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Under eutrophication background, the increasing dinoflagellates blooms relative to diatoms blooms off the
Changjiang Estuary has caused much concern. We have provided sediment evidence for the first time that the
time window of diatoms-to-dinoflagellates shift off the Changjiang Estuary in the East China Sea is early 1990s.
Investigations to the water column revealed different surface-bottom concentration matchup patterns between
peridinin (dinoflagellates) and fucoxanthin (diatoms), which suggests that the diatoms-dinoflagellates shift
recorded in the sediment may have come from more dinoflagellate blooms since 1990s. Physical-biogeochemical

3D numerical simulations for the past decades suggest that the effect of increasing spring sea surface temperature
and increasing N/P ratio on the diatoms-dinoflagellates shift is dominant and recessive, respectively.

1. Introduction

Understanding the phytoplankton assemblage in large river-affected
marginal seas is essential in ecosystem and carbon cycle studies
(Anderson et al., 2002). The Changjiang (Yangtze) River is one of the
largest rivers in the world (Milliman and Meade, 1983), with the adja-
cent East China Sea (ECS) being one of the broadest continental shelves.
A comprehensive understanding of the phytoplankton assemblage his-
tory off the Changjiang Estuary is essential in the assessment of ECS
ecosystem and carbon cycling response to both anthropogenic activities
and natural impacts (Jiang et al., 2014).

Off the Changjiang Estuary, the first bloom usually occurs in April,
with occasional subsequent blooms throughout spring, summer, and
early autumn (Li et al., 2014; Tang et al., 2006). Among the 12 months in
every year, half of the blooms occurred in May (Li et al., 2014; Liu et al.,
2013; Tang et al., 2006; Xiao et al., 2019). Diatoms (e.g., Skeletonema
costatum) are the dominant groups throughout spring to autumn,
whereas dinoflagellates (e.g., Prorocentrum donghaiense but sometimes
ichthyotoxic dinoflagellate species) are becoming more and more com-
mon in spring (Liu et al., 2013; Liu et al., 2016; Zhou et al., 2017b).
Other algae, such as cyanobacteria, haptophytes, and chrysophytes play
a minor role off the Changjiang Estuary (Jiang et al., 2015; Liu et al.,
2016; Mo et al., 2020). In viewing historical data, the increase in

dinoflagellate blooms over diatom blooms in spring is repeatedly sug-
gested (Li et al., 2014; Liu et al., 2013; Liu et al., 2016; Tang et al.,
2006).

The potential cause of dinoflagellates-diatoms shift are suggested.
First, the response of dinoflagellate growth to temperature is different
from that of diatoms (Feng et al., 2021; Xiao et al., 2018). It is hence
expected that under warming background, the growth of dinoflagellates
would be promoted relative to diatoms. Indeed, pooled long term ob-
servations in the East China Sea suggests that the increasing spring di-
noflagellates blooms is highly consistent with increasing sea surface
temperature (SST) increase (Jiang et al., 2014; Liu et al., 2016; Xiao
et al., 2018). The second frequently suggested cause is changes in
riverine nutrient stoichiometry, namely extremely high riverine N/P
ratio and deficiency in P (eutrophication) (Li et al., 2014; Ou et al., 2008;
Wang et al., 2012; Xiao et al., 2018; Zhou et al., 2008; Zhou et al., 2019).
Physiologically, Prorocentrum donghaiense (dinoflagellate) shows a bet-
ter adaptability to P deficiency relative to diatoms (Ou et al., 2014; Ou
et al., 2008). Further, the production of autoinhibitory produced by
Skeletonema costatum (diatom) under P deficiency cannot affect Pro-
rocentrum donghaiense growth (Wang et al., 2012). Additionally, other
mentioned causes include alleviation in light (turbidity) (Zhou et al.,
2017a), and water column stability (Jiang et al., 2019).

In spite of the discussion of mechanisms for such dinoflagellates-
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diatoms shift, when the diatoms-dinoflagellates shift started is not clear,
which in turn affects our understanding of the mechanism. The sug-
gested time windows covers a range of time, ranging from the 1980s
(Jiang et al., 2014; Wang et al., 2018), 1990s (Ou et al., 2014), and
2000s (Li et al., 2014; Tang et al., 2006). Though the historical data is
statistically processed to overcome the unbalance in data density of
different decades (Tang et al., 2006), the possible reasons for an unclear
history include bias in different sampling strategies during field obser-
vations (e.g., water vs. net) and potential missed blooms in historical
data records due to limited cruises.

Preserved biomarkers in sediment provide another way to recon-
struct historical phytoplankton assemblages. Due to the selective dis-
tribution of phytoplankton taxa, phytoplankton pigments in sediment
cores are used to reconstruct phytoplankton assemblages. For two cores
off the Changjiang Estuary, Li et al. (2011) found that both peridinin
(key pigment for dinoflagellates) and fucoxanthin (key pigment for di-
atoms) increased since the early 1980s. The ratio of peridinin/fuco-
xanthin was later quantitatively checked in another core, indicating an
increase in dinoflagellates relative to diatoms after 1995 (Zhu et al.,
2014). Additional core along the Zhejiang coast in the ECS indicates
variation of dinoflagellates and diatoms since 1960s till 2011 (Abate
et al., 2017), but their cores were collected south of the Changjiang
Estuary.

