissolved oxygen (DO), as photosynthesis
lowers pCO2 but increases DO, while respiration releases CO2

but consumes DO (Zhai et al., 2009; Vachon et al., 2020). Hence,
the coupling pCO2 and DO can help discern the status of ocean
metabolism, explicitly the ratio of primary production and
respiration (Kuss et al., 2006; Zhai and Dai, 2009; Vachon
et al., 2020).

At present, the ability of macroalgae to mitigate OA by altering
seawater chemistry has been studied in kelp beds (Frieder et al.,
2012; Britton et al., 2016; Pfister et al., 2019; Edwards et al., 2020)
and seaweed farms (Li et al., 2021; Xiao et al., 2021). In contrast,
other macroalgal communities in coastal oceans have seldom been
studied (Middelboe and Hansen, 2007; Wahl et al., 2018). The
types of macroalgal communities are diverse, and their influence on
the biogeochemical interactions within the surrounding
environment can vary depending on their community structures
(Kim et al., 2015; Spector and Edwards, 2020). For example, in
habitats dominated by opportunistic macroalgae, fluctuations in
biogeochemical parameters may be large because of high rates of
photosynthesis and respiration, whereas at the same time the
absence of calcifying organisms may result in only small changes
in AT (e.g., Deng et al., 2018). On the other hand, habitats
dominated by canopy-forming macroalgae such as kelp beds
exhibit high rates of respiration due to their strong ability to
capture organic matter (Edwards et al., 2020; Spector and
Edwards, 2020). However, the coralline algae that inhabit the
rocky bottom within these kelp beds can create unexpected
biogeochemical responses because of their integrated
metabolisms (Edwards et al., 2020). In the turf algal mats, lower
metabolism appears than that in the blooming area of the canopies,
but more complex variations in AT and CT occur in the turf algae
because of the higher species diversity. However, studies on the
ability of different macroalgal communities to alter seawater
carbonate parameters have not been conducted. In particular, it
is necessary to better understand diel fluctuations in carbonate
parameters within these communities because changes in these
parameters can reveal the influence of their biological metabolisms,
which are regulated by changes in irradiance between the daytime
and nighttime.

Anthropogenic activities are leading to widespread changes in
macroalgal communities along the temperate coast of Korea, and
acclimation patterns of the dominant macrophytes (i.e., their
phenology) are clearly observed according to the seasons. For
example, in Pohang new port, Korea, coralline algae are
dominant in all seasons, but the canopy-forming alga,
Sargassum horneri is abundant only in winter (Yoo et al.,
2006). Indeed, total macroalgal biomass is high in winter and
spring, and low in summer and autumn. In addition,
opportunistic macroalgae have become abundant in coastal
areas with intensive nutrient inputs (Lee and Kang, 2020; Kim
et al., 2020b; Kang et al., 2021), while coralline algae have become
dominant in other areas because of climate change and increased
herbivore pressure on fleshy macroalgae (Kim et al., 2020a). Over
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time, these macroalgal communities are turning into tiny
mosaics with strong spatial heterogeneity. Hence, it is
important to investigate fluctuations in seawater chemistry in
and around these different communities throughout the year if
we are to evaluate seasonal variation in their abilities to buffer
against changes in pH (Delille et al., 2009; Koweek et al., 2017).
In this study, we investigate diel and seasonal heterogeneity in
carbonate chemistry and dissolved oxygen within different
macroalgal habitats, and attempt to understand how diel
metabolic activities within various macroalgal habitats are
affecting seawater chemistry in different seasons, and their
implications for OA mitigation.
Frontiers in Marine Science | www.frontiersin.org 3
MATERIALS AND METHODS

Study Area
Seawater carbonate parameters and DO were measured in three
macroalgal habitats along the east coast of the Korean peninsula
near the Odo, Heunghae-eup, Pohang-si (36°9’15’’N, 129°
24’3’’E) (Figure 1). This area is located in the East Sea (a
marginal sea in the northwestern Pacific), which takes up
substantial amounts of anthropogenic CO2 that subsequently
changes the carbonate chemistry of the East Sea (Park et al.,
2006). Otherwise, the study area has no large-scale sources of
pollutants, with the only sewage flowing from nearby villages
FIGURE 1 | (A) The location of study area where the three sites with different macroalgal habitats were located in Odo beach of Pohang on the east coast of the
Korea peninsula, (B) locations of the three study sites with different macroalgal habitats (UAM, ulvoid algal mat; TAM, turf algal mat; SC, coexisting Sargassum
horneri and crustose coralline algae) and (C) photographs of three macroalgal habitats (UAM: top, TAM: mid, and SC: bottom). Maps were generated using a
Google satellite map and QGIS 3.20 Odense software (QGIS Development Team, 2021).
May 2022 | Volume 9 | Article 857153
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(Heunghae-eup: with a population of less than 40,000) and
harbors. The water mass at the sampling area is physically
quite stable. Specifically, the tidal range is less than 30 cm, and
there are nearly no tidal currents. In addition, depending on the
weather conditions, the mixing of seawater occurs actively by
waves from the open ocean. Our previous study showed that the
concentrations of nitrate and phosphate were maintained at
relatively low and stable levels, up to 12 µmol kg-1 and 1 µmol
kg-1 respectively (Unpublished data). Three macroalgal habitats
were chosen within the study area as sampling sites, namely
ulvoid algal mats (UAM), turf algal mats (TAM), and a
coexisting habitat of the canopy-forming macroalga, Sargassum
horneri, and crustose coralline algae (SC). Specifically, the UAM
site, which covers approximately 2,500 m2, is located inside of the
harbor where the sewage from villages is input directly and
ulvoid green algae (e.g., Ulva australis) are predominant, showing
close to 100% coverage. Also, small individuals of Undaria
pinnatifida are attached to the harbor’s concrete wall. Metabolism
at the UAM site is expected to be dominated by photosynthesis/
respiration of ulvoid seaweed and microalgae, and by microbial
respiration. The TAMsite, which covers approximately 3,550m2, is
located near the outer harbor and has more than 30 species of
understory and canopy-forming macrophytes that are distributed
haphazardly (e.g.,Chlorophyta:Ulva spp., Phaeophyta: S. horneri,
Saccharina japonica, U. pinnatifida; Rhodophyta: Portieria
japonica, Callophyllis japonica, Plocamium telfairiae; Vascular
plants: Zostera marina, Phyllospadix iwatensis, etc.). Since the
exchange of seawater at the TAM site is relatively active
compared to the UAM site, photosynthesis and respiration by the
benthic community are balanced, and microbial respiration is
expected to be relatively low. The SC site, which is connected to
anopenocean andnot semi-enclosed, is located at the outside of the
harbor and is a transitional habitat to an urchin barren ground
wheremost of the foliosemacroalgaehavedisappeared, except for S.
horneri, and where the crustose coralline algae (CCA) species have
become dominant due to the intense herbivore pressure. At the SC
site, we can expect intense photosynthesis/respiration by S. horneri
and CCA, and calcification/dissolution by CCA. Also, the biomass
of benthic macrofauna was less than 16% compared to that of
macroalgae near the TAMand SC sites (see Supplementary Tables
S1, S2). The distance between three sampling sites is very close
(UAM to SC: 310 m; UAM to TAM: 120 m; TAM to SC: 270 m).
Salinity (during the carbonate chemistry analysis) and temperature
data (during the in-situ monitoring) are presented in
Supplementary Table S3.

