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ARTICLE INFO ABSTRACT

The Holocene environment evolution in the East China Sea (ECS) is characterized by the gradual establishment
and strengthening of its shelf circulation system, but knowledge about temperature responses in temporal and

Keywords:
Holocene
Ocean circulation
Temperature structure
vk’
37
TEXge
East China Sea

spatial scales is limited due to the lack of continuous high-resolution records. Here, we compare U37' and TEXgg
temperature records for three cores from the ECS shelf, which provide the temporal and spatial patterns of
Holocene temperature structure variations. These temperature records revealed broadly consistent temporal
trends with three intervals characterized by two distinct shifts. During the early Holocene (10.0-6.0 ka), the
modern-type circulation system was not established, which resulted in strong water column stratification; and
the higher sea surface temperature (SST) might be associated with the Holocene Thermal Maximum (HTM). The
interval of 6.0 to 1.0/2.0 ka displayed a weaker stratification caused by the intrusion of the Yellow Sea Warm
Current (YSWC) and the initiation of the circulation system. A decreasing SST trend was related to the formation
of the cold eddy generated by the circulation system in the ECS. During 1.0/2.0 to 0 ka, temperatures were
characterized by much weaker stratification and an abrupt decrease of SST caused by the enhanced circulation
system and stronger cold eddy, respectively. Thus, the temperature structure in the shelf of ECS was closely
related with circulation system changes during the mid-late Holocene, which was most likely driven by the
intrusion of Kuroshio Current (KC). The significant asynchrony of temperature decreases in the three locations
during the late Holocene was likely caused by the gradual expansion of the ECS cold eddy area.

1. Introduction

Temperature is an important component of marine ecosystems, and
its variations in vertical and horizontal structures are coupled with
climate changes, and consequently influence the structure and function
of marine ecosystems. It is generally accepted that the overall global
temperature during the Holocene had a cooling trend of ca. 0.5 °C fol-
lowing the Holocene Thermal Maximum (HTM) towards the late
Holocene (Marcott et al., 2013). However, the range and timing of the
temperature decrease varied substantially between different regions,
due to additional forcings and feedbacks (Huang et al., 2011; Jennings
et al., 2011; Moossen et al., 2015; Trommer et al., 2010; Warden et al.,
2016). Many pieces of evidence demonstrated that the evolution of

ocean circulation was an important additional driver for regional
temperature variations (Giraudeau et al., 2010; Trommer et al., 2010).
Thus, better constraints on temperature response to ocean circulation
and global climate forcing are needed to get insight to the regional
environment change mechanisms and to understand their ecological
influences on marine ecosystems.

The East China Sea (ECS) has received increasing attentions for
environmental and ecosystem studies recently (Hu et al., 2014; Xing
et al., 2016), because of its unique geographic location and complex
hydrography. Located between the world's largest continent and the
largest ocean, the ECS is influenced by climatic forcing from both the
high-latitude Northern Hemisphere (East Asian Monsoon System) and
the tropic ocean (Kuroshio Current, KC), generating distinct seasonal
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Fig. 1. A schematic map showing B3-1A, F10B and F11A site (@), the distribution of mud sediment areas, and the regional circulation system in the ECS and the YS
during winter. Dark grey represents mud areas. KC: Kuroshio Current; YSWC: Yellow Sea Warm Current; TWC: Tsushima Warm Current; TWWC: Taiwan Warm
Current; YSCC: Yellow Sea Coastal Current; CDW: Changjiang Diluted Water; MZCC: Minzhe Coastal Current; YBF: Yangtze Bank Front; ECSCE: East China Sea Cold

Eddy.

circulation patterns, with strong horizontal and vertical temperature
gradients (Chen, 2009; Lie and Cho, 2016). In winter, coastal currents
including the Yellow Sea Coastal Current (YSCC) and the Minzhe
Coastal Current (MZCC) carry cold and low salinity water southward
(Fig. 1). Conversely, the offshore currents including the Yellow Sea
Warm Current (YSWC) and the Taiwan Warm Current (TWWC) carry
warm and high salinity water northward (Fig. 1). Cold coastal waters
and the warm Kuroshio water meet at the shelf of the ECS, contributing
to various hydrographic features such as oceanic fronts and cold eddies
(Fig. 1). In summer, the circulation system in ECS is relatively weak as
the coastal currents are not evident due to the reversed monsoon. In
addition, the Changjiang Diluted Water (CDW) flows northeastward
which also affects the surface circulation. Temperature is quite uniform
in surface waters of the entire ECS shelf, while showing strong strati-
fication in the thermal structure due to higher solar radiation heating of
surface waters.