Although the overall phytoplankton biomass history (via Chla and
degradations) and individual pigment patterns in the core are well
documented (Abate et al., 2017; Kang et al., 2016; Li et al., 2011), the
early diagenesis effect and stability difference among each pigment are
seldom considered or distinguished when reconstructing historical
phytoplankton assemblages in the Changjiang Estuary. Pigments are
labile compounds with a range of stability during the early diagenesis
process, and peridinin is more labile and unstable during the early
diagenesis process than fucoxanthin (Reuss, 2005). Hence, changes in
the sedimentary peridinin/fucoxanthin ratio are a combination of both
real phytoplankton assemblage shifts throughout history and the early
diagenesis effect (Zhu et al., 2014). For long time scale reconstruction (e.
g., over thousands of years), this stability difference may play a minor
role, but for the first tens of years, such an effect would be significant
(Berner, 1980).

Furthermore, it is well known that various phytoplankton have their
own vertical migration strategy. Dinoflagellates are known as swim-
mers, whereas diatoms achieve their vertical migration by modifying
buoyancy (Sarthou et al., 2005; Smayda, 1997; Smayda, 2010). In
addition, it has been reported that the sinking rate of Prorocentrum
donghaiense at bloom sites is >10 times that at nonbloom sites in the ECS
due to aggregate formation (Qiu et al., 2018). Given the complicated
phytoplankton vertical migration status, it is necessary to compare and
interpret the sediment core pigments with essential knowledge from the
corresponding water column. To the best of our knowledge, such sedi-
mentary core studies for pigments are still lacking.

Under this background, the scientific questions in this work are 1)
what are the early diagenesis effects for various phytoplankton pigments
in the core off the Changjiang Estuary and accordingly what is the time
window for the diatoms-dinoflagellates shift as recorded by sediment
and 2) with essential knowledge from the water column, what is the
implication of the changes in the sedimentary peridinin/fucoxanthin
ratio and what is the potential roles that SST increase and riverine P
deficiency is playing in such assemblage shift? To address these ques-
tions, three approaches were used: (1) field observations to reveal key
phytoplankton pigment concentrations couplings between surface and
near-bottom waters in the water column among productive seasons; (2)
a sedimentary pigment study to reconstruct the history and reveal the
diatoms-dinoflagellates shift time-point; and (3) three-dimensional (3D)
numerical modeling to investigate the correspondence between SST and
phytoplankton change, as well as the potential roles of riverine nutri-
ents. First, the surface-bottom coupling of peridinin (dinoflagellates),
fucoxanthin (diatoms), and other key diagnostic pigments in the water
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column are compared. For the sedimentary pigments, an organic matter
decay model is used to remove the early diagenesis effect for individual
pigments. Then, the history of diatom proportions over selected key
phytoplankton and diatoms-dinoflagellates shift time points were
reconstructed. Finally, the 3D model was used to investigate the possible
mechanism (or reason) of phytoplankton change history.

2. Materials and methods
2.1. Field sampling

Water samples and the sediment core were collected in different
cruises. For water samples, three cruises were conducted in June,
August, and October of 2006 (R/V Beidou), with sampling stations
shown in Fig. 1b. The water depth of the whole study area is 15-97 m,
with most stations having depths of 20-50 m (Fig. 1b). The temperature
and salinity profiles were detected by a CTD (SEB 25), and surface and
near-bottom waters were collected via precleaned Niskin samplers.
Seawater samples were filtered immediately onboard using glass-fiber
filters (precombusted Whatman GF/F) under mild vacuum in dim
light. Filters were stored at —20 °C until analysis (Reuss and Conley,
2005).

Another cruise was conducted for the sediment core collection in
July 2016 (R/V Run Jiang). Three cores (A5-4, A5-6, A6-5) were
collected in the vicinity of the Changjiang Estuary. Immediately after
collection, the cores were sectioned at 1 cm intervals using a clean
stainless-steel knife, respectively, and samples were stored at —20 °C
until analysis. The collection included a gravity corer collected at station
A5-4 (122.83°E, 31.00°N; water depth 30 m; Fig. 1b).

2.2. Laboratory analyses

The analysis of phytoplankton pigments by high-performance liquid
chromatography (HPLC; Agilent 1100; Agilent Technologies, USA) fol-
lowed the method of Zapata et al. (2000) with slight modifications for
filter samples (Zhu et al., 2009) and sediment samples (Zhu et al., 2014).
Briefly, filters were ultrasonically extracted with dimethylformamide
(DMF) in an ice-water bath. After centrifugation, the supernatant was
filtered using a nylon filter (0.45 pm), and Milli-Q water (5:1 v/v) was
added to avoid deformation of the early elution peak (Zapata and Gar-
rido, 1991). The HPLC instrument was equipped with an online vacuum
degasser, quaternary pump, autosampler, thermostatically controlled
column, and diode-array detector. All procedures were performed under
dim light, and extracts were stored at —80 °C prior to injection. The
analytical column was a ZORBAX Eclipse XBD-C8 (Agilent Technolo-
gies) analytical 4.6 x 150 mm, 5 pm column. The mobile phase and
elution gradient have been described previously (Zhu et al., 2009).
Sediment samples were thawed at 4 °C and ultrasonically extracted
twice with DMF. The extracts were combined, centrifuged, filtered, and
injected as per filter samples. The extracted sediment was dried and
weighed to obtain the dry weight. The initial mobile phase proportion in
the sediment method was slightly different from the method for particles
(Zhu et al., 2009; Zhu et al., 2014), in order to promote the separation of
pigment peaks. Also, the elution time for preserved sedimentary pig-
ments was longer (65 min) than that for particle samples (47 min).