Seawater Sampling and Determination
of Carbonate Parameters
(nAT, nCT, and npHT)
To characterize diel fluctuations in seawater carbonate
parameters, seawater was collected from each of the three
macroalgal habitats (UAM, TAM, and SC) during four
seasonal events in 2019: winter (from Feb. 12 at 9:00 AM to
Feb. 13 at 7:00 AM), spring (from May 30 at 9:00 AM to May 31
at 6:00 AM), summer (from Aug. 8 at 9:00 AM to Aug. 9 at 6:00
AM), and autumn (from Oct. 10 at 9:00 AM to Oct. 11 at 6:00
Frontiers in Marine Science | www.frontiersin.org 4
AM). At each site, seawater was collected every 2 to 3 hours over
a 24-hour period to determine total alkalinity (AT), total
inorganic carbon (CT), and pH on the total hydrogen ion
concentration scale (total scale, pHT). As three sites were close
to each other, we collected the samples for each site at similar
times on the same day. All seawater sampling procedures and
carbonate chemistry analyses followed the standard operation
procedures for ocean CO2 measurement as described by Dickson
et al. (2007). The seawater samples were collected from about
0.5 m above the bottom of macroalgal habitats using a custom-
made sampler (2 L capacity) made of transparent PC material,
and quickly transferred to two 500 ml borosilicate airtight glass
bottles respectively (1,500-500 Pyrex; Corning, NY, USA)
without introducing air bubbles. The bottles were immediately
closed with vacuum grease (Apiezon M grease; M&I Materials
Ltd., Manchester, UK) after adding 100 µL saturated mercuric
chloride (HgCl2) to poison all organisms and stop the
metabolism. These bottoles were then stored cold in the dark
until measurement.

Seawater AT, CT, and pHT were measured within two weeks
after sampling. Concentrations of AT and CT were measured using
potentiometric and coulometric titration methods, respectively,
within the VINDTA system (Versatile Instrument for the
Determination of Titration Alkalinity, Marianda, Kiel,
Germany). For AT measurements, the samples were titrated with
weak HCl (0.2 M). The volume of added acid was recorded at least
25 points until the titration to the endpoint [Electromotive force
(EMF) ≈ 400 mV]. The values of AT were determined from the
resulting titration data using a non-linear curve fitting within the
VINDTA LabView-software (Millero et al., 1993; Dickson et al.,
2007). Note that AT errors associated with organic acids and
particulate organic matter were found to be negligible in this
environment (Ko et al., 2016; Lee et al., 2021). To analyze CT, the
coulometer cell was filled with ethanol amine and a colorimetric
indicator. When the gas stream passes through the solution, CO2

is absorbed quantitatively. Seawater pHT was determined
spectrophotometrically (Clayton and Byrne, 1993) by adding the
sulfonephthalein indicator m-Cresol Purple (mCP, Sigma-Aldrich
Chemical Co., St. Louis, MO, USA) at the room temperature of 25°
C. The absorbances of samples with and without the mCP
indicator were measured using a 10 cm path length cuvette and
a sp e c t r opho t ome t e r (Ag i l e n t 8 453 UV-V i s i b l e
Spectrophotometer; Agilent Technologies, Pal Alto, CA, USA) at
wavelengths of 730, 578, and 434 nm (Clayton and Byrne, 1993;
Dickson, 1993). Specifically, the tube and cuvette were rinsed with
sample before each measurement, and then the cuvette full of
sample was placed in the sample compartment of the
spectrophotometer. After the absorbance measurement, 80 µl
mCP indicator was injected into the cuvette and mixed with
sample by gently inverting. Then the cuvette was returned to the
spectrophotometer to measure again the absorbances of the
sample with indicator. Prior to measurements, the precision and
performance of the instruments were verified using certified
reference materials (CRMs, supplied by A. G. Dickson, Scripps
Institute of Oceanography, U.S.A., batch number 180, 183 and
184). The accuracy of these measurements was ± 1.5 µmol kg-1 for
May 2022 | Volume 9 | Article 857153
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AT, ± 2 µmol kg-1 for CT and ± 0.004 unit for pHT. The salinity of
samples was measured using a salinometer (Portasal™ 8410A;
Guideline Instruments Ltd., USA). To consider only the effects of
biological metabolism on the carbonate chemistry, the values ofAT

and CT were normalized to salinity (by multiplying by a factor of
the averaged salinity value/S, where S is the measured salinity value
of each sample) to remove the effect of salinity variations on AT

and CT. Also, values of pHT were normalized to temperature of
25°C to remove the effect of temperature on pHT. The normalized
values are expressed as nAT, nCT, npHT hereafter.

In-Situ Monitoring Seawater
Biogeochemical Parameters
(pCO2, DO, and pHNIST)
Various data logger sensors were deployed at each of the three
macroalgal habitats to monitor in-situ seawater biogeochemical
parameters, including partial pressure of carbon dioxide (pCO2),
dissolved oxygen (DO) and pH on the scale of National Institute
of Standards and Technology (NIST scale, pHNIST) for two to six
days each in winter (from Feb. 18 to Apr. 2), spring (from May
24 to Jun. 3), summer (from Aug. 9 to 19), and autumn (from
Oct. 15 to 23) in 2019. The in-situ measurements at three sites
were conducted on different dates during the monitoring period
since we needed to put the sensors at one site after another. The
number of monitoring days at each site was different, from at
least two to six days, because of the weather and other practical
considerations. In particular, the UAM site was monitored for
only 34 hours in summer due to the interruption by a typhoon.
Although the winter monitoring continued until Apr. 2 (spring),
these data were included in winter data because there was no
significant change in water temperature during monitoring
(approximately 11°C). A CONTROS HydroC CO2 sensor
(Kongsberg Maritime Contros GmbH, Kiel, Germany)
equipped with a non-dispersive infrared (NDIR) analyzer was
used to measure pCO2, and data were stored every 1 hour. This
instrument and 16.8V lithium battery were fixed together on a
stainless-steel frame and placed at 0.2 m above the bottom of
each macroalgal habitat. A HOBO datalogger U26-001 and a
HOBO datalogger MX2501 (onset computer corporation,
Bourne, MA, USA) were used to monitor DO and pHNIST with
temperature respectively, which were fastened on a stainless-steel
frame and deposited at 0.2 m above the bottom of each
macroalgal habitat. The caps of DO dataloggers were replaced
every six months to obtain reliable results. Before the in-situ pH
monitoring, dataloggers were calibrated using the NIST standard
reference buffer (pH 4.0, 7.0, and 10.0; YSI 3821~3823, YSI Inc./
Xylem Inc., USA). After in-situ monitoring, pHNIST values
showed stable signal when re-calibration with the reference
buffer. Data of DO and pHNIST were stored every 10 minutes.

