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High resolution sediment records in the Yangtze Delta front were constructed to reveal recent envi-
ronmental changes in response to river basin human activities. Increases in nutrient and organic C in-
fluxes that began in the 1950s, together with elevated primary productivity and increased chemical
fertilizer application, suggested a shift toward anthropogenic-predominated environmental changes
during this period. The depletion of total organic C (TOC), total N (TN), and biogenic Si (BSi), along with
the decline in sedimentation rate and coarsening of sediment coincided with the development of hy-
drological engineering in the river basin from the 1980s. Reservoir Si retention substantially altered river
mouth primary productivity community composition from diatoms to non-diatoms, thereby changing
the BSi/TOC molar ratio in the sediment profile. Estimation of biogenic component burial fluxes was
conducted to assess the variation and potential impacts. A recent dramatic decline in biogenic compo-
nent burial in the delta area suggested a low nutrient removal efficiency in this region, due to the
decrease in sediment discharge. Consequently, more nutrients have been further transported to the inner
shelf and open waters instead of being buried in the delta sediment, thereby increasing the environ-

mental pressure in the Yangtze Delta and adjoining coastal area.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Deltas are important interfaces between terrestrial and oceanic
ecosystems in which land, rivers, estuaries, ocean, and the atmo-
sphere interact (Bianchi and Allison, 2009; Walsh, 2013). Densely
populated, and of ecological and economic importance, deltas are
highly sensitive and vulnerable to global climate change and hu-
man activities (Bianchi and Allison, 2009; Syvitski et al., 2009;
Giosan et al., 2014; Kong et al., 2015).

The Yangtze River, one of the largest turbid rivers in the world,
covers a drainage area of approximately 1.8 million km?. The river
basin has a population of over 400 million, of which approximately
40% is concentrated in the river delta. The formation of habitats and
ecosystems heavily relies on the service functions of the river
system. However, during past decades, intensive human activities
have substantially increased the discharge of agricultural, domestic,
and industrial sewage into the aquatic environment (Miiller et al.,
2008; Chai et al., 2009; Yang et al., 2012; Hollert, 2013). Rapid
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increases in the concentrations of dissolved inorganic N (DIN) and P
(DIP) have been reported, probably due to increasing fertilizer
application (Zhang et al., 1999; Yu et al., 2006; Li et al., 2007; Chai
et al,, 2009; Yu et al,, 2012). Consequently, increasing eutrophica-
tion, frequent phytoplankton blooms, and hypoxia occur in the
delta and adjoining coastal waters (Han et al., 2003; Zhou et al.,
2008; Chai et al., 2009; Li et al., 2016; Chen et al., 2017).

On the other hand, rapid population growth and economic
development have led to the increasing need for expanding hy-
drological engineering infrastructure (Kuenzer et al., 2013; Tessler
et al., 2015; Zarfl et al., 2015). By 2016, a total of 61,446 reservoirs
had been constructed in the Yangtze River Basin (data from: http://
www.stats.gov.cn/), of which the Three Gorges Dam (TGD) is the
largest hydroelectric project ever built globally (Chai et al., 2009).
Sediment retention caused by the operation of reservoirs and dams
reduced the sediment discharge from ca. 500 Mt yr~! in the 1970s
to ca. 270 Mtyr—! in 2002, and further decreased to ca. 100 Mt yr~!
in the 2010s (after TGD construction). This caused erosion and
coarsening of bottom sediment in the downstream channel, and
alteration of the sedimentary environment in the Yangtze River
Estuary, especially regarding accretion/erosion rates, (Yang et al.,
2003; Chen et al., 2005; Chen et al., 2008; Hu et al., 2009; Xu and
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Milliman, 2009; Yang et al., 2011). Nutrient fluxes have also been
modified by nutrient retention within reservoirs and change in the
reservation time of the river water (Gong et al., 2006; Chai et al,,
2009). Furthermore, a significant reduction in the concentration
of dissolved inorganic Si (DSi) has been observed during the
1960s—2000s (Yu et al., 2006; Li et al., 2007; Yu et al., 2012; Li et al.,
2016; Ran et al., 2016), followed by a upturn since 2003 (Wang
et al., 2018).

Nevertheless, how the environment and ecology in the estuary
have responded to human activities in the Yangtze River Basin re-
quires further evaluation. Historical monitoring data generally lack
integrity and continuity, to some extent limiting the understanding
of long-term variability. As the major depositional sink of biogenic
components, sediment cores can provide continuous historical re-
cords of environmental changes (Treguer et al., 1995; Giblin et al.,
1997; Friedl et al., 1998; Zabel et al., 1998; Yu et al., 2012). How-
ever, sediment starvation and erosion in a subaqueous delta (Yang
et al.,, 2011) makes it relatively difficult to estimate (Colman et al.,
2002). Careful analysis of sedimentary environmental change is
crucial for identifying the potential sediment archive. Moreover,
the decline in sediment discharge in recent decades has potentially
changed the burial of C and nutrients in the river mouth and
adjacent coastal area. Today, a knowledge gap remains regarding
the alteration of nutrient burial fluxes and the degree to which this
would affect nutrient budgets.