Up to 19 pigments were identified, with their most common corre-
sponding phytoplankton groups shown in Table S1. Pigments were
identified on the basis of chromatographic retention times, as well as
their spectrum scanned by the diode-array detector. Chla and Chlb
(Sigma-Aldrich, USA) and the other pigments (DHI, Denmark) were used
as standards. All peaks were manually integrated. A typical chromato-
gram for preserved sedimentary pigments is shown in supplemental
materials (Fig. S2). The recoveries from filter and sediment samples
were 95%-105% and 84%-101%, respectively. A pigment recovery
experiment is described in the Supplemental Materials.

The sediment cores were dated by the excess 210py, (210Pbex) and
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Fig. 1. (a) Study area. (b) Sampling stations and modeled area in this study. The star indicates where core A5-4 was collected.

137Cs methods, and grain size and organic carbon contents were deter-
mined and published previously (Liu et al., 2019). There is an error of a
few years in sediment core dating (Liu et al., 2019; Sanchez-Cabeza and
Ruiz-Fernandez, 2012). Out of the three cores, we finally chose the core
A5-4 in this work, which showed the best dating result and hence likely
best sedimentation and preservation status (Liu et al., 2019). The time
resolution of core A5-4 has been described by Liu et al. (2019). Briefly,
the lowest sedimentation rate (0.22 cm yr-1) occurred at the top of the
sediment after 1984. A relatively higher sedimentation rate (0.69 cm yr-
1) was found between 1984 and 1970. The highest sedimentation rate
(2.47 cm yr-1) was observed prior to 1970s.

2.3. Phytoplankton community structure quantification

The phytoplankton community structure in the surface waters (as a
contribution to total Chla) was estimated via CHEMTAX on the basis of
pigment data (Mackey et al., 1996). Given the study area, diatoms, di-
noflagellates, cyanobacteria, haptophytes, prochlorophytes, chlor-
ophytes, prasinophytes, cryptophytes and chrysophytes are considered.
Input pigment ratios were chosen from previously published work in
similar regions of the Changjiang Estuary or ECS (i.e., the Changjiang
Estuary and ECS; Furuya et al., 2003a; Zhu et al., 2009), and the ratios
for prochlorophytes were from Mackey et al. (1996) (Table S2).
CHEMTAKX is not applied to pigments in near-bottom waters or sedi-
ments. Four successive CHEMTAX runs were performed to improve
output estimates (Wang et al., 2015).

For sedimentary pigment, the diagnostic pigment ratio is used to
reflect the relative biomass shift in history [e.g., peridinin (di-
noflagellates) vs. fucoxanthin (diatoms)]. The relation between pigment
ratio (e.g., the peridinin/fucoxanthin ratio) and phytoplankton biomass
ratio (e.g., the dinoflagellates/diatoms ratio) was checked and verified
by water column investigations (see Fig. S3) and the literature (Liu et al.,
2014).

2.4. Historical data and numerical modeling

The yearly variation in the biogeochemistry of the Changjiang Es-
tuary and offshore areas (Fig. 1b) was simulated by 3D modeling based
on the finite-volume community ocean model (FVCOM) and the Euro-
pean regional seas ecosystem model (ERSEM). The FVCOM is an
unstructured-grid, 3D, finite-volume ocean model that includes physical
modules for waves, currents, and sediments (Chen et al., 2013). The
triangular grid used in the FVCOM provides excellent matching for
complex coastlines, islands, and steep channels, which makes it suitable
for coastal modeling. The ERSEM is one of most comprehensive and
established biogeochemical and ecosystem models for low-trophic-level
marine food webs, including marine pelagic and benthic systems

(Butenschon et al.,, 2016). The two models have been successfully
coupled and applied to the Changjiang Estuary with the inclusion of the
multiple driving factors of river discharge and coastal and ocean circu-
lation on seasonal to decade timescales (Ge et al., 2020a; Ge et al.,
2020Db). In this study, the FVCOM-ERSEM system was applied for the
1960-2018 period incorporating multiple forces, including river flux,
atmospheric forcing, and ocean circulation. The wave and sediment
modules were activated to reveal turbidity dynamics for light penetra-
tion in the water column. Measured freshwater discharges and historical
nutrient records for the upstream river boundary at Datong station were
applied, with this being the closest hydrological station to the estuary.
Monthly river freshwater discharges from 1960 to 1994 were applied,
and daily values were applied from 1995 to 2018. Nutrient data were
obtained from published sources (Dai et al., 2010; Ding et al., 2019; Zhu
et al., 2009; Zhu et al., 2014). Atmospheric forcing statistics for surface
radiation and wind were provided by the National Centers for Envi-
ronmental Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) Reanalysis 1 for 1960-1979 and the European Center
for Medium-Range Weather Forecasts (ECMWEF)-ERA dataset for
1980-2018. The SST was assimilated in the model with multiple remote
sensing data, including AVHRR and MODIS, whenever available (i.e.,
after 1979). The lateral boundary is configured as climatological con-
dition of intrusion of Kuroshio and Taiwan Warm Current. That is, the
open ocean settings remain constant seasonal cycles during the entire
modeled time period (1960-2015).

In addition to real scenarios run with historical riverine nutrient
data, two additional ‘virtual’ scenarios were also tested, namely, the
DIP-decrease and DIP-increase runs. For the former, the DIP output from
the Changjiang River for 1980-2018 was set as 40% of the historical
value used in the real scenario; for the latter, it was set as 2.5 times the
historical value. For the remaining parameters (e.g., DIN), the virtual
and real scenarios were the same.

