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Abstract: Understanding the response of regional vegetation succession to climate changes and
human activities in the Middle Holocene can help predict the trajectory of future vegetation changes.
The North China Plain, modulated by the East Asian monsoon, is sensitive to global climate changes.
However, its vegetation type and distribution during the Middle Holocene are still unclear. Based on
the comprehensive analysis of 155 samples for pollen and grain sizes as well as other environmental
proxies from the LD03 drill core, vegetation was reconstructed quantitatively using the REVEALS
model during the period of 8.4-5.5 cal ka BP. (1) Compared to the pollen percentage, the coverage
of Pinus (13.5%) decreased most significantly, while the coverage of Quercus increased significantly
(51.3%). The proportion of Ephedra (11.9%) increased. A large area of temperate deciduous broad-
leaved forests mainly with deciduous Quercus developed in the eastern coastal plain of Hebei from
8.0 ka BP to 5.5 ka BP. (2) During 7.4-7.1 ka BP, the proportion of broadleaved trees decreased
significantly, while herbaceous plants such as Chenopodiaceae and Poaceae increased. Vegetation
components such as Quercus and Pinus and Chenopodiaceae and Poaceae were sensitive to marine
transgression. (3) The vegetation distribution during the Middle Holocene in the eastern and western
regions of Hebei was mainly as follows: There was a large area of Pinus in the Taihang Mountains in
western Hebei, whereas grasslands mainly composed of Asteraceae and Poaceae (reeds) developed in
the floodplain of central Hebei. Coniferous and broad-leaved mixed forests or temperate deciduous
broad-leaved forests developed in the eastern coastal plain of Hebei. The possible mechanisms of
vegetation heterogeneity are sea level rise and the enhanced monsoon precipitation.

Keywords: pollen; Middle Holocene; quantitative reconstruction of paleo-vegetation

1. Introduction

As an important component of terrestrial ecosystem, vegetation is sensitive to climate
changes and human activities, and vegetation change may also affect the regional and global
environment [1,2]. Vegetation reconstruction is an important means to understand past
ecological and global changes and optimize parameters for paleo-climate simulations [3,4].
The warm and humid climate of the Northern Hemisphere during the Middle Holocene
could serve as an analogue for the future [5-7], not only for being the most recent warm
period to the present, but also for the intensification of human activities. As an indispensable
proxy for restoring and simulating paleo-vegetation, pollen are of great significance for
quantitative paleo-vegetation reconstructions [8]. There are many quantitative methods for
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vegetation reconstructions, such as Biomization [9,10], MAT (Modern Analogy Method) [11-13]
and the Landscape Reconstruction Algorithm (LRA) [14]. The LRA algorithm (including the
REVEALS and LOVE models) is an important method to quantitatively estimate vegetation
coverage and abundance of individual species, which has been widely used in Europe, North
America and Africa [13,15,16], Tibetan Plateau [17,18] and North China [19].

The North China Plain, the second largest floodplain in China [20], is located in a
humid and semi-humid region and on the west of the Bohai Sea. Studies have shown
that coastal lakes and wetlands have formed along the western shore of the Bohai Sea
since 9.0 ka BP. The area is sensitive to global changes and sea level rise [21]. The
East Asian monsoon has a profound impact on the annual variability of precipitation and
vegetation pattern in the North China Plain [22-25]. However, there are still some debates
about the vegetation types of the Middle Holocene. Some researchers believed that a
temperate deciduous broad-leaved forest had formed [26-33]. The pollen assemblage of
the Middle Holocene in the North China Plain showed a high content of broad-leaved tree
species, a large variety of herbaceous plants and abundant aquatic plants [26,28]. Other
studies have shown that mixed coniferous and broad-leaved forest-steppe vegetation
had developed on the plain [34-37]. Studies at Baiyangdian and Handan have shown
that mixed coniferous and broad-leaved forests dominated by Pinus developed during
the Middle Holocene [34,35]. There are several reasons for the controversy. Firstly,
there are only a few high-resolution palynological records during the Middle Holocene,
especially from the eastern coastal region. Secondly, pollen percentages have always
been interpreted as vegetation percentages in previous studies, which ignores the non-
linear relationship between pollen and vegetation. In addition, the relationship between
vegetation and sea level change during the middle Holocene has rarely been discussed in
previous studies.

Here, we carry out pollen, stomatal apparatus, and grain-size analyses based on
the LDO3 drill core, and reconstruct vegetation in eastern North China plain during
8.4-5.5 cal ka BP through calculating relative pollen production (RPP) using the REVEALS
model [14,38]. Stomatal apparatus can be identified to the level of genus with local de-
position and developmental characteristics. Based on the reconstruction of vegetation
succession process in eastern North China Plain during 8.4-5.5 cal ka BP and synthesis of
previous research, we attempt to understand the vegetation pattern and its mechanism,
which in turn may provide a scientific basis for ecological restoration in Northern China in
the face of global warming and sea level changes.