Data Analysis
Statistical analyses were performed using SPSS software version 25,
and PRIMER/PERMANOVA version 6.1.13. All data were checked
for normality and equality of variances prior to testing. Data for
normalized carbonate chemistry (nAT, nCT, and npHT), and in-situ
monitoring data (pCO2, DO, and pHNIST) were all non-normal and
heteroscedastic, and could not be fixed by transformation.
Frontiers in Marine Science | www.frontiersin.org 5
Therefore, differences in each parameter among seasons and
macroalgal sites were analyzed with separate two-way Model I
PERMANOVAs on Euclidean distance-based resemblance
matrices, as described by Anderson and Walsh (2013). Data were
square root transformed prior to analyses. Due to very large sample
sizes (100’s to 1,000’s depending on variable), our analyses had an
abundance of statistical power to resolve even very small differences
in our response variables. Consequently, we acknowledge p-values
alone may not be entirely informative when evaluating the effects of
each explanatory factor, as described for ANOVA by Graham and
Edwards (2001). We therefore include the amount of variation in
our response variables (% of total) that was explained by each
explanatory factor by calculating their magnitudes of effect (w2)
(Graham and Edwards, 2001). Following this, a priori hypotheses
regarding general differences among the four seasons and/or three
habitats were examined using permutation pairwise comparisons as
post hoc tests on the season and site main effects. All data are
presented as mean ± standard deviation unless otherwise stated. All
data figures and fitting curves were generated using DataGraph 4.7.1
software (Visual Data Tools, Inc., Chapel Hill, North Carolina,
USA). The extreme outliers were excluded from the statistical
analysis and subsequent figures. To further study the ratio of net
organic metabolism (net community production; NCP) and net
inorganic metabolism [net community calcification; NCC;
(Cyronak et al., 2018)], nAT values and nCT values at three sites
in four seasons were plotted separately to create a least squares
fitting curve using a linear regressionmodel. The obtained slope was
grouped with corresponding temperature and generated a least
squares fitting curve using the linear regression model to study the
relationship of the nAT - nCT slope and temperature. As the relative
variation of nAT and nCT follows a well-established stoichiometry
that is specific to the respective biogeochemical process, where the
ratio for photosynthesis/respiration is –0.2 and the ratio for
carbonate dissolution/calcification is 2.0 (Krumins et al., 2013;
Sippo et al., 2016), the relative percent influence of NCP on
changes in nCT was calculated according to the following formula
(Cyronak et al., 2018):

%NCP =
2 − slope

2:2
� 100%

where the slope is the slope of nAT - nCT vector.
Since the correlation of pCO2 and DO has been shown to have

implications for upper ocean metabolic status, i.e., primary
production/respiration and their history (Zhai et al., 2009), the
pCO2 and DO values were grouped together, creating a least
squares fitting curve using the non-linear exponential
regression model.
RESULTS

Seawater Carbonate Chemistry
(nAT, nCT, and npHT)
The means with standard deviations and the variation ranges of
seawater nAT, nCT, and npHT at three macroalgal sits in four
seasons are presented in Table 1, and the diel patterns of these
three parameters are shown in Figure 2. In general, nAT ranged
May 2022 | Volume 9 | Article 857153
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from 2203.4 to 2318.9 µmol kg-1 at the UAM site, and from 2202.0
to 2329.4 µmol kg-1 at the TAM site, besides from 2189.0 to 2304.0
µmol kg-1 at the SC site within four seasons. nCT values had a
range from 1793.7 to 2161.3 µmol kg-1 among all collected data.
The highest value of npHT (8.23) was at the SC site in winter, and
the lowest value (7.63) was at the SC site in spring. Salinity values
were relatively stable in winter and spring (around 34 ‰), then
decreased to approximately 32 ‰ in summer and autumn
( Supplementary Table S3). Overall, nAT values differed among
seasons (PERMANOVA: Pseudo-F3,199 = 566.280, P(perm) < 0.001)
and the macroalgal habitat types (Pseudo-F2,199 = 13.429, P(perm) <
0.001), and these two factors interacted with each other (Season ×
Site interaction: Pseudo-F6,199 = 11.467, P(perm) < 0.001) (Table 2).
However, this interaction explained very little (5%) of the total
variation in nAT values. In contrast, differences among seasons
explained most of the total variation in nAT (86%), with the mean
values in winter (2212.1 ± 11.8 µmol kg-1), spring (2225.9 ±
13.8 µmol kg-1), summer (2219.0 ± 18.7 µmol kg-1), and autumn
(2299.2 ± 10.8 µmol kg-1) all being significantly different from one
another (permutation post hoc tests: P ≤ 0.015 for each comparison).
In contrast, differences among sites explained only 1% of the
variation in nAT, with the mean values at the UAM site (2241.2 ±
34.4 µmol kg-1) being significantly higher than values at the TAM
(2233.4 ± 38.5 µmol kg-1) and the SC (2230.0 ± 35.0 µmol kg-1) sites
(permutation post hoc tests: P < 0.001 for each comparison). nAT

values did not differ between at the TAM and SC sites (P = 0.193).
nCT values also varied among seasons (PERMANOVA: Pseudo-
F3,203 = 33.837, P(perm) < 0.001) and sites with different macroalgal
habitat types (Pseudo-F2,203 = 4.276, P(perm) = 0.015), and these
factors interacted with each other (Season × Site interaction:
Pseudo-F6,203 = 3.263, P(perm) = 0.007) (Tables 1, 2 and
Figure 2). However, this interaction again explained very little
(7%) of the total variation in nCT. In contrast, differences among
seasons explained far more of the variation in nCT (34%), with
Frontiers in Marine Science | www.frontiersin.org 6
mean values in winter (1968.5 ± 50.8 µmol kg-1 SW), spring (2019.4
± 77.4 µmol kg-1), summer (1982.1 ± 47.0 µmol kg-1), and autumn
(2072.3 ± 66.1 µmol kg-1) all being significantly different from one
another (permutation post hoc tests: P < 0.01 for each comparison),
with an exception of the difference between winter and summer,
which was not statistically different from one another (P = 0.104).
Differences among sites again explained very little (3%) of the
variation in nCT, with the values at the UAM site (2015.4 ± 64.7
µmol kg-1) being significantly higher than those at the SC site
(1990.8 ± 93.3 µmol kg-1) (permutation post hoc test: P = 0.013).
Otherwise, nCT values did not differ between the TAM site
(2011.9 ± 51.2 µmol kg-1) and either the SC site (P = 0.065) or
the UAM site (P = 0.232). Lastly, npHT values varied among seasons
(PERMANOVA: Pseudo-F3, 201 = 6.589, P(perm) = 0.002) but they
did not vary among sites with different macroalgal habitat types
(Pseudo-F2,201 = 1.336, P(perm) = 0.265) (Tables 1, 2 and Figure 2).
As with nAT and nCT, these factors interacted with each other
(Season × Site interaction: Pseudo-F6,201 = 2.301, P(perm) = 0.033),
but this interaction again explained very little (7%) of the variation
in npHT. Unlike with nAT and nCT, however, differences among
seasons only explained 9% of the total variation in npHT, but values
in spring (7.89 ± 0.14) were significantly lower than values in winter
(7.97 ± 0.10), summer (7.96 ± 0.09), and autumn (7.94 ± 0.07)
(permutation post hoc tests: P = 0.001, 0.028, 0.003, respectively).
Otherwise, npHT values did not vary among the other seasons
(P > 0.08 for each comparison).