In the current ERSEM model, the phytoplankton assemblage was
composed of four groups of phytoplankton, namely, diatoms, di-
noflagellates, nanophytoplankton, and picophytoplankton (Butenschon
et al., 2016). There was a slight difference in phytoplankton community
definition between the water column investigation and the model, but
the key groups (diatoms and dinoflagellates) concerned were the same.

3. Results
3.1. The surface and bottom waters

For the entire study area, the monthly pigment concentrations and
derived phytoplankton assemblages are briefly shown in Tables S3 and

S4, respectively. The surface distribution patterns for pigment and
phytoplankton assemblages can further be found in the supplemental
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materials (Figs. S4-S9).

At site A5-4, Chla showed seasonality, with the biomass in August
(7.6 + 1.8 pg L™, n = 2) as the maximum, followed by that in October
(3.2 pg LY n=1) and June (1.6 + 0.8 pg L™}, n = 2). In August, when
phytoplankton biomass was high, FUCO (diatoms) and PER (di-
noflagellates) were the most abundant diagnostic pigments at site A5-4,
being an order of magnitude higher than other diagnostic pigments such
as HEX (haptophytes), ZEA (cyanobacteria), and ALLO (cryptophytes).
ZEA can even be below the detection limit (June; Table S3). For June
and October, compared to other pigments, FUCO remained the domi-
nant diagnostic pigment at site A5-4.

Spatially, FUCO and PER always tend to prevail in near-shore waters,
whereas ZEA is usually concentrated offshore (e.g., water depth > 50 m)
(Figs. S4-S6). Accordingly, diatoms were the largest Chla contributor at
site A5-4 in all three months (70% in June, 50% in August and 80% in
October; Figs. S7-S9). Dinoflagellates and prasinophytes were the sec-
ond largest Chla contributors at site A5-4, but both were several times
lower in contribution. Cyanobacteria usually contributed <3% of the
total Chla at site A5-4 (Figs. S7-S9).

Of the entire investigated area, pigment concentrations in near-
bottom waters were usually lower than those at the surface (Table S3;
Fig. 2). In June, when the PER concentration in surface water was at its
highest (~8 pg L™1), its concentration in near-bottom waters increased
to a similar concentration, increasing with surface PER concentrations
(Fig. 2b). This pattern is particularly clear for shallow sites (depth < 40
m including site A5-4; Fig. 2b). In August, diatom blooms occurred (e.g.,
surface FUCO over ~16 pg L™1), but the corresponding FUCO concen-
tration in near-bottom waters was usually <3 pg L™ (Fig. 2¢), sug-
gesting poorer coupling (lower r?) relative to peridinin. Overall, the
coupling of surface-bottom PER concentrations was the best (r? = 0.77,
p < 0.01; Fig. 2b), while the correlations of Chla and other diagnostic
pigments (FUCO, ALLO, HEX and ZEA) were significantly lower than
that of PER (Fig. 2a, c-f). Furthermore, the slope of PER is the biggest
(0.73; Fig. 2b), suggesting that the elevated surface PER concentration
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can be more efficiently transported to the near-bottom waters than other
phytoplankton pigments (Fig. 2 c-f). The surface-bottom coupling of
pigments showed no relation with the water column physical parame-
ters (figure not shown).

3.2. The sediment core A5-4

Dating of core A5-4 has been published elsewhere (Liu et al., 2019).
Briefly, the dating is based on 210Pbex and '%Cs, which indicates a
sedimentation rate of 0.22 cm yr ! at 0-7 cm depth, 0.69 cm yr~! at
7-17 cm depth, and 2.43 cm yr! at 17-181 cm depth.

The preserved pigment decreased from top to bottom (young to old)
for all pigments (Fig. 3). In the core, Chla was higher in the top 6 cm
(1990-present), with a maximum (3.7 pg g’1 OC) occurring at 5 cm
(1993), followed by a decrease until the early 1980s. Another Chla peak
can be found in the middle 1970s, with an overall downward decrease to
the 1960s (Fig. 3a). Before the 1960s, Chla remained at a very low
concentration. Chlb (0.3 pg g~ OC to 5.7 pg g~ ! OC) showed a similar
pattern like Chla, with the maximum (5.7 pg g~ * OC) occurring at 4 cm
(1998). FUCO (<0.1 pg g~! OC to 2.3 pg g~* OC) overall followed the
pattern of Chla (Fig. 3a), with the maximum (2.3 pg g~ OC) also being
detected at 5 cm (1993). PER showed a similar concentration range as
FUCO but with more fluctuations (peaks). The coupling of PER and Chla
existed in almost every layer where PER peaks were found. For example,
five PER peaks can be found in the approximate years 1903, 1946, 1960,
1967, and 1975 (see arrows in Fig. 3a). For all five PER peaks, Chla also
showed elevated concentrations (or peaks) during the same period of
time (Fig. 3a).

In the water column, ZEA and ALLO had order-of-magnitude lower
concentrations than Chla, FUCO, and PER (Table S3), but the ZEA and
ALLO concentrations in the core showed the opposite pattern; namely,
their concentrations were higher than those of sedimentary FUCO, PER,
and Chla (Fig. 3). ZEA ranged from 1.2 pg g~* OC to 6.1 pg g~ ! OC, and
ALLO ranged from 0.5 pg g~ OC to 3.6 pg g~ ! OC in the core. This
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suggests the relative accumulation of ZEA, ALLO and HEX in the sedi-
ment. In the late 1970s, when Chla and PER showed a peak (Fig. 3a), all
other diagnostic pigments, excluding FUCO, also showed a peak
(Fig. 3b).