Paleoclimate records from the ECS could provide important evi-
dence to understand the influence of ocean circulation on temperature
changes over the Holocene. Previous reconstructions showed that the
basic structure of the modern circulation system in the ECS was first
established at 6.0-7.0 ka (Li et al., 2009b; Xiang et al., 2008), and
probably reached the present level since the late Holocene (Xing et al.,
2013; Zhao et al., 2013). However, our knowledge was still very limited
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on the temporal and spatial temperature patterns in the Holocene, as
well as the vertical temperature structure, in response to the evolution
of circulation system in the ECS, because existing temperature records
were either short time scale or low temporal resolution (Badejo et al.,
2014; Li et al., 2009a; Zhao et al., 2014). In addition, most published
studies mainly focused on SST variations, but did not consider vertical
temperature structure changes. The latter is very important, as the
seasonal shift of modern circulation system can result in significant
changes in stratification (Chen, 2009). A preliminary study using Ho-
locene temperature records (Xing et al., 2013) observed opposite trends
of surface and subsurface temperature changes, suggesting different
forcing mechanisms. Therefore, better assessments of the Holocene
circulation system changes are important for quantifying and ex-
plaining both horizontal and vertical temperature patterns in the ECS.

Surface and subsurface temperature records can be obtained using
the UK and TEXgs indices, respectively. They are widely used tem-
perature proxies and have been applied successfully for Holocene
temperature reconstructions in the China marginal seas (Ge et al., 2014;
Nan et al., 2017; Wang et al., 2011; Xing et al., 2013). The U values in
surface sediments of the Yellow Sea (YS) and the ECS display a good
linear correlation with the instrumental annual SST, confirming that the
UK -derived SST represents annual mean SST (Tao et al., 2012). While
the TEXgs values in surface sediments displayed a good linear
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correlation with the instrumental annual subsurface temperature in the
YS and ECS (Xing et al., 2015), covering the core sites in our study. Xing
et al. (2013) and Yamamoto et al. (2013) also found that the TEXgg
temperatures were consistently lower than the UX temperatures in
Holocene sediments from the ECS and northern Okinawa Trough, re-
spectively. Here, we report U and TEXgs temperature records in three
cores (including published records from core F10B) from the ECS shelf
to gain new insights into the temporal and spatial patterns of Holocene
temperature structure variations. The comparisons of the multi-core
reconstructions permit us to integrate the overall temperature trends in
response to global climate and regional circulation, and to discuss the
mechanisms for the spatial differences of temperature structures.

2. Study area

The climate in the ECS is predominantly controlled by the East
Asian monsoon system. In winter, the strong northerly winds from the
Siberia carry cold and dry air to the region and the river discharge to
the ECS is typically low. In summer, southerly winds from the Pacific
Ocean bring warm and humid air, resulting in higher precipitation and
river discharge to the ECS. The dynamic interactions of shelf water and
the KC water create remarkable hydrographic features in this region.
The ECS Cold Eddy is a well-defined counterclockwise cyclonic eddy,
located in the southwest of the Jeju Island (Fig. 1). It was first reported
by Inoue (1975), and later was confirmed by numerous studies (Hu,
1984; Qu and Hu, 1993). This cyclonic eddy can result in cold water
upwelling from deep layers generating a cold area of 100-200 km in
diameter. The cold center of the ECS Cold Eddy does not usually appear
at the surface but is evident in the subsurface (below 10 m), which
could be 5 °C lower than surrounding areas. The year-round existence of
the upwelling also creates high phytoplankton productivity and highly
valuable fishing ground in this region. The Yangtze Bank Front (YBF) is
a large-scale frontal system located in the edge of the Yangtze Bank
along the 50-m isobaths (Fig. 1) (Chen, 2009; Hickox et al., 2000). This
front is caused by the interactions of cold coastal waters and the warm
KC water and is maintained by tidal rectification (Belkin et al., 2009).
Satellite-derived SST images reveal obvious seasonality of the YBF
which is enhanced and apparent throughout the winter, while it dis-
appears in summer (Lee et al., 2014). The water masses separated by
the YBF have distinct features in temperature, salinity and nutrient
(Chen, 2009). The cross-frontal differences of SST in winter can be as
large as 3-4 °C (Hickox et al., 2000). The unique hydrographic feature
also leads to the formation of mud area southwest of the Jeju Island.
This mud area developed since 7.0 ka, with accumulation rates ranging
from 0.02 to 0.2cm/yr. Sediments were generally considered to be
originated from the Changjiang River and the Yellow River (Alexander
et al., 1991; Hu et al., 2014; Lee and Chough, 1989; Lim et al., 2006;
Milliman et al., 1985a, 1985b; Park and Khim, 1992).

3. Materials and methods

Gravity core F11A (126°21’E, 31°53’N, water depth: 93 m, core
length: 206 cm) and B3-1A (125°45’ E, 31°37’ N; water depth: 65m,
core length: 289 cm) were collected on R/V Dongfanghong2 in 2011.
Detailed information of gravity core F10B had been reported (Xing
et al., 2013; Yuan et al., 2013). The locations of the three cores were in
a west-east section in the mud area to the southwest of the Jeju Island,
with B3-1A in the west, F10B in the middle and F11A in the east (Fig. 1;
Table 1). All sediment cores were sampled at 1 cm intervals for tem-
perature proxy analysis.