The values of nCT and npHT covaried but in opposite
directions in terms of diel variations, with nCT decreasing
during the day and increasing at night, while npHT increased
during the day and decreased at night (Figure 2). The largest nCT

fluctuation occurred at the SC site in autumn (1793.7 to 2108.7
µmol kg-1), and the largest npHT fluctuations occurred at the SC
site in spring (7.63 to 8.12, Table 1). The smallest nCT and npHT

fluctuation occurred at the TAM site in autumn (2077.6 to 2118.7
TABLE 1 | The mean ± standard deviation (SD) and variation range of seawater carbonate parameters (salinity normalized total alkalinity: nAT, salinity normalized total
dissolved inorganic carbon: nCT, and temperature normalized pH total scale: npHT,) of three macroalgal habitats (UAM: ulvoid algal mat; TAM: turf algal mat; SC:
coexisting Sargassum horneri and crustose coralline algae) in four seasons.

Sites Parameters Winter Spring Summer Autumn

Mean ± SD(Range) Mean ± SD(Range) Mean ± SD(Range) Mean ± SD(Range)

UAM nAT (µmol kg-1) 2219.7 ± 17.7 2226.6 ± 16.4 2234.6 ± 20.4 2298.5 ± 8.9
(2204.5 – 2251.6) (2203.4 – 2255.6) (2207.3 – 2258.6) (2289.9 – 2318.9)

nCT (µmol kg-1) 1962.1 ± 34.9 2021.5 ± 83.6 2016.8 ± 19.0 2087.9 ± 20.6
(1906.9 – 2023.1) (1884.6 – 2137.3) (1995.7 – 2049.7) (2058.6 – 2117.2)

npHT 7.99 ± 0.08 7.91 ± 0.15 7.92 ± 0.08 7.92 ± 0.05
(7.87 – 8.13) (7.74 – 8.15) (7.81 – 8.01) (7.86 – 8.01)

TAM nAT (µmol kg-1) 2205.9 ± 1.9 2218.2 ± 4.6 2220.7 ± 6.8 2302.8 ± 13.6
(2202.0 – 2209.4) (2208.7 – 2225.6) (2212.0 – 2231.9) (2287.2 – 2329.4)

nCT (µmol kg-1) 1989.1 ± 14.2 2001.8 ± 33.6 1972.1 ± 24.7 2095.9 ± 13.7
(1964.3 – 2012.7) (1952.8 – 2055.2) (1931.8 – 2006.9) (2077.6 – 2118.7)

npHT 7.93 ± 0.04 7.90 ± 0.07 7.99 ± 0.06 7.91 ± 0.04
(7.86 – 7.99) (7.78 – 8.01) (7.92 – 8.06) (7.86 – 7.96)

SC nAT (µmol kg-1) 2210.7 ± 3.1 2232.8 ± 13.9 2201.5 ± 7.1 2295.5 ± 7.6
(2203.9 – 2215.7) (2209.9 – 2251.3) (2189.0 – 2213.0) (2281.9 – 2304.0)

nCT (µmol kg-1) 1953.7 ± 77.4 2035.0 ± 100.4 1957.4 ± 62.4 2033.2 ± 102.9
(1821.3 – 2045.3) (1887.5 – 2161.3) (1870.6 – 2030.0) (1793.7 – 2108.7)

npHT 7.99 ± 0.15 7.87 ± 0.18 7.98 ± 0.12 7.99 ± 0.10
(7.80 – 8.23) (7.63 – 8.12) (7.83 – 8.17) (7.89 – 8.16)
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FIGURE 2 | The diel variation of salinity normalized total alkalinity (nAT, µmol kg-1), salinity normalized total inorganic carbon (nCT, µmol kg-1) and temperature
normalized pH total scale (npHT) at three sites with different macroalgal habitats (UAM, ulvoid algal mat; TAM, turf algal mat; SC, coexisting Sargassum horneri and
crustose coralline algae) in winter (A–C), spring (D–F), summer (G–I) and autumn (J–L). Black circles represent values of nAT, black triangles represent values of
nCT, and red stars represent values of npHT.
TABLE 2 | Results of two factor Model I PERMANOVAs testing the effects of season and site on seawater carbonate parameters (salinity normalized total alkalinity: nAT,
salinity normalized total dissolved inorganic carbon: nCT, and temperature normalized pH total scale: npHT).

Parameters Source df SS MS Psuedo-F P(perm) w2

nAT Season 3 25.708 8.5695 566.28 0.001 0.86
Site 2 0.40643 0.20321 13.429 0.001 0.01
Season × Site 6 1.0411 0.17352 11.467 0.001 0.05
Residual 199 3.0115 1.51E-02 0.08

nCT Season 3 42.874 14.291 33.837 0.001 0.34
Site 2 3.6121 1.806 4.2761 0.015 0.03
Season × Site 6 8.2687 1.3781 3.263 0.006 0.07
Residual 203 85.738 0.42235 0.56

npHT Season 3 6.46E-3 2.15E-3 6.5892 0.002 0.09
Site 2 8.73E-4 4.37E-4 1.3364 0.265 <0.01
Season × Site 6 4.51E-3 7.52E-4 2.3014 0.033 0.06
Residual 201 6.57E-2 3.27E-4 0.84
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µmol kg-1, 7.86 to 7.96 respectively). nAT showed similar patterns
with nCT at the SC site, though the range of nAT variations was
smaller than that of nCT. In contrast, nAT had opposite patterns to
nCT at the UAM and TAM sites except in spring.