Therefore, in order to ascertain significant environmental
changes in the Yangtze River Estuary affected by human activities
and climate change over the past century, a sediment core was
selected to reconstruct high resolution sediment records. The ob-
jectives of this study were to: (1) elucidate the environmental
changes reflected by biogenic components, and (2) evaluate the
alteration in nutrient burial fluxes and its potential impacts on
nutrient cycling.

2. Materials and methods
2.1. Sample collection

Thirteen sediment cores were collected from the Yangtze River
Estuary using gravity corers in July 2016 (Fig. 1). The cores were
sub-sampled at 1cm intervals using a stainless-steel knife and
restored in the dark at —15 °C until further analysis. The sediments
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were then dried in plastic bags at 55 °C, homogenized and ground,
and then subsequently analyzed for sediment dating and grain size
composition. A sediment core (~243 cm in length) was finally
selected that was riverine-dominated (within river the plume area)
with clear deposition records, and reduced disturbance from
resuspension and erosion. The core was located at the station A5-4
(31.00 °N, 122.83 °E; water depth: 30 m) in the Yangtze Delta front,
which is under steady sediment accretion (Yang et al., 2011; Li et al.,
2015) (Fig. 1). Core samples were further analyzed for biogenic
component parameters.

2.2. Analytical methods

For grain size composition analysis, wet sediment samples were
pretreated with H,0; (10%) and HCl (1 M) to remove organic matter
and carbonate, and then sequentially washed with Milli-Q water
and disaggregated ultrasonically (Yu et al., 2012). After treatment,
sediment grain size was analyzed with a Laser Particle Size
Analyzer (LS13 320, Beckman Instruments Inc, USA). The mea-
surement range of the analyzer was between 0.02 and 2000 pm,
with a measurement error of <3%.

In order to calculate the sedimentation rates, a total of 18
samples were taken for the measurements of radionuclides (Bq
kg~1) using a HPGe y spectroscope (GWL-120219, EG&G ORTEC,
USA). The activities of total 2!°Pb, 137Cs, and ?*°Ra were directly
determined at 46.54keV (47.43%), 661.66 keV (4.56%), and
295.21 keV (23.82%), respectively. Each sample was measured for
approximately 12—24 h. Excess 21°Pb (?'°Pbey) activity was deter-
mined by subtracting the *2°Ra from the total 21°Pb.

Total organic C (TOC), total N (TN), and their stable isotopes (3C
and °N) was determined using the Stable Isotope Ratio Mass
Spectrometer (Delta plus XP, Thermo Finnian, USA) connected to a
Flash EA 1112 analyzer. The TOC samples were acid-treated with
HCI (1 M) to remove inorganic C prior to analysis, while no acid-
treatment was performed for the TN samples (Zhu et al., 2014).
The isotope ratios were reported in & (%o); >C and >N were relative
to the V-PDB standard and atmospheric N, respectively. The pre-
cision of the stable isotope analysis was <0.1% for C and <0.2% for N.

The analysis of biogenic Si (BSi) followed the wet-chemical
digestion method (Conley, 1998). In brief, after removing organic
matter and CO3~ with 5 mL of HCI (1 M) and 5 mL of H,0; (10%), the
dried samples (60 mg) were extracted with 30 mL of NayCO3 (2 M)
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Fig. 1. Sampling sites of sediment cores and basic information the Yangtze River Estuary. The basic information of study area including accretion/erosion areas (Yang et al., 2011) and
regional circulation model (arrows) (Ichikawa and Beardsley, 2002). CDW: Changjiang Diluted Water; TWC: Taiwan Warm Current; YSCC: Yellow Sea Coastal Current.
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at 85°C for 8 h. During the extraction, 0.2 mL supernatant sepa-
rated from suspended material by centrifuging was removed from
the extraction solution hourly. The tubes were initially treated
under ultrasound before extraction in a water bath, and then
shaken slightly at intervals of 10 min during the extraction. How-
ever, they were agitated vigorously after each sampling in order to
resuspend the solids. All sampling steps were performed quickly in
order to minimize the adsorption of DSi to solid surfaces. DSi in the
extraction solution was measured by the molybdate blue spectro-
photometric method (Mortlock and Froelich, 1989). The sequential
extraction method with back-extrapolation of the linear section of
the extraction curve was used to correct for the dissolution of co-
existing aluminosilicates, following the concept that the dissolu-
tion of co-existing aluminosilicates shows a linear trend with time
(DeMaster, 1981). The Chinese Coastal Sediment Reference Mate-
rials (GBW-07314) were used to assess the accuracy of biogenic Si
measurements. The relative standard deviation (RSD) for six par-
allel samples was 3.6%, with an average recovery of 98%.

Total P (TP), inorganic P (IP), and organic P (OP) were analyzed
using the ASPILA method (Aspila et al., 1976). For the TP, the sedi-
ments (50 mg) were initially ignited in the muffle furnace at 550 °C
for 24 h, and then extracted with 20 mL of HCl (1 M) at 25°C for
24 h. The procedure for measuring IP was the same except with no
ignition. Dissolved P (DP) in the extractant was measured by the
molybdate blue spectrophotometry method (Liu et al., 2004). The
OP was obtained by subtracting the IP from the TP. The RSD for six
parallel samples of the Chinese Coastal Sediment Reference Mate-
rials (GBW-07314) was 0.6%, with an average recovery of 90%.