The sample processing and instrumental analyses for biomarker
proxies (UL and TEXgg) followed those in the previous studies (Xing
et al., 2013; Yuan et al., 2013; Zhao et al., 2013). Briefly, freeze-dried
sediments were extracted by CH,Cl,/CH30H (3:1, v/v). The extracts
were hydrolyzed with 6% KOH in CH3OH. The neutral lipids were ex-
tracted with hexane and then separated into two fractions using silica
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Table 1

Core locations in this study.
Core Longitude (E) Latitude (N) Water depth (m) Length (cm) Location
B3-1A 12545’ 31°37” 65 289 west
F10B 126°7" 31°45’ 76 141 middle
F11A 126°21’ 31°53" 93 206 east

gel chromatography. The polar lipid fraction (containing alkenones and
GDGTs) was eluted with CH,Cl,/CH30H (95:5, v/v), and then was di-
vided into two parts. One was derivatized using N, O-bis (trimethylsily)-
trifluoroacetamide (BSTFA) and the other was filtered by PTFE mem-
brane (0.45um) before instrumental measurements. Alkenones were
determined by GC (Agilent 7890 A) with an FID detector and a HP-1
column (50m x 0.32pm X 0.17 um). GDGTs were determined using
HPLC-MS (Agilent 1200/Waters Micromass-Quattro Ultima™ Pt) with
an APCI probe and a Prevail Cyano Column (150 X 2.1 mm, 3 pm).

UK’ values were calculated based on the relative abundance of Cs;
alkenones (Eq. (1)) (Prahl et al., 1988) and were converted into tem-
perature using a local core-top calibration based on data from 30 sur-
face sediments with modern annual surface temperature (Eq. (2)) (Tao
et al., 2012).

Us’i _ ( Cs7:2 )
Cyza + GCap3

UK’ = 0.059T — 0.350, 2= 0912, n =30

@

(2

where Cs;., and Csy.3 indicated the Cs; alkenones with 2 and 3 double
bonds, respectively.

TEXgs" index, a modified version of TEXge, was calculated based on
the relative abundance of GDGTs (Eq. (3)) (Kim et al., 2010) and
converted into temperature according to a local equation based on data
from 22 surface sediments with modern annual bottom temperature
(Eqg. (4)) (Xing et al., 2015).

TEXy! = log [GDGT 2]
[GDGT 1] + [GDGT 2] + [GDGT 3] 3)
TEXgd = 0.03BWT — 0.94, r>=0.86, n = 22 )

where L stood for low temperature and the numbers 1-3 indicated the
number of cyclopentane rings in GDGTs.

The analytical precision of these methods is ca. 0.3 °C for U5 and
0.5°C for TEXgs". AT was calculated by U£ and TEXgs" temperature
differences to represent the stratification strength (AT = UL-SST —
TEXgs"-BWT).

4. Results

4.1. Chronology

Benthic foraminifers from 6 depths of Core B3-1A and from 5 depths
of Core F11A were picked for AMS '“C dating at Peking University
following the procedure developed by Liu et al. (2007). All the mea-
sured AMS *C ages were calibrated to calendar ages using the CALIB
6.1.1 program and were corrected for a regional marine reservoir age (A
R = —128 = 35yr) (Stuiver et al., 1998). The age model of Core F10B
was previously published (Xing et al., 2013; Yuan et al., 2013), which
consisted of AMS 1“C dated benthic foraminifers from 5 depths and was
calibrated to calendar ages using the same data analysis.

The **C-dated core depths for B3-1A covered a time span of the last
9.0 ka (Fig. 2A). Linear interpolation between radiocarbon dates
yielded sedimentation rates between 10.2 and 142.0 cm/ka. The *C-
dated core depths for F10B ranged from 1.4 to 14 ka and generated
sedimentation rates between 6.2 and 49.7 cm/ka (Fig. 2B). The dated
core interval for F11A spanned the mid-late Holocene (< 4.5 ka) with
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Fig. 2. Age-depth plots for Cores B3-1A (A), F10B (B) and F11A (C). Sedimentation rates are calculated using the calibrated ages (yr) of the dated horizons. Error bar

denotes the two sigma age range.

sedimentation rates between 35.2 and 99.8 cm/ka (Fig. 2C). The
average sedimentation rate of F11A (45.8 cm/ka) was higher than that
of B3-1A (32.1 ecm/ka) and F10B (10.1 cm/ka). The 20 error bars for
14C calendar ages are typically smaller than 300 yr (Fig. 2).