The total Chla-derivatives (the term Chla-derivatives refers to
pheophytin-a, pheophorbide-a, and chlorophyllide a in this work)
generally decreased from the top to the bottom of the core, ranging from
undetectable to 14.7 pg g~ ! OC. The Chla/Chla-derivatives ratios in the
core ranged between 0.2 and 2.0 (Fig. 4). Two peaks, one at 18 cm
(1969) and the other at 25 cm (1966), can be identified with Chla/Chla-
derivatives ratios as high as 2.0 and 1.4 (Fig. 4).

3.3. Numerical modeling

The 3D physical-biogeochemical model incorporated the entire
Changjiang Estuary and adjacent ECS (Fig. 1b), but here, we focus only
on the region of site A5-4 to be more concise.

The simulated Chla ranged between 1.4 and 2.9 pg L™}, and a gradual
increase from the late 1970s was simulated (Fig. S10). Overall, the
simulated Chla interannual variability agrees with the observation data
derived from remote sensing (Fig. S10). Seasonally, simulated Chla was
always higher during April-October and remained depleted in winter
(Fig. S11). The annual average diatoms/(diatoms-+dinoflagellates) ratio
shows no clear trend from 1960 to 2012, but the monthly ratio in May
begins to decrease from 1991 (Fig. 5a). At the same time, there is an
increase of average value of SST in April and May since early 1990s
(Fig. 5b).

With respect to the virtual scenarios, the simulated DIP concentra-
tion at site A5-4 increased by 20% (river input set as 2.5 times higher
riverine DIP than historical real DIP data) and decreased by 8% (river
input set at 40% of historical real riverine DIP data) when compared to
the real data scenario. Note that the virtual scenarios indicates the
impact of changed N/P ratio to the estuarine system. While the estuarine
site (A5-4) DIP variation is not as large as the corresponding riverine
input endmembers, changes in riverine N/P ratio input indeed caused a
change in the N/P ratio and thus the corresponding diatom proportion
changes at site A5-4. Namely, a lower N/P ratio (Fig. S12) corresponds
to higher diatom proportions at site A5-4 and vice versa (Fig. 6).
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Fig. 4. Chla/Chla-derivatives ratios in the core A5-4. Ratios of other cores from
the ECS are also shown. Data sources: E4, Zhu et al. (2014); YZ, Zhao et al.
(2012); DH2, Zhao et al. (2012); AB5, Zhao et al. (2012); MC, Zhao
et al. (2012).
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DIP is set as decreased to 40% of the historical recorded
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increased to 2.5 times the historical recorded value (DIN
not changed, hence decreasing N/P), respectively. Real N/P
is the model result with riverine nutrient concentration at
the historical recorded level.
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4. Discussion
4.1. Key phytoplankton groups evidence in core A5-4

The Chla/Chla-derivatives ratio is influenced by many factors,
including grazing activities and sediment preservation (Carpenter et al.,
1986; Collos et al., 2005), and the ratio can reflect pigment preservation
in the sediment (Reuss et al., 2005; Zhao et al., 2012). Though the
grazing effect may interfere with the relation, it is usually expected that
a higher Chla/Chla-derivatives ratio indicates better preservations,
given that the denominator Chla-derivatives are more stable than the
parent Chla (Reuss et al., 2005; Zhao et al., 2012). The Chla/Chla-
derivatives ratio in core A5-4 is comparable or even higher than that
in other cores in similar regions (Fig. 4), suggesting that pigment pres-
ervation in core A5-4 is acceptable. The two outliers at depths of 18 and
25 cm, with extremely high Chla/Chla-derivatives ratios (Fig. 4), may be
due to a decrease of the grazing effect (Strom, 1993; Turner, 2015).

2010 2015

In the 1990s and 2000s, the increased frequency of blooms in the
Changjiang Estuary and adjacent area was accompanied by a rapid in-
crease in the concentration of preserved pigments in the sediment
(Fig. 3a). As for the flood in 1975, 1992 and 1998, clear record can be
identified in core A5-4, with several pigments sub-peaks (Fig. 3a).
Although preserved ZEA and ALLO were clearly higher in concentration
than FUCO (Fig. 3), diatoms (FUCO), not ZEA (cyanobacteria) or cryp-
tophytes (ALLO), were the key Chla contributors in the water column
(Table S4; Figs. S7-S9). Hence, judging the key phytoplankton groups
based only on raw sedimentary pigment data could sometimes be
misleading. The reason behind this may be due to different chemical
stabilities among these labile pigment compounds (Reuss, 2005). A
similar contrasting pigment concentration between FUCO and ZEA has
been previously reported (Li et al., 2011).

Early diagenetic processes occur when organic matter is buried in the
sediment, and the process can be quantitatively expressed as (Berner,
1980; Stephens et al., 1997):
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where yj is the initial concentration (ug g~ OC), k is the degradation
constant (yr™1), and t is time (yr). Here, we accordingly apply this model
(Eq. (1)) to the sediment core pigment data, with the degradation con-
stants k and r? shown in Table 1. The k of 0.017 yr! for Chla in core A5-
4 is small in contrast to that in another core E4 (1.03 yr’l), which was
also collected off the Changjiang Estuary (Zhu et al., 2014). The different
k values between A5-4 (this study) and E4 (Zhu et al., 2014) indicate the
different Chla degradation rates. The smaller k value at A5-4 means a
longer half-life and hence better storage condition (Zhu et al., 2014)
than that at E4. This is consistent with the Chla/Chla-derivatives ratio
patterns, in which core A5-4 has higher Chla/Chla-derivatives ratios
than the E4 core (Fig. 4). Similar models are further applied to FUCO,
ALLO, and ZEA, which also yield lower k values than the corresponding
pigments in E4.