2. Geography of Sampling Site

The sampling site (LD03, 39°06'10” N, 116°40’57" E, 9 m asl) is located in the eastern
North China Plain with a low and flat terrain (Figure 1). Controlled by the East Asian
monsoon, the climate in this area exhibits a marked seasonality. Annual mean temperature
is approximately 11.5 °C. Annual precipitation is 543.6 mm, mostly occurring in summer
with great interannual variations. The natural vegetation has been seriously cleared.
At present, crops such as Triticum aestivum, Setaria italica, Zea mays L., Arachis hypogaea L.,
and so on are cultivated in the region along with fruit trees, such as Prunus persica, Prunus
armeniacu L., and Populus L.
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Figure 1. Geographical location of the study area and location of sampling sites. = - - - : Middle

Holocene Bohai Bay maximum marine transgression boundary; ¥: LD03, LD04 and DGO02 are three
parallel drill cores; HG01, HG02, BYD, NJP and HZ-S are comparative cores and profiles for studying
vegetation patterns.

3. Materials and Methods
3.1. Regional Stratigraphic Investigation

Considering that the study area is the largest range of marine transgression in the
Middle Holocene, we have carried out stratigraphic investigations at spatial intervals
of 10-20 km. Three cores (named hereafter as LD03, DG02 and L.D04) were selected to
represent the lithology and chronology of the regional strata (Figure 1 and Table Al).
Sediments from 708-1445 cm of the LDO03 core (80 m long) were selected for this study.
This section can be divided into nine sedimentary units. Sediments from 0-1000 cm of
the LD04 core (39°02'57” N, 116°51'14” E, 4 m asl, 71 m long), located at 10 km southeast
of the LDO03 core, were also selected for this study. This section can be divided into eight
sedimentary units. The DG02 core (39°10'04” N, 116°49'27" E, 4 m asl, 30 m long) is located
approximately 12 km northeast of the LD03 core. Please see the lithologic descriptions and
photographs in Appendix A.

3.2. Sediment Dating

Organic sediments and plant materials at a depth of 537 cm, 786 cm and 875 cm in
LDO03 core, 1150 cm in DG02 core and 910 cm in LD04 core were selected for AMS 4C dating.
The dating samples were test in Xi’an Accelerator Mass Spectrometry Center, institute of
Earth Environment, Chinese Academy of Sciences and Beta laboratory.



Land 2022, 11, 2051

40f19

3.3. Grain-Size Analyses and End-Member Modeling

The aim of End-Member Analysis (EMMA) is to obtain the distinct dynamic compo-
nents of the whole sediment core. End-members represent a set of fixed combinations that
can be viewed as different subsets of the granular datasets in the study area [39]. EMMA can
distinguish different grain-size components to identify the source and dynamic conditions
of sediments, which has been widely used in various sedimentary environments [40—-43].
In this study, the model was run in the R software environment [44,45].

3.4. Pollen Analyses and Quantitative Vegetation Reconstruction

Sediments at 775-1326 cm depths from the LD03 core were mainly composed of
grey and dark-grey silty clay and sandy silt, indicating a coastal wetland and swamp
environment, which appear to yield enough pollen for paleo-vegetation reconstruction.
A total of 155 samples were selected for pollen analysis with sampling intervals of 1-2 cm.
Pollen extraction was carried out by the conventional HCI-NaOH-HF method [46] and the
heavy liquid flotation method. More than 400 pollen grains were counted for each sample.
The sediment samples for grain-size analysis were pretreated according to conventional
methods [47,48] to remove impurities such as organic matter and calcium carbonate. The
identification and particle-size analysis of pollen grains and stomata were completed in
the Environmental Evolution Laboratory of the School of Geographical Sciences, Hebei
Normal University.

The computer program REVEALS v6.2.2 [14] is used to reconstruct paleo-vegetation.
The input data are relative pollen production (RPP), pollen sedimentation rate, fossil
pollen data and its variance—covariance matrix. A total of 10 common genera including
Pinus, Quercus, Betula and others were selected for quantitative reconstruction. The RPP
of Quercus, Pinus, Asteraceae, Artemisia and Chenopodiaceae in the Yanshan Mountains
and the RPP of Betula, Ulmus, Carpinus, Ephedra and Urtica + Humulus in the temperate
deciduous broad-leaved forests of northern China were used in this work (Table 1) [38,49].
The paleo-vegetation was reconstructed with Quercus as a reference species.

Table 1. Pollen productivity and productivity integration for various taxa [39,50].

Taxa Sedimentation Rate (m/s) Relative Pollen Production
Pinus 0.0247 15.81 +1.94
Quercus 0.0216 1.0
Betula 0.012 3.08 + 0.01
Ulmus 0.021 1.643 + 0.02
Carpinus 0.024 1.539 £ 0.02
Ephedraceae 0.015 0.195 £ 0.02
Asteraceae 0.0084 3.69 £0.2
Artemisia 0.011 714+03
Chenopodiaceae 0.0134 95405
Urtica + Humulus 0.01 3.335 + 0.01

In order to better understand the vegetation characteristics of North China Plain
during the Middle Holocene, we digitized the pollen assemblage of four previously studied
sites, and then input into the REVEALS model for vegetation reconstruction (Figure 2).
Pollen data are from the Longhu HZ-S core in Handan city [36], the Dacaozhuang profile
in Xingtai city (unpublished data), Anxin section in Baoding city [50] and the Caofeidian
core in Tangshan city (HG01 and HG02) [51] (Figure 1). For the relative pollen production
(RPP) for pollen data reanalysis, we refer to Sun et al. (2022) [52].