4.2. Temperature variations in B3-1A (west site)

UX' temperature ranged from 17.9°C to 20.9°C and displayed an
overall decreasing trend (Fig. 3A; Table 2). During 9.0 to 6.0 ka, UX'
temperature was relatively high with an average of 20.2 °C. There were
several missing data due to the low contents of Cs3, alkenones. During
the period of 6.0 to 1.0 ka, UX" temperature showed a slight decrease
with an average of 19.5 °C. The period of last 1.0 ka was characterized
by a rapid decrease of UX temperature with an average of 18.8°C.
TEXgs" temperature ranged from 14.2°C to 17.3 °C with an overall in-
creasing trend (Fig. 3B). The average TEXgs" temperature during the
three periods was 15.1°C, 15.5°C and 15.7 °C, respectively (Table 2).
AT ranged from 1.2°C to 5.9°C with an overall decreasing trend
(Fig. 3C). The average value of AT during the three periods was 5.1 °C,
4.0°C and 3.1 °C, respectively (Table 2).

Core B3-1A

4.3. Temperature variations in F10B (middle site)

The UX' and TEXgs temperatures for F10B reported previously by
Xing et al. (2013) were recalculated using the local calibration equa-
tions and are now described for a comparison in this study. UL tem-
perature ranged from 17.6 °C to 20.6 °C, and displayed an overall de-
creasing trend (Fig. 3D; Table 2). During 10.0 to 6.0 ka, UX
temperature was relatively high with an average of 20.1 °C. During the
period of 6.0 to 2.0 ka, UX temperature showed a slight decrease with
an average of 19.4°C. During the period of 2.0 to 1.4 ka, UX tem-
perature displayed a rapid decrease with an average of 18.2 °C. TEXgs"
temperature ranged from 12.8°C to 15.8°C with a slight increasing
trend (Fig. 3E). The average TEXgs" temperature during the three per-
iods was 14.6 °C, 14.7 °C and 14.7 °C, respectively (Table 2). AT ranged
from 2.7 °C to 6.9 °C with an overall decreasing trend (Fig. 3F). The
average value of AT during the three periods was 5.4 °C, 4.7 °C and
3.5°C, respectively (Table 2).

4.4. Temperature variations in F11A (east site)

The records for F11A were higher resolution and over a shorter time
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Fig. 3. Holocene temperature records from Cores B3-1A (left panel), F10B (middle panel) and F11A (right panel) (averaged and smoothed). (A, D, G) U;: tem-
perature; (B, E, H) TEXgq" temperature; (C, F, ) AT (U3’§’ and TEXgs~ temperature difference). The dotted vertical lines indicate temperature shifts.
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Table 2

Temperature averages of each interval in Cores B3-1A, F10B and F11A.
Time interval 0-1.0/2.0 ka 1.0/2.0-6.0 ka 6.0-10.0 ka
Location Core K TEXge" AT uk TEXge" AT g TEXg6" AT
west B3-1A 18.8 15.7 3.1 19.5 15.5 4.0 20.2 15.1 5.1
middle F10B 18.2 14.7 3.5 19.4 14.7 4.7 20.1 14.6 5.4
east F11A 19.0 14.1 5.0 19.8 14.1 5.7

span of the last 4.5 ka. UX temperature ranged from 18.5 °C to 20.4 °C,
and displayed an overall decreasing trend (Fig. 3G; Table 2). During 4.5
to 1.0 ka, UX temperature was relatively high with an average of
19.8°C. During the period of 1.0 ka to the present, U5 temperature
displayed a rapid decrease with an average of 19.0 °C. TEXgs" tem-
perature varied significantly from 11.7°C to 15.8°C (Fig. 3H). The
average value of TEXgs" temperature during the two periods was the
same (14.1 °C; Table 2). AT ranged from 3.1 °C to 8.0 °C and the average
value of AT during the two periods was 5.7 °C and 5.0 °C, respectively
(Fig. 3I; Table 2).

5. Discussions

The UL’ index is based on the unsaturation extent of long-chain
alkenones with 37 carbon atoms found in marine haptophyte algae such
as Emiliani huxleyi and Gephyrocapsa oceanica, which have been uni-
versally used for SST calculation globally (e.g. Miiller et al., 1998; Zhao
et al., 2006; Max et al., 2012). The TEXgeq index is based on the relative
distribution of marine archaea isoprenoid glycerol dialkyl glycerol
tetraethers (GDGTs), most likely reflecting subsurface rather than sur-
face temperatures in many different marine environments, such as in
the Santa Barbara Basin, the eastern tropical North Atlantic, the Gulf of
California, and the Southern China Sea (Huguet et al., 2007; Lopes dos
Santos et al., 2010; McClymont et al., 2012; Li et al., 2013). However,
other studies argued that the TEXgs index may be constrained by sev-
eral non-temperature factors such as iGDGTs transported from terres-
trial soils (Hopmans et al., 2004), incorporation of methanotrophic
archaea (Zhang et al., 2011), growth phase and species variability
(Elling et al., 2014) and dissolved O, (Qin et al., 2015). Nakanishi et al.
(2012a) reported high contents of isoprenoid GDGTs in suspended
particles from the subsurface water in the ECS, suggesting that TEXgg
index is a reliable proxy for subsurface temperature reconstructions in
our study area. Considering the shallow depth in the YS and ECS, TEXgq
temperature is also a proxy for bottom water temperature (BWT). Thus,
the temperature differences (AT) between these two proxies yield a
quantitative reconstruction of stratification, which has been applied
successfully in the Okinawa Trough (OT) and the South China Sea
(Dong et al., 2015; Li et al., 2013; Yamamoto et al., 2013).