Al was determined following classical open digestion proced-
ures (National Environmental Bureau, 1998). The samples were
then analyzed for major metal concentrations with inductively
coupled plasma atomic emission spectroscopy. The RSD for parallel
samples of the Chinese Stream Sediment Reference Materials (GSD-
9) was 2.5%, with an average recovery within 95—105%.

3. Results
3.1. Sediment grain size composition and dating

The sediment core was dominated by silt and clay, which
accounted for 40—69% and 19—40% of the total sediment, respec-
tively. An upward-coarsening sequence was present in the sedi-
ment core, in which sediment type changed from mud and silt mud
in the lower layers to sandy silt and sandy mud in the upper layers
(Figs. 2 and 3). The proportion of coarser components gradually
increased upwards (Fig. 3). A relatively stable average and median
grain size was found at the mean levels of 6.57 um and 12.10 pm
respectively in the lower part of the sediment core (40—243 cm),
with a relatively low and stable sorting coefficient. Overall
increasing trends in the average and median grain sizes, and sorting
coefficient occurred above 40cm, especially in the top 20cm
(Fig. 3).

The sediment core was dated using 2!°Pb and *’Cs (Robbins and
Edgington, 1975) (Fig. 4A and B). Approximate logarithmic distri-
butions were observed in the profiles of measured and calibrated
activities of excess Pb-210 (?1°Pbey) in the sediment (Fig. 3E).
Accordingly, the profile of the 2°Pbey logarithm was built, which
suggested a piecewise linear behavior (Fig. 3G). Average deposition
rates for each section were calculated using the Constant Flux
Constant Sedimentation Model (CFCS) (Sanchez-Cabeza and Ruiz-
Fernandez, 2012) (Fig. 3G), and the chronological sequence of the
sediment core was established according to average deposition
rates. Based on the consideration of grain size change in the sedi-
ment core, the values of 21°Pbey and 37Cs activities were calibrated
by the clay fraction to eliminate the grain size effect (He and

e 01-11 cm Sand S = sand
e 11-21 cm (0.063-2.0 mm) zS = silty sand
e 21-31 cm mS = muddy sand
e 31-41 cm clayey sand
o 4] -243 cm = sandy silt
sandy mud
sandy clay
silt
4§ mud
&
& = clay
,5? 50%
(2
Iy
10% 90%
Clay / 5 \ Silt
(<0.004 mm) ' Clay: Silt (0.004-0.063 mm)

Fig. 2. Textural classification of sediments (Folk et al., 1970).

Walling, 1996). The linear behavior of three regression lines of
the 21%Pb,, logarithm profile in the core, coupled with the obvious
linearity in each sub section, demonstrated three periods of
decreasing sedimentation rates (Fig. 3G). The lowest sedimentation
rate (0.22 cmyr~ ') occurred at the top of the sediment after 1984. It
is noteworthy that the radioisotope activities in the lower core
(<100 cm) were lower than the detection limit, so it could only be
speculated the deposition ages according to the sedimentation rate
in the adjacent section of the core (between 17 and 100 cm), which
might have large uncertainty. A relatively higher sedimentation
rate (0.69 cm yr~!) was found between 1984 and 1970. The highest
sedimentation rate (2.47 cm yr~!) was observed before the 1970s.
The profile of the calibrated 3’Cs demonstrates low activities.

3.2. Vertical distribution of biogenic components

Based on sediment coarsening in the sediment core, the grain
size effect on the biogenic components was considered. The con-
centration of Al in sediments is significantly correlated with grain
size and/or mineral composition, and is less affected by human
activities. Hence, it has been widely applied as a reference element
to eliminate the granularity effect (Pilotte et al., 1978; Klinkhammer
and Bender, 1981; Windom et al., 1984; Zhang et al., 1988; Liu and
Zhang, 1998). In the present study, concentrations of biogenic
components were calibrated by Al Overall similarities were
observed in the profiles of biogenic components: the contents of
the biogenic components remained relatively stable below 65 cm
(before the 1950s), while higher fluctuations occurred within the
top 65 cm of the core. However, the most significant changes were
mainly observed above 17 cm (after the 1970s) (Fig. 4).

The TOC contents in the core ranged from 3.53 to 6.87 mgg ™!
(Fig. 4A). Constant change was observed in TOC before the 1950s,
with a mean level of 4.64 mg g™, followed by greater fluctuation,
between the 1950s and 1970s. A slight decrease in TOC initially
occurred between the 1970s and 1980s. After that, a significant
increase was found in the TOC profile towards the present, reaching
a peak of 6.87 mg g~ ! at the sediment surface, approximately two-
fold that in the early 1980s.

The TN profile was similar to that of the TOC, with values
ranging from 0.417 to 0.855mg g~ (Fig. 4B). Upwards increasing
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fluctuations were also observed in TN. There was a decrease from
0.528 mg g~ in the 1970s to 0.417 mg g~ ! in the 1980s, followed by
a two-fold increase to the present level, with TN contents peaking
at 0.855 mg g~ ! in the core surface.

A constant increase in OP was observed after the 1950s (Fig. 4F).
OP content stabilized at a mean level of 0.0694 mgg~! before the
1970s. It then reached its highest level of 0106 mgg~! at the sur-
face, indicating a 1.5-fold increase at the top of the core.