For the model results (Table 1), while the other pigments all show
good relations (r2 > 0.5), the r? for PER is very poor (r2 = 0.16)
(Table 1), suggesting that such early diagenetic processes may not apply
for PER. However, if the five PER peaks (1903-1975; Fig. 3a) are not
considered, a much better model performance can be achieved @ =
0.41 relative to r* = 0.16; Table 1). The possible reasons include the
unique surface-bottom coupling patterns of PER relative to the
remaining diagnostic pigments as revealed by water column in-
vestigations (Fig. 2). Again, among all pigments, only PER showed good
surface-bottom concentration coupling (Fig. 2b), which suggests that
bottom PER tends to show a prompt response to surface PER under high
concentration scenarios (Fig. 2b). For the remaining diagnostic pig-
ments, however, such a prompt response under high concentration
seems absent (Fig. 2 c-f). Although there were additional processes
before the pigment was finally buried into the sediment, it is reasonable
to expect that the peaks of PER (e.g., 1903, 1946, 1960, 1967, and 1975;
Fig. 3) were the result of corresponding intense dinoflagellate growth
(blooms) at that time, and the high PER sinking load during these po-
tential bloom periods interfered with the normal pigment burial rhythm
and further resulted in different early diagenesis processes (e.g.,
degradation following a different k), whereas for the remaining diag-
nostic pigments, the generally poor surface-bottom coupling in the
water column (Fig. 2 c-f) reduced any intensive bloom impact if there
were any (Fig. 3 a&b).

Based on the pigment degradation model (Eq. (1) and Table 1), the
term pigment anomaly (in pg g~ OC) is defined as the difference be-
tween the observed sedimentary pigment and the corresponding model
fitting result for that layer. The pigment anomaly concentration reflects
the deviations (excess or deficiency) of the pigments at given layers from
the surface sediment layer (i.e., concentration in 2011). As a result,
differences in pigment stabilities play a minor role when comparing the
pigments anomaly because the early diagenetic effect has been elimi-
nated by the model.

The higher preserved ALLO and ZEA in the sediment (when
compared to FUCO) showed a much poorer relation with Chla when
checking for its anomaly (r* = 0.26 for ALLO, r? = 0.14 for ZEA, r? =
0.63 for FUCO; Fig. 7). Indeed, the relation between FUCO anomaly and
Chla anomaly (r? = 0.63; Fig. 7a) was the strongest among all diagnostic

Table 1

Degradation model (Eq. (1)) constant k and relation () for the key diagnostic
pigments in core A5-4. The value* is achieved by excluding the 5 PER peaks (i.e.,
1903, 1946, 1960, 1967, and 1975).

Pigment k 2

Chla 0.017 0.5

FUCoO 0.022 0.52

PER 0.007(0.010%) 0.16(0.41%)
ZEA 0.013 0.54

ALLO 0.01 0.5

HEX 0.025 0.67
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pigments (Fig. 7), indicating that the variation in diatoms (FUCO),
instead of other algae, plays a dominant role in determining the varia-
tion in total phytoplankton biomass (Chla). This sedimentary pattern
(Fig. 7) hence suggests that diatoms are the dominant phytoplankton
biomass contributor, which agrees with water column observations
(Table S4).

While diatoms played a dominant role in determining the total
phytoplankton biomass (Table S4; Fig. 7a), there are studies reporting a
shift from diatoms-dominated to dinoflagellates-dominated blooms in
spring (especially in May) in recent decades, but with different time
windows (Jiang et al., 2014; Liu et al., 2013; Ou et al., 2014; Tang et al.,
2006). Here, evidence from sediment core A5-4 provides another op-
portunity to address this question, as is discussed below.

4.2. The time window of the shift in spring blooms

Certain species of haptophytes and chrysophytes also contain fuco-
xanthin, but even total haptophytes and chrysophytes make very trace
contribution to total Chla in our study site when compared to diatoms
(Furuya et al., 2003b; Jiang et al., 2014). As for the outlier di-
noflagellates Karenia mikimotoi, which contains FUCO instead of PER
(Zapata et al., 2012), it also plays a limited role when compared to other
dinoflagellates and diatoms. For example, in the total 174 times of
recorded blooms off the Changjiang estuary from 1972 to 2009, the
Karenia mikimotoi was recorded for only 3 times, while the top three
bloom contributing species are Prorocentrum donghaiense (38 times),
Skeletonema costatum (35 times), and Prorocentrum dantatum (15 times)
as a comparison (Liu et al., 2013). Given the most common phyto-
plankton species, namely Skeletonema costatum (diatoms), Prorocentrum
donghaiense  (dinoflagellates), and Prorocentrum dantatum (di-
noflagellates) (Liu et al., 2013) all follow the diagnostic pigment dis-
tribution pattern (fucoxanthin in diatoms and peridinin in
dinoflagellates), applying PER and FUCO to reflect dinoflagellates and
diatoms involves no big problems.

To calibrate the early diagenesis effect (Table 1), we define another
term, namely, the original pigment (in pg g~ OC), for every sediment
layer. Namely, by regarding the observed pigment concentration at a
certain layer as y in Eq. (1), with the known k and t at that certain layer
(Table 1), the solution yy is the original pigment concentration for that
layer. This term removes the corresponding early diagenesis effect for
that individual pigment and reconstructs the historical pigment con-
centration at the time of that layer.