5.1. Temporal temperature pattern during the Holocene

The variation trends of UX SST, TEXgs" BWT and stratification
proxy (AT) in the three cores were generally consistent, respectively
(Fig. 3). All SST records were marked by a cooling of ca. 2-3 °C, while
the BWT records showed a slight warming, although some decreases
were embedded in the middle Holocene. Accordingly, the stratification
proxy all exhibited a generally decreasing trend of ca. 4-5°C. We
thereby integrated these records to derive temperature stacks in the
ECS. The temperature stacks were generated by taking average means
of the three records after the interpolation analyses of chronological
data, which could retain their common temporal features but suppress
spatial differences in each core.

Previously published data in the study region including temperature
(Xing et al., 2013), grain size (Hu et al., 2014), phytoplankton and
terrestrial biomarkers (Yuan et al., 2013) have broadly identified three
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intervals of environmental changes which were the early, middle and
late Holocene, but the shift timing for the three intervals varied quite a
lot. Our multi-core reconstructions in this study allowed us to better
constrain the timing of temperature changes. The reconstructed tem-
peratures broadly displayed a three-interval pattern with distinct shifts
at ca. 6.0 ka and 1.0/2.0 ka, each having a very different temperature
average (Table 2). The late Holocene temperature change occurred at
2.0 ka for the Core F10B while at 1.0 ka for Core B3-1A and F11A,
probably caused by age control, bioturbation, or oceanic forcing. We
focus on the oceanic forcing which might drive the temperature change
in this study. In the following section, we compare the stacked tem-
perature record with other climate records and discuss the possible
climate forcing for each interval.

5.1.1. Strong stratification during the early Holocene (10.0-6.0 ka)

As a result of the retreat of continental ice sheet, global and the ECS
sea level rose from the glacial to the early Holocene and reached the
present position at about 7.0 ka (Fig. 4H; Liu et al., 2004). Low contents
of C3; alkenones and high contents of long chain n-alkanols (Yuan et al.,
2013) suggested a shallower sea environment with enhanced terrestrial
influence in our study area. However, the influence from the terrestrial
material input on the TEXg¢ index is minor on the basis of the low BIT
values in all three cores (< 0.3, unpublished data). The shallow sea
environment for most of the ECS would also constrain the geographical
space and pathways for the intrusion of the KC to the shelf of ECS (Li
et al., 2009b). Thus, the influence of the KC to our study area must be
limited during the early Holocene due to lower sea level. Our US re-
cords indicated that SSTs were considerably higher during the early
Holocene than other periods (Fig. 4A). This coincides with the high
values of global annual temperature (Fig. 4D) and summer insolation
(Fig. 4G). The global high temperature during the early Holocene has
been attributed to summer insolation maximum (Renssen et al., 2009,
2012). The similarity between our SST records (Fig. 4A) and global
temperature anomalies (Fig. 4D) in the early Holocene suggests the
summer insolation forcing as a major factor controlling the SST in the
ECS, most likely through surface heating. The timing is also broadly in
agreement with continental climate records from China which showed
similar warm and wet period from 9.0 to 3.0 ka (Fig. 4F) (Liu et al.,
2007; Shi et al., 1992; Zhao et al., 2011). This correlation suggests that
early Holocene global climate had similar impact on both terrestrial
and marine temperatures in East Asia.