The relationships of nAT and nCT at three sites in four seasons
are shown in Figure 3. The winter nAT/nCTslopes for all three
habitats were generally low (UAM: –0.124, TAM: –0.021, and
SC: 0.017), leading to the high relative percent influence of NCP
on changes in nCT from 90.14% to 96.56% (Table 3). The spring
nAT/nCT slopes increased slightly compared to winter slopes
(UAM: 0.156, TAM: 0.077, and SC: 0.134), with an averaged %
NCP value of 85.33 ± 1.85%. The nAT/nCT slopes in summer and
autumn showed values lower than –0.2% (i.e., summer: –0.724 at
UAM site and –0.219 at TAM site; autumn: –0.593 at TAM site),
Frontiers in Marine Science | www.frontiersin.org 8
which led to the % NCP values over than 100%. The linear
regression models (Figure 4) showed that the relationships of
nAT/nCT slopes with temperature were negative at the UAM and
TAM sites (slopes: –0.051 at the UAM site and –0.035 at the TAM
site), whereas slightly positive at the SC site (slope: 0.002). However,
none of these three regressions were statistically significant.

In-Situ Monitoring Seawater
Biogeochemical Parameters
(pCO2, DO, and pHNIST)
In-situ monitoring of biogeochemical parameters (pCO2, DO,
and pHNIST) at the three sites characterized by different
macroalgal types and four seasons are presented in Table 4,
and their diel patterns are shown in Figure 5. Generally, pCO2
A B

DC

FIGURE 3 | The relationship between salinity normalized total alkalinity (nAT) and salinity normalized total inorganic carbon (nCT) at three macroalgal habitats with
different macroalgal habitats in winter (A), spring (B), summer (C) and autumn (D). The solid lines are the least square fitting curve of data using the linear regression
model. The dashed lines are pH isolines at 0.2 units increments with the 7.6 – 8.0 pH isoline indicated. pH contours were calculated using the averaged seawater
temperature and salinity in each season. Values for different macroalgal habitats: ulvoid algal mat (UAM, green square); turf algal mat (TAM, red diamond); coexisting
Sargassum horneri and crustose coralline algae (SC, blue circle).
TABLE 3 | The slope of the salinity normalized total alkalinity (nAT) – salinity normalized total inorganic carbon (nCT) vector and the relative percent influence of net
community production (%NCP) on changes in nCT at three habitat sites (UAM, ulvoid algal mat; TAM, turf algal mat; SC, coexisting Sargassum horneri and crustose
coralline algae) in four seasons.

Season UAM TAM SC

Slope % NCP Slope % NCP Slope % NCP

Winter −0.124 96.56 −0.021 91.86 0.017 90.14
Spring 0.156 83.80 0.077 87.39 0.134 84.80
Summer −0.724 123.80 −0.219 100.85 0.053 88.51
Autumn −0.138 97.18 −0.593 117.87 0.154 83.92
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values, paralleled temperature values (Supplementary Table S3),
being lowest in winter, increasing in spring, and then remaining
high in summer and autumn at all three macroalgal sites. In
contrast, DO and pHNIST values had relatively high values in
winter and spring, then decreased in summer and autumn.
Further statistical analysis showed that pCO2 values varied
among seasons (PERMANOVA: Pseudo-F3,978 = 586.43,
P(perm) < 0.001) and sites with different macroalgal habitat
types (Pseudo-F2,978 = 59.93, P(perm) < 0.001), and these two
factors interacted with each other (Season × Site interaction:
Pseudo-F6,978 = 77.40, P(perm) < 0.001) (Table 5). However,
differences among seasons explained the largest amount of
variation in pCO2 values (54%), while differences among sites
explained only 4% of this variation and the interaction between
season and site explained 21% of this variation. Overall, pCO2

values were highest in autumn (522.33 ± 91.79 µatm), followed
by summer (465.13 ± 95.01 µatm), then by spring (398.78 ±
Frontiers in Marine Science | www.frontiersin.org 9
152.47 µatm), and then by winter (256.64 ± 71.36 µatm), all of
which were significantly different from each other (permutation
post hoc tests: P < 0.01 for each comparison). The mean pCO2

value at the TAM site (394.82 ± 110.50 µatm) was significantly
higher than the mean values at both the UAM site (376.01 ±
214.89 µatm) and the SC site (339.92 ± 85.18 µatm), all of which
were significantly different from each other (P < 0.01 for each
comparison). Similarly, DO values also varied among seasons
(PERMANOVA: Pseudo-F3,6106 = 2614.3, P(perm) < 0.001) and
sites with different macroalgal habitat types (Pseudo-F2,6106 =
185.64, P(perm) < 0.001), and these two factors interacted with
each other (Season × Site interaction: Pseudo-F6,6106 = 226.31,
P(perm) < 0.001) (Table 5). As with pCO2, differences among
seasons explained the larges amount of the total variations in DO
(54%), while differences among sites explained only 3% and the
interaction between season and site explained 14% of this
variation. Overall, mean DO values were greatest in winter
FIGURE 4 | The slope of salinity normalized total alkalinity (nAT) and salinity normalized total inorganic carbon (nCT) in response to temperature. The solid line is the
least square fitting curve of data using the linear regression model. Values for different macroalgal habitats: ulvoid algal mat (UAM, green square); turf algal mat (TAM,
red diamond); coexisting Sargassum horneri and crustose coralline algae (SC, blue circle).
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FIGURE 5 | The diel variation of pCO2 (A–D), dissolved oxygen (DO) (E–H) and pHNIST (I–L) at three macroalgal habitats (UAM, ulvoid algal mat; TAM, turf algal
mat; SC, coexisting Sargassum horneri and crustose coralline algae) in four seasons. Values are means ± standard deviation. Green squares, red diamonds, and
blue circles represent mean values over days 1~7 at the UAM, TAM, SC sites, respectively.
TABLE 4 | The mean ± standard deviation (SD) and variation range of the in-situ monitoring parameters (partial pressure of CO2: pCO2, dissolved oxygen: DO, and pH
on the scale of National Institute of Standards and Technology: pHNIST) of three macroalgal habitats (UAM: ulvoid algal mat; TAM: turf algal mat; SC: coexisting
Sargassum horneri and crustose coralline algae) in four seasons.

Sites Parameters Winter Spring Summer Autumn

Mean ± SD(Range) Mean ± SD(Range) Mean ± SD(Range) Mean ± SD(Range)

UAM pCO2 (µatm) 204.68 ± 94.74 423.58 ± 201.92 564.24 ± 156.75 613.61 ± 62.44
(84.36 – 528.94) (165.15 – 997.17) (256.66 – 829.29) (488.75 – 724.06)

DO (mg L-1) 13.32 ± 3.63 11.44 ± 3.37 6.47 ± 2.00 7.03 ± 0.37
(5.72 – 20.93) (4.71 – 18.52) (3.61 – 12.37) (6.38 – 7.79)

pHNIST 8.50 ± 0.17 8.21 ± 0.17 8.08 ± 0.11 7.99 ± 0.05
(8.11 – 8.81) (7.77 – 8.53) (7.90 – 8.37) (7.91 – 8.09)

TAM pCO2 (µatm) 284.21 ± 39.68 483.31 ± 89.11 431.82 ± 51.18 508.41 ± 36.74
(172.59 – 363.38) (318.30 – 683.18) (318.00 – 545.32) (459.40 – 576.38)