IP comprised a major portion of TP, with a steady percentage
ranging from 80 to 91% in the core (Fig. 4G). Hence, TP exhibited a
trend similar to IP (Fig. 5D and E). The contents of TP and IP ranged
from 0.457 to 0.893mgg~' and from 0.403 to 0.791mgg ",
respectively. The observed increases began with a mean level of
0.445mgg~! for IP and 0.515mgg~! for TP from the 1950s, fol-
lowed by a steep increase with greater fluctuation from the 1970s,
with IP and TP reaching the higher values of 0.583 and
0.719mgg ! at the surface, respectively. Peaks occurred in the
early 1990s with values of 0.893 and 0.791 mgg~! for TP and IP,
respectively.

BSi contents in the core also indicated a trend similar to TOC and
TN, ranging from 7.48 to 12.0mgg~! (Fig. 4C). However, the in-
crease in BSi at the top of core was not as large as those of TOC and
TN. Relatively steady BSi contents were presented in the lower
profile before the 1950s at a mean level of 9.19 mg g~ . There was a
slow increase between the 1950s and 1970s, followed by a decrease
and then an increase until present, with BSi content reaching a
relative peak of 10.3mgg~! (lower than that in the 1970s) at the
surface.

A constant increase was found in the 3'3C profile from the 1950s
(Fig. 4H). A stable state of 33C was observed in the lower core
before the 1950s, with values fluctuating between —24.88%o
and —23.55%. This was followed by an increase in 3'3C, reaching
the highest value of —22.80%. at the surface. Conversely, a reduc-
tion was found in 3'°N from the 1920s, with values changing from
6.111%o0 in 1920 to 4.132%o in 1967 (Fig. 41). After this, 3'°N stabilized
at a relative low level of 4.724%o at the top of the core, with an
exception of a peak in the mid-1980s.

4. Discussion
4.1. Chronology and sedimentary environment change

The average sedimentation rates and corresponding chronolo-
gies obtained by sediment dating can be used to reconstruct re-
cords of the sedimentary environment. In the present study, the
highest average sedimentation rate of 2.47 cm yr~! was found in
the lower part of the core before the 1970s (Fig. 5A). During this
period, the recorded Yangtze River sediment discharge reached
approximately 500 million tons per year according to hydrological
observations (Changjiang Water Resources Commission of the
Ministry of Water Resources, 2017). Large amounts of sediment
discharge to the river mouth induced rapid accretion of the
shoreline (DeMaster et al., 1985), with a maximum submerged
delta aggradation, which was reported to be as high as 5cm per
year (Milliman et al., 1985).

Subsequent decreasing sedimentation rates of 0.69 cm yr~—! and
0.22cm yr~! in the delta front from the 1970s—1980s and from
1980s to present, respectively, were consistent with long-term
monitoring riverine sediment discharge data (Fig. 5A). According
to the data from Datong Hydrology Station, which is a controlling
station for measurements of water and sediment discharge from
the Yangtze River into the sea, sediment discharge showed a
decreasing trend from the 1970s (Fig. 5A). The decrease in the
sediment discharge occurred in the late 1970s with the construc-
tion of the large hydrological infrastructures (Pang et al., 2011)
(Fig. 6A). Consequential lower sediment discharge between the
early-1970s and mid-1980s was approximately 440 Mtyr—!, ac-
counting for 90% of the mean load in the latter period. A sharp
decrease then occurred from the mid-1980s with the operation of
more hydrological infrastructures including the Gezhou Dam and
the TGD (Yang and Chen, 2007) (Fig. 6A). Corresponding erosion
occurred in the partial subaqueous delta generated by sediment
starvation. The erosion was observed primarily between 5m and
8 m below the lowest tide from 2000 (Yang et al., 2011). Although
the core in the present study was located in the Yangtze Delta front



Y. Liu et al. / Environmental Pollution 249 (2019) 225—235 229
TOC (mg g TN (mg g”) BSi (mg g) TP (mg g™) IP (mg g™)
2 4 6 8 0.2 0.6 1.0 3 6 9 12 15 04 06 0.8 1.0 0.3 0.5 0.7 09
0 1 1 J 1 J 1 1 1 J 1 1 J 1 1 J 2016
1 . : . 5 . + 2010
3 . . . -+ 2000
6 . . . + 1990
e
104 4 4 - 41980 S
>
17 s 4 - 11970
= &n
E 40 . . . 41960 «
= [=1
5 65 3 3 3 +1950 .8
5 90 . : 1 41940 2
2 4
114 . 4 . +1930 8
139 4 B E - =+ 1920
164 . 1 . + 1910
188 B k| s =+ 1900
2134 , 4 4 . + 1890
238 4 ; . : . ; 4/ . + 1880
—— TOC calibrated —— TN calibrated = #5 BSi calibrated —— TP calibrated ——IP calibrated
--------- TOC measured ---++---- TN measured —— BSi measured -+ TP measured -+ [P measured
OP (mg g™ TP Composition(%) 8'3C (%o) 8N (%o) BSi/TOC molar ratio
0.0 0.1 0.2 0 20 40 60 80 100 =26 -25 -24 -23 -22 3 4 5) 6 7 0.0 0.5 1.0 1.5
0 1 J L L 1 1 1 L 1 J 1 1 1 J 1 1 J 2016
L] ~ F 7 G H ] I i o
3 - g 4 . -+ 2000
6 - — . - 41990 _
—
10 4 44 g 4 . +1980
=
174 . . . - + 1970 g
§ 404 - . g . 41960 =
2 =
5 654 - B e E T1950 .2
' 90 1 - 8 8 41940 '3
g :
114 . g g g T+ 1930 2
139 - . / . . . —+ 1920
164 - . . - -+ 1910
188 B B B B =+ 1900
213 4 L - - E =+ 1890
238 : E E - - -+ 1880
—— OP calibrated [ ] oprp