Overall, the original-PER/original-FUCO ratio has undergone a
gradual decrease from the past (bottom) to the present (top) of the
sediment (Fig. 8). Due to the strong relationship between PER/FUCO
and dinoflagellates/diatoms biomass ratios (Fig. S3), the pattern
revealed in Fig. 8 indicates that the diatoms abundance has increased in
recent decades relative to dinoflagellates. However, while the overall
decreasing pattern is clear, there is a turning point in the layer corre-
sponding to 1990s, after which the original-PER/original-FUCO ratio
increases (Fig. 8), suggesting that dinoflagellates began to increase in
1990s, relative to diatoms.

The burial of phytoplankton pigments into the sediment involves
complex biogeochemical processes, including decomposition and sink-
ing efficiency in the water column, burial in surface sediment (Arndt
et al.,, 2013) and decomposition products of fucoxanthin and Chla
further indicate complex early diagenesis process in the sediment (e.g.,
Chen et al., 2003), all of which introduce uncertainties. While the early
diagenesis process for PER and FUCO in the sediment is quantitatively
solved via model (Eq. (1)), water column investigations reveal different
surface-bottom pigment concentration coupling features between PER
and FUCO. In the water column, PER (dinoflagellates) shows better
sinking efficiency under higher surface PER concentrations (Fig. 2b),
whereas FUCO tends to have a better surface-bottom concentration
coupling under low surface FUCO concentrations (Fig. 2c). The sinking
rate of dinoflagellates during the bloom event was 12 + 2 m d !, which
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was more than 10 times the rate at non-bloom stations (1.0 + 0.8 md 1)
(Qiu et al., 2018) and microscopic observations indicated that the for-
mation of aggregates by the Prorocentrum donghaiense (the dominant

phytoplankton species; a kind of dinoflagellates) enhanced the sinking
rates during the bloom (Qiu et al., 2018). This means that different algal
blooms likely have different impacts on sinking signals, and
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dinoflagellate blooms had a stronger impact on sedimentary pigment
records than diatom blooms. Therefore, the water column findings
(Fig. 2) suggest that the PER/FUCO ratio shift in the early 1990s (Fig. 8)
can be due to increased dinoflagellate blooms since the early 1990s. This
idea is consistent with water column observations, which suggests that
the shift between diatoms and dinoflagellates is more likely a seasonal
event (e.g., succession during spring blooms) (Liu et al., 2013; Tang
et al., 2006).

Our work is further compared with previous sedimentary pigment
works that also conducted off the Changjiang Estuary and adjacent ECS
(Bao et al., 2010; Kang et al., 2016; Li et al., 2011; Zhao et al., 2012).
Among these works some studied detected or showed PER and FUCO,
and we hence pooled all available sedimentary PER and FUCO in pre-
vious work (Li et al., 2011; Zhu et al., 2014)(Fig. 8b&c) to check for the
trend that recorded in sediment. Indeed, an increase of PER/FUCO
occurred roughly in 1990s can be identified (Fig. 8b&c), which is
consistent with our findings from core A5-4. The selected core A5-4
showed much better burial and preservation of pigments relative to
core E4 and core 2007 (e.g., much higher Chla/Chla-derivatives ratio;
Fig. 4) and accordingly a more detailed variation of PER/FUCO prior to
1990s can be found (Fig. 8a) when compared to other cores (Fig. 8b&c).
The absolute PER/FUCO ratio values in core A5-4 were the highest in the
three cores (0.2-0.8 vs. <1.0 or <0.3; Fig. 8), which can be largely
attributed to the less stability of PER relative to FUCO (Leavitt and
Hodgson, 2002) (Fig. 8a vs. Fig. 8b & c). In the south of the Changjiang
Estuary, studies of core pigments have also revealed succession between
diatoms and dinoflagellates (Abate et al., 2017). There were some dif-
ferences in PER/FUCO between the two studies, which could be attrib-
uted to the distance between the two study areas, differences in the
frequency and timing of the blooms (Xiao et al., 2019). In addition to
pigments, some other sedimentary proxies are also used in this region.
Based on sedimentary sterols (brassicasterol+dinosterols), it is sug-
gested that the contribution from diatoms decreased relative to di-
noflagellates in 1992 (Guo et al., 2020; Xing et al., 2016).

4.3. The 3D model and potential mechanism behind diatoms-
dinoflagellates shift

Overall, the FVCOM-ERSEM model has proven to be robust and
yields reasonable outputs (Ge et al., 2020a; Ge et al., 2020b). The
modeled Chla concentration off the Changjiang Estuary exhibits an
increasing trend after 1980 (Fig. S10), consistent with field observations
(Wang, 2006; Yang et al., 2014). Seasonally, modeled Chla concentra-
tions show elevated levels in spring, summer, and early autumn, with a
sharp drop to minimum levels in winter (Fig. S11), which is also
consistent with field observations (Liu et al., 2013; Shen et al., 2019).

The simulated result suggests that the diatoms contribution relative
to dinoflagellates on annual scale shows no clear interannual trend from
1960 to 2012, but the diatoms contribution in May began to decrease in
approximately 1990 (Fig. 5), and May is the month with the highest
bloom frequency (Liu et al., 2013; Tang et al., 2006). The decreasing
diatoms in May are consistent with field observations (Yu et al., 2017).
The modeled time point at which spring diatoms started to decrease
(~1990; Fig. 5a) is consistent with the core result (early 1990s; Fig. 8a).
Furthermore, numerical modeling indicates that the decrease in diatom
blooms (increase in dinoflagellate blooms) in May rather than an annual
decrease in diatoms biomass (Fig. 5) causes the increase in the sedi-
mentary original PER/original FUCO ratio in the 1990s (Fig. 8a), which
is consistent with field phytoplankton observations (Guo et al., 2014; Yu
et al., 2017). In the water column, PER showed higher sinking efficiency
during blooms, relative to diatoms (Fig. 2), and this also suggest the
change in sedimentary original PER/original FUCO ratio in early 1990s
(Fig. 8a) should be due to increased dinoflagellate blooms, rather than a
general biomass increase all year round.