DO (mg L-1) 10.51 ± 0.87 9.32 ± 1.19 7.64 ± 1.15 7.81 ± 0.57
(8.82 –12.77) (7.27 – 11.96) (6.08 – 11.34) (6.68 – 8.68)

pHNIST 8.35 ± 0.05 8.12 ± 0.10 8.16 ± 0.05 8.06 ± 0.03
(8.25 – 8.46) (7.93 – 8.31) (8.00 – 8.30) (8.00 – 8.12)

SC pCO2 (µatm) 281.04 ± 26.67 289.46 ± 41.59 455.00 ± 58.31 413.71 ± 29.94
(225.84 – 340.77) (230.01 – 373.49) (361.60 – 557.91) (280.42 – 450.73)

DO (mg L-1) 11.26 ± 0.69 12.21 ± 1.08 7.53 ± 0.41 8.53 ± 0.09
(9.73 – 13.19) (9.91 – 14.52) (6.72 – 8.50) (8.34 – 8.86)

pHNIST 8.37 ± 0.03 8.31 ± 0.06 8.13 ± 0.05 8.13 ± 0.02
(8.30 – 8.46) (8.21 – 8.41) (8.05 – 8.23) (8.09 – 8.20)
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(11.70±2.49mgL-1), followedbyspring(10.99±2.48mgL-1),autumn
(7.71±0.72mgL-1),andthensummer(7.37±1.25mgL-1),allofwhich
were significantly different from each other (permutation post hoc
tests:P< 0.01 for each comparison). Further, themeanDOvaluewas
greatest at the SC site (10.26 ± 1.94 mg L-1), followed by UAM site
(10.77±4.12mgL-1), andthentheTAMsite(9.16±1.57mgL-1), allof
which were significantly different from each other (P < 0.01 for each
comparison). As with DO and pCO2, pHNIST varied among seasons
(PERMANOVA: Pseudo-F3,6043 = 4890.40, P(perm) < 0.001) and sites
with different macroalgal habitat types (Pseudo-F2,6043 = 246.58, P
(perm)<0.001),andthesetwofactorsinteractedwitheachother(Season
× Site interaction: Pseudo-F6,6043 = 379.29,P(perm) < 0.001) (Table 5).
Also, aswithDOand pCO2, differences among seasons explained the
largest amountof variation inpHNIST (64%),whiledifferences among
sites explained only 3% of this variation and the interaction between
season and site explained only 15% of this variation. Overall, pHNIST

was highest in winter (8.41 ± 0.12), then decreased in spring (8.21 ±
0.14) and summer (8.13 ± 0.07), and reached their lowest values in
autumn (8.05 ± 0.07), all of which were significantly different from
eachother (permutationpost hoc tests:P<0.01 for each comparison).
Furthermore, although pHNIST values appeared very similar, pHNIST

attheSCsite(8.27±0.12),theUAMsite(8.27±0.26),andtheTAMsite
(8.21 ± 0.14) were each significantly different from one another (P <
0.05 for each comparison).

The diel variation of DO, pCO2 and pHNIST within the three
habitat sites and four seasons all varied significantly among
seasons and habitats (Tables 4, 5 and Figure 5). Generally,
DO and pHNIST exhibited similar patterns of diel fluctuations
(i.e., increasing during the day and decreasing during the night),
which were opposite to the fluctuation patterns in pCO2. The
UAM site in summer had abnormal patterns of these three
parameters since a typhoon occurred during the monitoring
period. DO in winter at the UAM site had the largest fluctuation,
from 5.72 to 20.93 mg L-1 and with an average value of 13.32 ±
3.63 mg L-1. In contrast, DO in autumn at the SC site had the
smallest fluctuation, from 8.34 to 8.86 mg L-1. Both lowest and
highest pHNIST values occurred at the UAM site in spring (7.77)
and winter (8.81). The largest and smallest fluctuation of pCO2

was at the UAM site in spring (165.15 to 997.17 µatm) and at the
SC site in winter (225.84 to 340.77 µatm). Furthermore, pCO2
Frontiers in Marine Science | www.frontiersin.org 11
and DO values in all groups had significantly negative
exponential correlations (Figure 6). The UAM site had higher
regression coefficients (r2) over 0.9 among four seasons except in
autumn (r2 = 0.33). The TAM site had r2 over 0.9 in spring and
autumn. The SC site generally had a small range of DO and
pCO2, as well as low r2 compared to UAM and TAM sites.
DISCUSSION

We utilized two experimental approaches to investigate diel and
seasonal variations in seawater chemistry in order to evaluate how
macroalgal communitymetabolismor/andhabitat characters per se
influence the seawater chemistry signatures. First, the normalized
carbonate chemistry parameters (i.e., nAT, nCT and npHT) were
used to compare the effects of biological metabolism after the
influences of temperature and salinity were removed by
normalization. Hence, we believe that these results could
represent the heterogeneity mainly induced by the metabolism of
different macroalgal communities, even though they might not
show the representative characters of each season. On the other
hand, the DO, pCO2, and pHNIST results were used to evaluate the
combined effects of both environmental parameters and biological
activities on biogeochemical features, which are more appropriate
for the ecological implications. Unlike direct carbonate chemistry
analysis, simultaneous in-situmonitoring between habitats was not
possible because of the limitation in the number of sensors, but this
limitation could be compensated by monitoring a wide range of
fluctuations for several days. The limitations of above two
approaches are complementary and their combined results are
sufficient to explain the diel and seasonal heterogeneity among
different types of macroalgal habitats.

Diel and Seasonal Variations in
Seawater Chemistry
The significantdiel variations in seawater chemistry observed inour
study were broadly consistent with previous investigations in
macrophyte habitats (Chou et al., 2018; Murie and Bourdeau,
2020). Values of pH and DO shared similar diel patterns (i.e.,
increasing during the daytime and decreasing at nighttime), which
TABLE 5 | Results of two factor Model I PERMANOVAs testing the effects of season and site on the in-situ monitoring parameters (partial pressure of CO2: pCO2,
dissolved oxygen concentration: DO, and pH on the scale of National Institute of Standards and Technology: pHNIST). The magnitudes of effect (w2) represent the
percentage of variation in each response variable that is explained by each factor in the models.