IP/TP

......... OP measured
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at a water depth of 30 m, no obvious erosion was observed. How-
ever, the change in sedimentation rate suggested that the decline in
submerged delta accretion probably began in the 1980s immedi-
ately following the decrease in sediment supply from the river
basin. Similar decrease in sedimentation rates from 5.1 cm yr~! in
1958—1978 to 0.2 cm yr~! in 1978—1997 in the outer subaqueous
delta (separated by 122.3 °E) was reported (Yang et al., 2003). The
decreased sedimentation rates responded to the reduction in
sediment discharge caused by the hydrological infrastructures,
indicating that the human activities have changed the sedimentary
environments in the Yangtze River Estuary, where the sedimentary
environment was demonstrated to be dominated by sediment de-
livery from the river basin. It also implied that high resolution
sediment records could be reconstructed in the delta front as the
core A5-4.

The grain size coarsening in the sediment core might also be the
result of the decrease in sediment discharge. The stable grain size
composition with less fluctuation in the lower core corresponded to

the early period with high speed accretion in the delta front (Fig. 3).
Subsequent increasing fluctuation in grain size and coarsening
corresponded to the decreasing Yangtze sediment discharge and its
consequential increasing resuspension-dominated environment
(Milliman et al., 1985; Zhuang, 2005; Luo, 2012; Yang et al., 2018).
Coarsening of the Yangtze channel sediment has been reported to
suggest erosion along the middle reaches of the river since 2003
(Yang et al., 2011). Corresponding coarsening of suspended sedi-
ments from the Yangtze River to the East China Sea was also
observed, in addition to the erosion of the subaqueous delta off the
Yangtze River mouth, causing the coarsening of seabed sediments
after the construction of the TGD (Luo et al., 2012). However, the
present results in the delta front suggested that the coarsening and
decline in delta accretion probably began in the 1980s, which was
much earlier than TDG construction. The difference was presum-
ably because the delta front was more sensitive to change in sedi-
ment supply to the river mouth compared with the main
submerged delta (Yang et al., 2018).
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Fig. 5. Records of natural and anthropogenic background in the Yangtze River Basin
and Estuary. (A) The annual water and sediment discharges monitored by Datong
Hydrology Station (data from: Changjiang Water Resources Commission of the
Ministry of Water Resources (2017)), compared with the sedimentation rates and
percent of terrestrial organic matters in the study. (B) The organic matter provenance
composition proportion estimated by the least squares method model in the study.
TOCer: terrestrial organic matter; TOCy,: marine organic matter. (C) Inter-annual
variations of fluxes of DSi, DIP and DIN monitored by Datong Hydrology Station
(data from: Li et al. (2007) and Wang et al. (2018)). (D) Inter-annual variations of N/Si,
P/Si and N/P molar ratios monitored by Datong Hydrology Station (data from: Li et al.
(2007)). (E) Number of red tide occurrences in Yangtze River Estuary and adjacent
waters (data from: Liu et al. (2013)), compared with the 3'*C in the study. (F) Popu-
lation in the Yangtze River Basin (modified after Zhang (2006), http://www.stats.gov.
cn/) and the annual sea surface temperature(SST) in the study area. Annual
Extended Reconstructed SST Version 3b (ERSST V3b) (Smith et al., 2008; Xue et al.,
2003), ERSST V4 (Huang et al., 2015; Liu et al., 2015) and ERSST V5 (Huang et al.,
2017) are provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their

4.2. Changes in nutrients and primary productivity in the Yangtze
River Estuary

The fluctuation of biogenic components along with variations in
grain size composition and sedimentation rate in the sediment
profile suggested significant environmental changes during the
past several decades (Figs. 3—5).

Due to abundant sediment supply from the large turbid river,
the estimated sedimentation rates in the present study were rela-
tively higher than those of an average coastal region. To some
extent, this high sedimentation rate favorited the preservation of
organic matter in sediments. In addition, the profiles of TOC and TN
which are usually affected by early diagenesis showed similar
variations to those of OP and BSi (Fig. 5A—C, and F), indicating that
the core was minorly affected by early diagenesis. Thus, the vertical
distributions of the biogenic components were mainly influenced
by environmental changes including riverine input of nutrients and
in situ primary productivity.