The role of increasing temperature in dinoflagellates ascend has been
suggested from studies that based on multi-year observations (e.g., Jiang
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et al.,, 2014; Liu et al., 2016; Xiao et al., 2018). In the modeling result,
the correspondence between spring SST increase and diatoms drop is
more obvious, or dominant, than the correspondence between spring N/
P ratio and shift in diatoms-dinoflagellates (Fig. 5abc). While the spring
SST showed a clear increase since early 1990s, the SST showed no inter-
annual variation if all-year mean SST is considered (figure not shown).
Hence, our model further suggests that it is the spring SST that plays a
role in the diatoms-dinoflagellates shift (Fig. S5b&8a). At the site A5-4,
the SST after June was usually over 20 °C, whereas in May the SST
was lower than 20 °C (Fig. S13). When under 20 °C (in spring in our
case), dinoflagellates show much stronger positive growth tendence
with increasing temperature relative to diatoms, whereas when tem-
perature is over 20 °C (in summer and fall), dinoflagellates in turn show
varied but overall negative response to increasing temperature (Liu
et al., 2016).

In addition to temperature, nutrient is another factor that frequently
mentioned in literature for its role in diatoms-dinoflagellates shift (Li
etal., 2014; Liang et al., 2019; Lu et al., 2022; Zhou et al., 2017a). At site
A5-4, there is no significant N/P ratio increase in the period of early
1990s and instead a fluctuated but continuously increasing pattern is
suggested from 1960s to 2010s (Fig. 5c). While there is a lack of well
correspondence between N/P increase and diatoms drop in the early
1990s (Fig. 5a&c), the model virtual runs indicates that a reduction in
riverine DIP input which exacerbated the P limitation reduces the
diatom proportion in total phytoplankton biomass, whereas an increase
in DIP input causes an increase in the diatom proportion (Fig. 6).

Physiologically, dinoflagellates respond more directly and rapidly to
temperature rise, relative to diatoms (Feng et al., 2021), while compe-
tition between diatoms and dinoflagellates is largely determined by their
differences in DIP utilization (Egge, 1998). The combination of both
model results (Fig. 5c&6) further indicates that the effect of increasing
spring SST and increasing N/P ratio on the diatoms-dinoflagellates shift
is dominant and recessive, respectively.

Besides SST and riverine output, the open ocean serves as another
important nutrient source for the ECS (Chen, 1996; Yang et al., 2013;
Zhang et al., 2019; Zhang et al., 2018). Eventually, Kuroshio waters are
reported as important nutrient sources that trigger near-shore spring
phytoplankton blooms (Yang et al., 2018; Zhao et al., 2019). Zhou et al.
(2017a) suggested that diatom blooms are more closely related to
terrestrial input, with intrusion of Kuroshio waters being more impor-
tant to dinoflagellate blooms. In addition to direct nutrient supply, the
intrusion of the Kuroshio also changes the strength of stratification
within the water column and the depth of the mixed layer. These factors
will further affect the irradiance environment and the competition be-
tween diatoms and dinoflagellates. In our model the lateral boundary is
configured as climatological condition and hence impact from open
ocean like Kuroshio needs further study.

5. Conclusion and perspective

Preserved sedimentary pigments are useful proxies for reconstruct-
ing phytoplankton history, especially for periods when intensive direct
observation or instrumental records are lacking. The key finding of this
work is the reconstructed diatoms-dinoflagellates shift over the past
decades. In this work, we present evidence for the time window of the
diatoms-dinoflagellates shift in the early 1990s. Based on surface-
bottom concentration coupling features in the water column, as well
as the numerical modeling test, we further propose that the mechanism
behind this PER/FUCO shift is the increasing spring dinoflagellate
blooms instead of a simple diatoms (dinoflagellates) biomass decrease
(increase).

Our work demonstrates the importance of conducting water column
proxy investigations and removing early diagenesis effects before
reconstructing phytoplankton patterns via sedimentary data. A simple
comparison of sedimentary pigments would easily induce the incorrect
conclusion that cyanobacteria and cryptophytes, rather than diatoms,
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are the dominant phytoplankton groups in the water column. With the
organic matter degradation model, we successfully reconstructed the
key phytoplankton contributor (diatoms), and the PER/FUCO ratio was
free from such interference. Another important finding from water col-
umn investigations is the different surface-bottom pigment concentra-
tion couplings or how the near-bottom pigments reflect the surface
concentrations. This knowledge is helpful in interpreting the PER/FUCO
ratio shift in the early 1990s, which supports the idea that increasing
dinoflagellate blooms may be the mechanism responsible, instead of a
simple diatoms (dinoflagellates) biomass decrease (increase).

The mechanism for the diatoms-dinoflagellates shift in spring blooms
is an interesting topic, which is a question that ranges from molecular to
ecosystem scales. Based on core A5-4 and a physical-biogeochemical 3D
model, we present evidence for the shift time window (early 1990s) and
suggest that the effect of increasing spring SST and increasing N/P ratio
on the diatoms-dinoflagellates shift is dominant and recessive,
respectively.
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