Parameters Source df SS MS Psuedo-F P(perm) w2

pCO2 Season 3 7805.2 2601.7 586.43 0.001 0.54
Site 2 531.8 265.9 59.934 0.001 0.04
Season × Site 6 2060.4 343.4 77.403 0.001 0.21
Residual 978 4338.9 4.4365 0.21

DO Season 3 557.96 185.99 2614.3 0.001 0.55
Site 2 26.415 13.207 185.64 0.001 0.03
Season × Site 6 96.601 16.1 226.31 0.001 0.14
Residual 6106 434.4 7.1143E-2 0.29

pHNIST Season 3 3.6713 1.2238 4890.40 0.001 0.64
Site 2 0.12341 6.17E-2 246.58 0.001 0.03
Season × Site 6 0.56948 9.49E-2 379.29 0.001 0.15
Residual 6043 1.5122 2.50E-4 0.18
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were opposite to the diel patterns of nCT and pCO2. Such diel
variation followed the metabolic patterns expected for macroalgae,
with photosynthesis absorbing and releasing CO2 during the
daytime and nighttime, respectively. Besides, macroalgae also
serve as habitats for numerous organisms (e.g., meiofauna,
macrofauna, and fish) (Christie et al., 2009) and support higher
densities of microbes (Weigel and Pfister, 2019). Hence, when
evaluating the diel fluctuations of seawater chemistry, it should be
kept inmind the contribution offauna andmicrobes to community
respirations, as well as calcifying organisms to calcification. In our
study, the benthic macroflora accounted for over 85% of the total
biomass of macroflora and macrofauna (Supplementary Tables 1,
2) at the TAM and SC sites. Moreover, each site has distinguished
typical macroalgal communities as described in the study area of
methods. Hence, even thoughmacroalgae are not the sole drivers of
seawater chemistry variation, it is meaningful to compare the
heterogeneity of seawater chemistry from the view of different
macroalgal communities. When only the biological metabolic
effects of macroalgae were considered, the range of fluctuations in
nCT and npHT was the most extensive at the SC site. Wide
fluctuations in nCT and npHT at the SC site suggest that high
rates of photosynthesis and calcification by CCA, and high
productivity of canopy forming algae significantly affect
carbonate chemistry parameters. However, the strong biological
metabolism at the SC site was offset by hydrological characteristics.
Specifically, when hydrological properties were considered, the
ranges of DO, pCO2, pHNIST at the UAM site were higher than
Frontiers in Marine Science | www.frontiersin.org 12
the ranges at the TAM and SC sites. This discrepancy suggests that
diel fluctuations in carbonate chemistry may be affected by
interactions between biological metabolism and environmental
parameters. At first, ulvoid algae are opportunistic algae due to
their high rates of nutrient uptake and then growth (Cohen and
Fong, 2006; Bews et al., 2021), which could lead to a high amount of
CO2 influx via high rates of photosynthesis and respiration.
Previous studies have shown that Ulva spp. had higher values of
chlorophyll contents and the maximal quantum yield of
photosystem II (Fv/Fm), an indicator of photosynthetic potential,
than values of brown algae (e.g., Sargassum spp.) and red algae (e.g.,
Grateloupia livida) (Shi et al., 2021; Zhao et al., 2021). Carvalho and
Eyre (2011) found that Ulva sp. had higher respiration rates than
both brown and red algae (i.e., Sargassum sp. and Pterocladia
capillacea Bornet). They believed it was because the thinner
thallus enables Ulva to have more active cells per unit of carbon,
as thinner primary producers have been observed to have higher
respiration rates (Enrıq́uez et al., 1996; Sand-Jensen and Nielsen,
2004). Inaddition, theUAMsite is located in the innerharborwhere
there are direct sewage inputs. Hence, the relatively high nutrient
concentrations might contribute to the high rates of metabolic
activity (photosynthesis andrespiration) inulvoidalgae, resulting in
the largest fluctuation of DO and pCO2 at UAM site (Bews et al.,
2021). Furthermore, higher nutrient concentrations increased the
biomass of microbes (Lebaron et al., 2001), and DO is consumed
and pCO2 is released due to microbial respiration as part of the
overall degradation process of organic matter in the blooming area
A B
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FIGURE 6 | The relationship between pCO2 and dissolved oxygen (DO) of three macroalgal habitats in winter (A), spring (B), summer (C) and autumn (D). Solid
lines are the least square fitting curves of data using the non-linear exponential regression model. Values for different macroalgal habitats: ulvoid algal mat (UAM,
green square); turf algal mat (TAM, red diamond); coexisting Sargassum horneri and crustose coralline algae (SC, blue circle).
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(Chenet al., 2020).Therefore, biogeochemicalfluctuationsaremore
dynamically driven by photosynthesis of autotrophs, and
respiration of autotrophs and microbial community. Another
factor is that the seawater exchange with the open ocean is less at
the UAM and TAM sites than at the SC site. The low rate of water
exchange better highlighted the metabolic-induced variations
(Semesi et al., 2009). In addition, the mixing between seawater
and sewage containing high organic carbon also affected the
carbonate chemistry of seawater (Kim et al., 2006). This might
cause the abnormal ratios of nAT and nCT at the UAM and TAM
sites in summer and autumn, which differed from the ratios at the
SC site (Figure 3). Consequently, the heterogeneity of seawater
chemistry across the three macroalgal habitats can be affected by
bothbiologicalmetabolisms andhydrological characteristicswithin
the site.

The seasonal variation in seawater carbonate parameters among
macroalgae habitats were also observed in other studies, though
their patterns differed from those found in our study (Delille et al.,
2000;Delille et al., 2009). Specifically,pCO2values inour studywere
lowest in winter and then increased in spring and summer,
meanwhile DO values followed the opposite patterns. In contrast,
Delille et al. (2009) found that pCO2 values around kelp beds in the
sub-Antarctic coast were relatively low in summer and spring,
reached a high oversaturation of pCO2 in autumn, and then
decreased thereafter. These seasonal changes in the study of
Delille et al. (2009) could be induced by the higher photosynthetic
rates in spring and summer, and the decomposition of organic
matter in autumn.Apossible explanation for the difference ofpCO2

patterns between our study and Delille et al. (2009) might be the
different ranges in seawater temperatures over seasons, and
different growth patterns of the dominant macroalgae. In our
study area, the variation of seawater temperature throughout the
year was from 7.75 to 26.63°C, which was higher than the range
(about 2 to 8°C) of sub-Antarctic coast in the study of Delille et al.
(2009). In our study, the high temperature in summer (UAM: 23.03
to 24.93°C, TAM: 17.50 to 24.71°C, SC: 24.16 to 26.63°C) might
inhibit the photosynthesis of macroalgae. For example, Ulva spp.
has its highest growth rates at 15-20°C, and decreases in
temperatures over 20°C (Taylor et al., 2001). Additionally, Ulva
australis biomass along the south coast ofKorean peaks inMay and
drops significantly in June, meanwhile photosynthetic rates are
highest fromJanuary toMarchduring the growthperiod and lowest
from May to July when the biomass peaks or declines (Kim et al.,
2004). Thus, our results indicate that the growth optimal
temperature can be one of the potent factors for influencing the
seawater biogeochemical parameters. However, it should be noted
that our study focused on the investigation of seawater carbonate
parameters without the measurements of biomass and
photosynthetic performances of the corresponding macroalgae.
Our data identified seasonal variation in seawater chemistry
within macroalgal communities, but further studies could test the
physiological performance of seaweed in different seasons to help
understand how activities of seaweed affect the seawater carbon
dynamics (Spector and Edwards, 2020). Furthermore, apart from
the growth rhythms of macroalgae themselves, the abiotic factors
also had important impacts on the metabolism of macroalgae.
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Hence, besides temperature and salinity, water depth, light
intensity, and nutrient concentration, the physical condition of
seawater should be recorded in the further study to fully understand
theprocess of seaweedcommunities altering the seawater carbonate
conditions in a varying environment.