Before the 1950s, a relatively stable state and low fluctuation of
biogenic components (Fig. 4) suggested a minor influence of human
activities. A relatively lower and stable population (Fig. 5F) implied
that the variation in nutrients resulted from climatic- or natural
process-dominated changes. However, 3°N (Fig. 41) was the
exception as it showed a slow decrease from the early 20th century.
Due to the complexity of influencing factors and the lack of relevant
data records, it was difficult to distinguish and conclude the con-
trolling factors of 8'°N reduction in this period.

Slight increases in OP, BSi, TN, and TOC (Fig. 5A—C, and F) began
during the 1950s—1970s, suggesting increased nutrient deposition
in the delta front. Meanwhile, 8'3C (Fig. 4H) inclined towards a
marine organic origin. Furthermore, 8'°N (Fig. 41) became lighter,
corresponding to the increase in fertilizer application (Fig. 5H) in
the river basin. According to the statistics, NO}~ nitrogenous fer-
tilizer application in the Yangtze River Basin began in the 1950s
(Yan et al., 2001). Thereafter, the quantity of N fertilizer application
was reported to increase rapidly, from several 100,000 tons per
year in the 1960s to 2—3 million tons per year in the 1970s (Yan
et al., 2001). Moreover, according to the statistics, the population
(Fig. 5F) in the Yangtze River Basin underwent a rapid increase from
248 million in 1949 to 381 million in 1970. Accordingly, this
resulted in increasing nutrient input into river and estuarine water.
Riverine DIP and DIN fluxes (Fig. 5C) multiplied during this period
(Li et al., 2007). As a result, the increase in 8'3C (Fig. 4H) could
indicate the consequential increase in primary productivity.
Chemical fertilizer application accompanying the population
growth substantially increased nutrient fluxes to the river mouth,
thereby stimulating a higher level of primary productivity. Since
then, the impact of human activities on riverine and estuarine
ecosystems has gradually surpassed that of climate change.

Slight reductions in TOC, TN, and BSi (Fig. 5A—5C) occurred
during the late 1970s—1980s. However, OP, '3C, and 3N (Fig. 5F,
H, and I) remained at high tropic levels. The diversification of
biogenic components was presumably related to the operation of
large hydrological infrastructures in the Yangtze River Basin. Dam
operation in the river basin trapped not only sediment that resulted
in a reduction in sediment charge (thereby coarsening the sedi-
ment in the present study's core) and deposition, but also terrestrial

Web site at https://www.esrl.noaa.gov/psd/. Ensemble mean of different datasets is
employed to reduce errors in the observations and to best represent the truth of the
real world. And all these three datasets have a horizontal resolution of 2.0° x 2.0°. (G)
Reservoir capacity in the Yangtze River Basin (data from: Xu et al. (2013)), compared
with the BSi/TOC molar ratio in the study. (H) Total waste water discharge and volume
of effective component of fertilizer in the Yangtze River Basin (data from: http://www.
stats.gov.cn/), compared with the 3'°N in the study.
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Fig. 6. The profiles of burial fluxes of biogenic components in the sediment core. (A) TOC, (B) TN, (C) BSi, (D) TP, (E) IP, (F) OP. Burial fluxes (t km 2 yr~') = the contents of biogenic
components*average sedimentation rate* dry bulk density. The value of dry bulk density was chose to be 1.2 g cm~ (Keller and Ye, 1985; Chung and Chang, 1995; Lin et al., 2002;

Deng et al., 2006).

organic matter that may be responsible for the reduction in TOC
and TN (Fig. 5A and B). A similar correlation regarding the decline in
terrestrial organic matter with riverine sediment discharge was
also revealed by long-term monitoring data (Yu et al, 2011).
Moreover, the decline in BSi (Fig. 4C) in this period probably
resulted from the damming retention effect due to the increased
reservation time of river water and consequent consumption and
sedimentation of the DSi in the reservoirs (Duan et al., 2007; Wang
et al., 2018). The same processes were also found in the Danube
River after operation of the Iron Gates Dam (Humborg et al., 1997).

Since the late 1980s, significant increases in TOC, TN, OP, and BSi
(Fig. 5A—C, and F) revealed that the growth of primary productivity
stimulated by eutrophication might be the prevailing controlling
factor of the distribution of biogenic components, over the impact
of sedimentary adjustment caused by hydrological infrastructures.
In this period, there was over a three-fold increase in fertilizer
application from 1980 to 2016 (Fig. 5H). However, the relatively
stable state of 8°N at the top of the core, rather than a reduction,
might be the result of both NO3~ fertilizer application and the
discharge of agricultural, domestic, and industrial sewage. The
statistics showed that the total waste water discharge in the
Yangtze River Basin increased from 22 billion tons in 2004 to 317
billion tons in 2016 (Fig. 5H). Correspondingly, abrupt increases in
N and P riverine loads were found in the monitoring data at Datong
station. It was reported that the DIP flux of the Yangtze River
increased from approximately 7 million tons per year in the early
1980s to approximately 65 million tons per year in the late 1990s,
while the DIN flux increased from approximately 0.4 million tons
per year in the early 1970s to approximately 1.6 million tons per
year in the late 1990s (Li et al., 2007) (Fig. 5C). Increasing nutrient
levels in the water aggravated eutrophication and consequently
stimulated marine primary productivity. A 10—20 fold increase in
cell abundance of dominant phytoplankton was observed in the

Table 1
The estimated average burial fluxes (t km™2 yr~!) of biogenic components in
different period in the study.