In the study area, the modern BWT shows weak seasonality and is
primarily determined by the winter temperature (Li and Yuan, 1992),
because the sharp thermocline in the summer can prevent heat transfer
from the surrounding area and keep the BWT similar to that of the
previous winter. During the early Holocene, the TEXgs" temperature
revealed lower BWT than any time covered by the records (Fig. 4B).
This is likely caused by a low winter temperature during the early
Holocene which was related to the strong EAWM (East Asian Winter
Monsoon) and limited influence from the KC. Although the strength of
EAWM in the Holocene was still a controversial issue due to the limited
reliable proxies, most published EAWM records displayed a strong
EAWM during the early Holocene (Fig. 4E) (Hu et al., 2012; Huang
etal., 2011; Wang et al., 2012). Thus, the intense winter monsoon could
directly cool temperature though surface heat fluxes and lead to the low
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temperature anomalies (stack 30-90°N) for the Holocene from 73 globally distributed records (Marcott et al., 2013) (D). Diatom assemblage records from Huguang
Maar Lake, a proxy for the EAWM intensity (Wang et al., 2012) (E). Stalagmite 880 records from Dongge cave (Dykoski et al., 2005), a proxy record of the
precipitation and EASM (East Asian Summer Monsoon) intensity in southern China (F). July (red) and December (blue) insolation at 31.5°N (W/m?) (Laskar et al.,
2004) (G). Sea level record in the East China Sea (Liu et al., 2004) (H). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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winter temperature and overall low BWT during the early Holocene.
Many pieces of evidence in the OT pointed to an enhanced KC during
the early Holocene (Li et al., 2009b; Xu and Oda, 1999), but the low
salinity environment recorded in the YS and ECS suggested that the
intrusion of the KC to the shelf of the ECS was still very limited during
this period (Xiang et al., 2008). The limited transport of warm water
from the KC could also contribute to the lower BWT in the study area
during the early Holocene. The high SST coupled with low BWT re-
sulted in strong stratification in the shelf of ECS during the early Ho-
locene, which also likely reflected the contrast between warmer
summer and cold winter conditions.

5.1.2. Weaker stratification during 6.0 to 1.0/2.0 ka

At the onset of the middle Holocene about 6.0 ka, the study area was
characterized by cooler SST, warmer BWT and hence weaker stratifi-
cation (Fig. 4A-C). This condition persisted to 1.0 ka at core sites B3-1A
and F11A and to 2.0 ka at core site F10B. The SST decrease broadly
followed global temperature changes during this time interval, sug-
gesting possible influence from decreasing summer insolation. How-
ever, a more important driver could be the circulation system, which
was distinctly different from that during the early Holocene. For-
aminiferal §'%0 and §'3C records revealed that the KC started to in-
fluence the YS and ECS since 6.0-7.0 ka (Kim and Kucera, 2000; Li
et al., 2009b; Xiang et al., 2008). High marine productivity in the YS
and ECS also pointed towards elevated nutrient condition since 6.0 ka
possibly related to a newly established circulation system (Xing et al.,
2012; Yuan et al., 2013). The intrusion of the KC provided an important
heat source to the ECS. However, the strength of the KC has shown a
remarkable weak period during 2.7-4.6 ka, known as the Pulleniatina
minimum event (Jian et al., 2000). Temperature records from the
Okinawa Trough based on the U31§ (Nakanishi et al., 2012b), TEXgg
(Yamamoto et al., 2013) and foraminiferal Mg/Ca ratio (Lin et al.,
2006) all suggested small changes during this period. Thus, the direct
influence of KC temperature changes to our sites during the middle
Holocene could be limited. However, the entrance and strength changes
of the KC into the YS and ECS could be important, with the accom-
panying hydrographic changes. As regional components of the circu-
lation system, the YSCC and ECS cold eddy can be enhanced due to the
influence of the KC. Grain size data in the region have revealed sig-
nificant increase in fine-grained fluxes since 6.8 ka, which can be due to
the enhanced YSCC or the formation of cold eddy which trapped more
sediments (Hu et al., 2014). Therefore, we attributed the decreased SST
to the enhanced YSCC and formation of cold eddy which brought more
cold water to the surface of our sites. In addition, the initiation of cold
eddy during this interval might have also caused weaker stratification
through enhanced upwelling.

5.1.3. Much weaker stratification since 1.0/2.0 ka

The global climate system during the mid-late Holocene did not
change dramatically after the sea level reached the present position at
ca. 7 ka (Wanner et al., 2008, 2011). However, our records revealed
significant temperature structure changes at 1.0 ka of cores B3-1A and
F11A and at 2.0 ka of core F10B during the late Holocene with rapidly
decreased SSTs and increased BWTs, resulting in much weaker strati-
fication (Fig. 4A-C). Compared to the average temperature during the
prior interval in core B3-1A, the SST decreased 0.7 °C, while BWT in-
creased 0.2 °C, thus the stratification decreased 0.9 °C (Table 2). The
decreased SST during this interval is consistent with global climate
cooling during the Holocene. However, these more significant tem-
perature changes suggested additional regional mechanism in addition
to insolation forcing during the early-mid Holocene. One possible
process is the strengthening of the cold eddy which can generate strong
upwelling and well-mixed water column, hence the weaker stratifica-
tion. Evidence from China marginal seas has shown an intensified cir-
culation system during the late Holocene. For example, the SST record
in the central YS suggested enhanced YSWC since 2.3 ka (Wang et al.,
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2011). Biomarker records in the YS also revealed a significant increase
in phytoplankton productivity and haptophyte contribution since 3.0
ka, which can be linked to the intensified circulation system (Zhao
et al., 2013). The circulation system in the ECS has been considered as
the main dynamic factor for the ECS cold eddy (Hu, 1984; Qu and Hu,
1993). With the intensified interaction of the YSWC and YSCC, the ECS
cold eddy could also be strengthened during the late Holocene, and thus
caused the large sea surface cooling and much weaker stratification.
This mechanism is in agreement with modern observations that the ECS
cold eddy was strengthened when YSWC was strong (Chen et al., 2004;
Hao et al., 2012).