Relationship of nAT-nCT
The relationship between AT and CT has been used as a tool to
quantify the relative contributions of ecosystem metabolism to
seawater chemistry changes occurring in various aquatic habitats
(Dutta et al., 2019; Baldry et al., 2020; Saderne et al., 2020). The
variation in stoichiometry between these two carbonate
parameters represents relative intensities of biological activities
including photosynthesis (and respiration), calcification (and
dissolution), nitrification (and denitrification), sulfate reduction,
and fermentation (Saderne et al., 2020). In our study, the slope
values (relationships) in winter were from –0.12 to 0.02, indicating
that photosynthesis and respiration were governing factors for
carbon chemistry variations. Especially, the UAM and TAM sites
had high % NCP values exceeding 90%. In spring, even though the
slopes increased slightly compared to winter slopes, the activity of
photosynthesis and respiration still were the major drivers of the
carbonate chemistry dynamics. However, the slope values in
summer and autumn were lower than –0.2, which appeared to
violate the stoichiometry nAT/nCT ratios predicted for
photosynthesis/respiration. The abnormal phenomenon might
be caused by the inflow of external water with different values of
nAT in summer and autumn. As the UAM and TAM sites are
located in the harbor, their seawater conditions are easy to be
changed by the inflow of wastewater, especially in summer. The
field investigation (Kim et al., 2004), in which the photosynthetic
rate of ulvoid green algae was lowest in July, suggested that the low
nAT/nCT slopes in summer found in our study were not mainly
caused by the photosynthesis of macroalgae. Actually, previous
studies have shown that the magnitude of change along thisAT-CT

ratio is driven by metabolic rates that are strongly dependent on
physical factors including light intensity (Gattuso et al., 1996;
Takeshita et al., 2016), residence time, and water depth (Falter
et al., 2013). Our study further strengthened such viewpoint and
highlighted that the wastewater might affect the seawater carbon
dynamics within the short time scale.

Relationship of pCO2-DO
The relationship of pCO2-DO depends on several physical (e.g.,
temperature, salinity and air-sea exchange) and biological (e.g.,
photosynthesis, respiration, and calcification) processes
(DeGrandpre et al., 1998). Studies have evaluated the ocean
metabolic status via the analysis of combined CO2 and O2 data
(DeGrandpre et al., 1997;DeGrandpre et al., 1998; Zhai et al., 2009).
In our study, pCO2 and DO values were negatively correlated
(Figure 5), especially in winter and spring, which are consistent
with previous findings (Noriega and Araujo, 2014). The
oversaturation of DO corresponding to the low pCO2 values in
winter and spring, indicated that macroalgae possessed high
photosynthesis rates during this period, which agrees with our
nAT-nCT data and the growth patterns ofmacroalgae in theKorean
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coast (Kim et al., 2004). In addition, the UAM site had high pCO2

values with unsaturatedDO, suggesting that the aerobic respiration
rates were high. Such condition might occur because the UAM site
in the inner harbor was directly influenced by sewage inputs.
Meanwhile, the rates of organic matter decomposition increased
with rising temperature, leading to the low DO and high pCO2

values in summer. Previous studies have shown that the nutrient
and organic matter inputs from riverine outflows and sewage
effluents have increased the occurrences of hypoxia and high CO2

concentrations inmany coastal waters (Borges et al., 2006;Diaz and
Rosenberg, 2008). In autumn, the narrow ranges of pCO2 and DO
might be related to the decrease inmacroalgae biomass after several
storms. Even though the accurate investigation is lacking, we
observed the obvious decline of macroalgae during the set-up of
sensors in autumn. Altogether, results of pCO2 and DO are
important for understanding the variation in biological processes
amongdifferent typesofmacroalgal habitats, and theycouldbeused
as an important biochemical indicator to understand the fate of
carbon dioxide within macroalgal communities (e.g., possibly
convert DO-based NCP to CO2 based NCP).

Ecological Implication
The average value of atmosphericCO2has risen to 415.48ppm June
2021 due to anthropogenic activities (Dlugokencky and Tans,
2021), and is predicted to reach 936 ppm for the representative
concentrationpathway (RCP) 8.5 by2100 (IPCC, 2013).As 20-30%
of global emissions of CO2 are absorbed by the ocean, seawater pH
has decreased to 8.1 (Caldeira andWickett, 2003) and will drop by
0.036 to 0.291 units for the RCPs 2.6-8.5 by 2081-2100 (IPCC,
2019). According to our pCO2 and pHNIST data, averaged values of
pCO2 in winter and spring were lower than the current
concentrations and pHNIST were higher than 8.1, which means
seaweed communities couldmitigateOA stress during their growth
seasons when photosynthesis rates are high. In summer and
autumn, however, seaweed communities might exacerbate the
effects of OA through respiration, as average values of pCO2 were
higher than current average values. Specifically, the average pCO2

increased to 522.33 ± 91.79 µatm in autumn, resulting the low
pHNIST value of 8.05 ± 0.07. Again, such situations should consider
both the condition of the macroalgae and ambient environmental
factors, because as temperature increase, macroalgae began to die
and decompose, resulting in decreased photosynthesis and
increased aerobic respiration. Our investigation highlights that
macroalgae serve dual roles in OA mitigation by decreasing OA
stress during the winter and spring (the growing season), but
worsening OA in summer and autumn.
CONCLUSION

This study investigated the dynamics of carbonate chemistry and
dissolved oxygen in the benthic macroalgal habitats, which in turn
reflected how the metabolic activities of macroalgae regulated
seawater chemistry and its implications for mitigating OA stress.
Our results illustrated thatmacroalgal photosynthesis could largely
mitigate the OA stress in winter and spring when photosynthesis is
high. Meanwhile the high photosynthesis rates by the dominant
Frontiers in Marine Science | www.frontiersin.org 14
macroalgae also result in large diel fluctuations in seawater
carbonate parameters in winter and spring. However, these
mitigation effects were dependent on temperature, which
determined the growth condition and photosynthetic rates of the
macroalgae. Once temperature exceeds the optimum ranges for
these macroalgae in summer and autumn, respiration rates can
surpass photosynthesis rates, and macroalgal communities could
reversely increase CO2 concentrations, thereby enhancing OA
stress. Our study highlights that the role of seaweeds in regulating
the seawater chemistry, especially acidification, should be evaluated
in a long-term scale considering their metabolic interactions with
multi-environmental factors.
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