Period TOC TN BSi TP P orP
After the mid-1980s 13.7 162 238 397 337 0.604
During the 1970s to mid-1980s 363 439 768 107 912 1.60
Before the 1970s 140 162 181 343 296 4.62

Yangtze River Estuary and its coastal waters from the beginning of
the 1980s to the mid-1990s and the early of 21st century (Wang
et al., 2004). Chai et al. (2006) reported increasing mean concen-
tration of Chl a in the Yangtze River Estuary by comparing data from
1986 to 2004, and the spring/summer Chl a maximum in 2002 was
nearly four-fold as high as that in 1986. In addition, decreased
suspended particulate matter concentrations in the Yangtze River
and its estuary, caused by the reduction in sediment discharge,
might have also promoted phytoplankton growth via the
enhancement of water body transparency (Sullivan et al., 2001;
Coynel et al., 2005; Duan and Bianchi, 2006; Yu et al., 2011).

However, the influence of the development of hydrological in-
frastructures during this stage was also reflected in the nutrient
molar ratio. BSi is considered to be a good proxy of diatom pro-
duction, which is an important component of primary production
(Ragueneau et al., 1996; Conley and Schelske, 2002). The increases
in TOC and TN (Fig. 5A and B) substantially outpaced BSi (Fig. 4C) at
the upper core. The BSi/TOC molar ratio was calculated for quali-
tative assessments of diatom primary productivity. The decrease in
the BSi/TOC molar ratio first presented in the 1980s, and continued
to decrease (Fig. 4]). The continued change in the BSi/TOC molar
ratio in the Yangtze Delta sediments suggested a reduction in
diatom productivity in the previous decades. It has been reported
that the adjustment of Danube nutrient fluxes after reservoir
impoundment were immediate (Humborg et al., 1997). The long-
term changing tendency of the BSi/TOC molar ratio negatively
correlated with total reservoir capacity increase over the past 40
years (Fig. 5G). According to the monitoring data at Datong station,
the significant decline in DSi of the Yangtze River started in the
1980s (Li et al., 2007) (Fig. 5C). Although, there was an upturn of DSi
flux since 2003 (Wang et al., 2018), which is consistent with the
increase in BSi at the top of the core in this study, the continued
drop in BSi/TOC molar ratio might still indicate the decreasing
diatom productivity percentage. The retention of silicate in the
reservoirs, combined with the eutrophication tendency, altered the
structure of nutrient loads in the water (Fig. 5D), and further led to
shifts in phytoplankton species composition from diatoms to non-
diatoms in the Yangtze River Estuary. Correspondently, the domi-
nant species in red tides has been reported to transition from di-
atoms to non-diatoms. For example, the percentage of Skeletonema
costatum in red tides decreased from 33.3% in 1980—1989 to 24% in
2000—2002 (Li et al., 2007).
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Table 2
Burial fluxes (t km~2 yr~!) of biogenic components in Deltas and Marginal Seas.
Region TOC TN BSi TP 1P OP
The Bohai Sea 24-21.6° - 5.6-22.4° 0.353-23.4" 0.24-19.2° 0.059-4.22"
1.35—-132¢ 0.13—14.58¢ 4.82—-245°¢ 0.27—34.69° 0.23—-28.40°¢ 0.04—6.28°
The Yellow Sea 12.6° - 5.6-33.6¢ 0.17-1.92° 0.16-1.43" 0.01-0.59"
The Southern Yellow Sea - 0.39-2.36 - - - -
The North Sea 1.758 - - 0.014" - -
The Southern North Sea — 19.1' — 11.2-25.2 — —
The Mississippi Delta 64« 6.0-23' 20.47™ - - 0.7-2.1"
The Arabian Sea - - - 0.01-0.22° - -
The Eastern Arabian Sea 0.8—21° 0.08—2.47" — - — —
The Northern Arabian Sea - - 0.31-1.32¢ - - -
The Baltic Sea 1.197" 2.08° 12—-24" - - -
The North-western Baltic Proper coastal zone — — — 1.7-2.8" — —

Data from.

2 Liu et al. (2018).

b Liu et al. (2004).

¢ Jiang (2012).

d Liu et al. (2016).
Hu et al. (2016).
Lii et al. (2005).
de Haas and van Weering (1997).
Brion et al. (2004).
Oehler et al. (2015a).
Oehler et al. (2015b).
Turner et al. (2004).
Smith et al. (1985).
Presti and Michalopoulos (2008).
Ingall and Van Cappellen (1990).
Schenau and De Lange (2001).
Bhushan et al. (2001).
van der Weijden and van der Weijden (2002).
Winogradow and Pempkowiak (2014).
Thomas et al. (2010).
Olli et al. (2008).
Rydin et al. (2011).
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In addition, the impact of global climate change should not be
neglected. In the context of climate change, increasing atmospheric
and ocean temperature might alter precipitation, weathering, run-
off, ocean stratification, ocean acidity, patterns of ocean circulation,
and nutrient levels, further affecting the environments and eco-
systems of the river basin and estuary (Hoegh-Guldberg and Bruno,
2010; L et al., 2017). With the development of global warming, the
sea surface temperature (SST) in the Yangtze River Estuary has
shown a significant increase, which might be one of the factors of
the environment change (Fig. 6F). Although the complexity of
ecological interactions makes it difficult to determine the total
impacts adequately, global climate change can enhance the detri-
mental effects of human activities according to several case studies
(Walther et al., 2002).