Previous studies have shown that the circulation system in the ECS
depended largely on the variability of EAWM, since a strong EAWM
could enhance the winter wind-driven coastal current and the com-
pensating warm current (the YSWC), triggering a strong circulation
system (Song et al., 2009; Yuan and Hsueh, 2010). However, most
Holocene EAWM records showed an overall decreasing trend with only
a slightly increase during the late Holocene (Fig. 4E) (Hu et al., 2012;
Huang et al., 2011; Wang et al., 2012). Therefore, there might be other
climate forcing mechanism on these rapid temperature changes. The
ENSO has been proposed as an important factor for circulation system
and the ECS cold eddy in modern ECS (Chen et al., 2004; Hao et al.,
2012). The warm phase of ENSO could result in strong KC and anom-
alous cyclonic atmospheric circulation which intensified the ECS cold
eddy. For example, when the mean-state of ENSO changed to an El Nifio
like pattern since 1976 (Power and Smith, 2007), the intensity of the
ECS cold eddy increased significantly (Hao et al., 2012). Strong ECS
cold eddy has been also clearly observed in most El Nifio years since
1960s (Chen et al., 2004). During the late Holocene, the southward
migration of the ITCZ has favored a regime of stronger ENSO cycles
with increased El Nifio events especially since 2.0 ka (Koutavas et al.,
2006). Proxy reconstructions of the KC showed increased intensity after
the Pulleniatina minimum event (Jian et al., 2000). Our temperature
records are therefore in agreement with the reconstructed ENSO and
KC, lending credence to the hypothesis that the increased El Nifio
events could result in a stronger KC, which lead to a stronger ECS cold
eddy during the late Holocene.

5.2. Spatial temperature variations among the three cores

The most striking difference of the temperature records among the
three cores was the significant asynchronous changes during the late
Holocene. The remarkable SST decrease and BWT increase occurred at
2.0 ka for Core F10B at the middle position, while they occurred at 1.0
ka for Core B3-1A in the west and F11A in the east. The spatial variation
of SST between the three cores might be caused by different factors,
including age dating, proxy uncertainties, depositional processes and
regional oceanographic/climatic changes. One potential bias of the
chronology could be introduced from the linear interpolation, which
was especially critical for sediment cores with low-resolution age con-
trols. However, there are reasonable age controls in the three cores
during the Late Holocene (Table 3). The sedimentation rate in Core
F10B (with earlier temperature shifts at 2.0 ka) was lower than Core B3-
1A and Core F11A (Fig. 2), implying that it may be more susceptible to
bioturbation or lateral transport effects. However, if bioturbation or
lateral transport occurred, it is expected to influence both the for-
aminifera dating and our temperatures records. Thus, we suggest that
this spatial heterogeneity of temperature changes was more likely
caused by regional processes rather than age uncertainties and sedi-
mentation process.

As the three cores were located within a very small region in the
ECS (125.8-126.4°E, 31.6-31.8°N), global temperature changes should
have similar effects on the three temperature records when discussing
the spatial temperature differences. Thus, the spatial temperature pat-
terns in our study area might be largely controlled by the regional
factors, such as the variability of both the YSWC and cold eddy. In
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Table 3
Foraminifera'*C data of Core B3-1A, F10B and F11A. All the measured AMS**C
ages were calibrated to calendar ages using the CALIB6.1.1 program and were

corrected for a regional marine reservoir age (A R = —128 = 35yr).
Core Depth (cm) 4G age (yr) SD ( + yr) Calendar age (yr BP)
B3-1A 3 450 25 208
53 1675 30 1345
101 1975 25 1683
151 2380 25 2181
198 3015 20 2927
232 3485 20 3509
270 6660 25 7318
F10B 1 1790 25 1462
33 2330 25 2106
69 5265 30 5768
103 7505 35 8090
139 12355 40 13924
F11A 35 1065 25 734
81 1980 25 1690
124 2340 25 2121
164 3255 25 3258
204 4290 30 4584

general, the SST in F11 (east) was higher than that in F10 (middle) and
B3-1 (west) (Fig. 3; Table 2), because the core site of F11 is much closer
to the YSWC (Fig. 1). In addition, the west-east temperature gradients
along the 50-100 m isobaths generated by the YBF (Fig. 1; Hwang et al.,
2014) might also contribute to the higher SST in the eastern core. In-
terestingly, the SST in the middle core F10 was lower than that in the
western core B3-1 (Fig. 3; Table 2), although it was closer to the YSWC
(Fig. 1), compensated by the influence of the ESC cold eddy (Chen et al.,
2004). In summer, the ECS cold eddy induces a cold center at
31.8-32.2°N, 125.8°E, with significantly lower temperature than the
surrounding area (Gang et al., 2010). The area affected by the ECS cold
eddy extends about 100-200 km covering all the three sites, with the
middle site (F10, 31.8°N, 126.1°E) close to the cold -center
(31.8-32.2°N, 125.8°E) and the west and east site near the edge. The
slightly lower SST averages in our middle core (F10B) is most likely
related to the center of ECS cold eddy (Fig. 5; Table 2). At 2.0 ka, the
cold center was first enhanced around the middle site. As the circula-
tion system strengthened, its influence area expanded and started to
affect the west and east sites at 1.0 ka. Therefore, we infer that the
observed spatial temperature variability was caused by the combined
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effect of the YSWC, YBF and cold eddy.

5.3. Summary of Holocene surface circulation evolution and implications
for future regional environmental change

Based on the three Holocene temperature records in the shelf of
ECS, we try to synthesize these results into a coherent description of
regional environment evolution. As discussed above, particular atten-
tion was given to two significant shifts at ca. 6.0 ka and 1.0/2.0 ka
during the Holocene. In the early Holocene (Fig. 5A), with no or weak
modern-type circulation system, the influences of the KC and coastal
currents were limited. The shelf of the ECS showed higher SST and
strong stratification (5.1°C). During the interval of 6.0-1.0/2.0 ka
(Fig. 5B), both the YSCC and the YSWC started to influence the shelf of
the ECS leading to the formation of the ECS cold eddy (Li et al., 2009b;
Xiang et al., 2008), but the circulation system was still weak. The
temperatures in the shelf of ECS revealed decreased SST and weaker
stratification (4.0 °C). Since 1.0/2.0 ka in the late Holocene (Fig. 5C),
the circulation system was strengthened with strong YSCC and YSWC,
generating intensified cold eddy. As a result, the shelf of the ECS
showed abruptly decreased SST and decreased BWT with much weaker
stratification (3.1 °C). This temperature structure change showed sig-
nificant spatial asynchrony, caused by the expansion of the cold eddy
affected area.

Thus, these temperature structure changes are controlled by the
gradual establishment and strengthening of the circulation system.
Circulation system was not established or weak in the early Holocene,
initiated in the middle Holocene and enhanced in the late Holocene.
Based on our records, the strength of stratification has decreased from
5.1°C to 3.1 °C throughout the Holocene. Thus, our study provides an
empirical relationship between regional circulation system and ther-
mocline structure with important implication for future environmental
changes. With increasing greenhouse gas emissions, it has been pro-
posed that the global temperature will exceed the full Holocene range
by 2100 (Marcott et al., 2013), and a model simulation also suggested
warmer temperature with stronger stratification in the future for the
Bohai Sea, YS and ECS (Mao et al., 2017). Thus, the future ECS would
likely have a weak circulation system similar to that of the middle
Holocene period in the future.

20 22(C)

C. 2.0-0 ka

Fig. 5. Schematic diagrams for Holocene temperature structure changes and circulation system evolution in the shelf of East China Sea. The conditions of regional
circulation system are shown in black (ECS cold eddy), red (YSWC) and blue (YSCC) arrows. The vertical thermal structures in each stage are plotted according to the
average temperature records (B3-1A: purple; F10B: green; F11A: orange) and shown in the up right corner. A. 10.0-6.0 ka; B. 6.0-2.0 ka; C. 2.0-0 ka. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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6. Conclusions

UX and TEXgs" temperatures for three cores from the ECS shelf
revealed broadly consistent temporal trends with three distinct inter-
vals corresponding to the gradual establishment and strengthening of
the shelf sea circulation system. During the early Holocene (10.0-6.0
ka), the circulation system was not established, characterized by high
SST and strong stratification. During the time interval of 6.0-1.0/2.0
ka, the initial establishment of the shelf sea circulation system caused a
decrease in SST and weaker stratification. Since 2.0/1.0 ka, the circu-
lation system was strengthened and generated a stronger ECS cold
eddy, resulting in an abruptly decrease of SST and much weaker stra-
tification. We attribute the late Holocene strengthening of the surface
circulation system in the ECS shelf to the increased El Nifio events.

However, the temperature decreases during the late Holocene
showed significant spatial heterogeneity. This was most likely caused
by the spatial influences of the ECS cold eddy, which was first enhanced
in the middle around core site F10B at 2.0 ka, and then expanded to
affect the surrounding area (B3-1A and F11A) at 1.0 ka.
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