4.3. Changes of nutrient and organic carbon burial

Biogenic component burial fluxes in the core were estimated by
combining the contents with sedimentation rates (Fig. 6 and
Table 1), showing considerable change over the last several de-
cades. The high resolution sediment records revealed not only
environmental changes during the previous decades, but also the
potential nutrient burial variation in the context of river sediment
starvation. Maximum burial fluxes were recorded in the lower core
(before the 1970s) (Fig. 6 and Table 1), with values of 140, 16.2, 181,
and 4.62 tkm~2 yr—! for TOC, TN, BSi, and OP, respectively. These
burial fluxes were significantly higher than the average shelf and
coastal environment values (Tables 1 and 2). High nutrient burial
fluxes were presumably due to rapid sediment deposition that
favored nutrient preservation. Hence, substantial nutrient burial
ensured efficient nutrient removal from the water column, which is

essential for delta ecosystems and services (Giosan et al., 2014). The
estimated burial fluxes declined dramatically during the
1970s—1980s by 60—70% compared with those before the 1970s
(Fig. 6 and Table 1), though the concentrations increased during
this period. Minimum burial fluxes were presented in the upper
core (after the late 1980s), whilst the burial fluxes were one order of
magnitude lower than those before the 1970s, despite the rapid
increase in concentration during this period. The significant posi-
tive correlation of nutrient burial fluxes with sedimentation rates
indicated that it was the later that dominated the burial fluxes.
While little attention has been paid to nutrient burial fluxes, pre-
vious estimation of the long-term OC burial rate for the East China
Sea Shelf (14.7 tkm=2 yr~, Deng et al., 2006) was similar to the
present result (13.6 tkm =2 yr~1) (Table 1).

Despite the fact that the present study was only based on a
single core from the delta front, our findings may represent an
average and/or an optimistic estimation on recent nutrient burial
and removal in the Yangtze Delta region. According to long-term
morphological calculation (Yang et al., 2011) and in situ sedimen-
tary dynamic observation (Deng et al., 2017), net sediment erosion
occurred from 2003 due to the decrease in sediment discharge. The
erosion appears mostly within a depth of 20 m (Yang et al., 2011),
while the delta front is still under sediment balance or accretion
where nutrient burial remains.

Recent decline in nutrients and C storage in the Yangtze Delta
area imply a low trap efficiency of this region for nutrient removal.
More than 90% of buried nutrients may have been further trans-
ported along the diluted water disperse path by tides and currents
to the inner shelf and open waters. Correspondingly, increasing
nutrient influxes from the Yangtze River Basin further increased the
degree and scope of eutrophication in the coastal area. Recent
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research has reported a higher frequency and larger extension of
algae blooms (red tide) in the adjoining coastal and shelf region
(Zhou et al., 2008; Wang and Wu, 2009; Liu et al., 2013; Jiang et al.,
2014) (Fig. 5E). Though their nutrient source and biological dy-
namics still require further investigation, changes in the trap effi-
ciency of delta sediments are likely to be one of the most important
factors.

Because sediment starvation in river deltas is common world-
wide due to the increase in hydrological engineering for the pursuit
of clean energy and fresh water resources (Milliman, 1997; Syvitski
et al., 2005), its influences on nutrient burial, and consequently
nutrient cycles, of coastal regions warrants further attention and
evaluation.

5. Conclusions

Nutrient changes in the Yangtze Delta front sediment profile
were coincident with increased human activities in the watershed
during previous decades. This suggested that the delta shifted from
a natural climate change prevailing system towards an
anthropogenic-dominated one.

Increases in OP, BSi, TN, and TOC began in the 1950s, along with
3'13C depletion towards a marine organic origin, and reduction in
3N. This indicated that strengthened anthropogenic activities
including chemical fertilizer application and population growth
increased nutrients fluxes to the river mouth and stimulated pri-
mary productivity over that of natural weathering dominated
fluctuations.

The depletion of TOC, TN, and BSi since the 1980s, together with
the decline in sedimentation rate and coarsening of sediment in the
profile, was largely consistent with increasing hydrological engi-
neering practices in the river basin. Sediment retention caused by
the operation of reservoirs and dams reduced the sediment
discharge of the Yangtze River. This resulted in sediment coars-
ening and reduction in sedimentation rate, and riverine TOC and TN
influxes in the Yangtze River Estuary. The variations in the BSi/TOC
molar ratio were most likely attributed to the change in primary
productivity toward non-diatom species. The trap of Si in the res-
ervoirs substantially decreased the riverine discharge downstream
to the river mouth, and consequently modified primary produc-
tivity in the delta.

Nutrient and organic C burial fluxes were mainly constrained by
sedimentation rate, rather than nutrient influxes and primary
productivity. Recent dramatic decline in nutrients and C burial in
the delta area suggested low efficiency for nutrient removal in this
area. Consequently, more nutrients have been further transported
to the inner shelf and open waters instead of being buried in the
delta sediment.
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