Land 2022, 11, 2051

50f19

60 80 100
()

- Pinus

Rannueulaceae

Agefcal a BP)

= 500
3000cal u BP 7|

550+

s M 50
3757cal 2 B

5300+
5600
5700
5800
5900
4000
6100
6200
6300
6100
6500
6600
6700
= 6300
— 6900+
27000+
ST
7200 B

600

1607 650

sozs
| 6234calazp 1707

180

00
1904

Depth(em)
=
2

1000
7300+

TA004
T500
T600-{
TI00+
TR00-
9004
000

81004
8200+
2300

1030
1100+
1150

1200+
1250

| e
Bo00cal a BF
13004

80 100

R . £

5
Cyperaceae . Urtica+Humulus

20 40 60
(©) ()

- Carpinus

80 100

200 40 60

80 100 9133cala BP

(b)

. Quercus

Juglans

. Betula . Ulmus
.A Fermisq . Chenopodioideae . Asteraccac - Poaceae

Ephedra

Figure 2. Comparison of vegetation reconstruction at different sites in Hebei ((a) Caofeidian,
(b) Shengfang LDO03 core, (c) Baiyangdian, (d) Ningjinpo and (e) Handan Longhu Park).

3.5. Chronological Framework of the LD0O3 Core

In order to establish an accurate age framework, we describe the lithology and dating
of the LDO03 (a depth of 1326775 cm) (Figure 3) and other parallel cores (Table A1 and
Figure Al). Sedimentary unit 3-IX in LD03 is mainly peat and organic clay, and the basal
age is 5653-5490 cal a BP. The sedimentary units 2-III in DGO02 core, 3-V in LD03 and
4-1V in LD04 core are all interbed bed dark-gray silty sand and silty clay. The underlying
sedimentary units 2-II in DG02, 3-1V in LDO03 core and 4-III in LD04 are horizontally
bedded; the *C age of 2-II in DG02 core is 7982-7916 cal a BP, and the '*C age of the
underlying sedimentary unit 4-1II in LD04 core are 8337-8188 cal a BP. Therefore, the age
of 3-1V in LDO3 core is estimated to 8260-7950 cal a BP, and the sedimentary unit 3-I1II is
composed of Early-Holocene sediments. The difference of organic carbon reservoir age and
14C age of plant remains in this region is less than 100 years (a decade or decades) [53,54]. The
age-depth was established using ages from the DG02, LD03, and LD04 cores (Figure 3), and
the organic carbon reservoir effect was corrected [55]. As can be seen from Appendix A, the
regional stratum is spatially continuous, and the ages of the same strata can refer to each other.
Thus, one sample is from the DG02 core, three samples from the LD03 core and one sample
from the LDO04 core, which were collected for *C dating (Table 2). All the dating materials
were plant remains and organic clay. The IntCal20 database was used for age calibration, and
the age-depth model was established using Bacon in R software [56] (Figure 4).

Table 2. AMS 4C ages of cores DG02, LD03 and LD04.

Borehole

Median-

No.

Lab ID

Depth
(cm)

Materials Dated

Radiocarbon Age
(a BP)

Calibrated Age
(cal a BP)

Probability Age
(cal a BP)

813C (%o,
PDB)

DG02
LDO03
LDO03
LD03
LD04

Beta-556146
Beta-563687
XA53772
XA53773
XAb53774

1105
537
786
875
910

Plant remains
Organic sediment
Organic sediment
Organic sediment
Organic sediment

7100 + 30
3500 £ 30
4865 + 20
6075 £ 25
7440 £ 25

7982-7916
3855-3692
5653-5490
7149-6803
8337-8188

7949
3774
5572
6976
8263

—28.3
—-23.1
—279
—25.7
—-30.3
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Figure 4. Age—depth model of the LD03 core.

4. Results
4.1. Pollen Assemblage and Stomata Concentration

A total of 68 pollen types were identified in 155 pollen samples, including 14 species
of trees, 9 species of shrubs, 29 species of herbs, 12 species of ferns and 4 species of
algae. Common tree pollen types include Pinus, Quercus, Betula, Ulmus, Carpinus and Picea
sporadically; shrub pollen types include Rosaceae, Hippophae, Ephedra, Elaeagnaceae and
Corylus; herb pollen types include Artemisia, Chenopodiaceae, Poaceae (reeds < 30 pm),
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Asteraceae, Cyperaceae, Urtica + Humulus and a small quantity of Brassicaceae; aquatic
pollen include Myriophyllum, Typha and Potamogetonaceae; ferns are mainly Selaginella
sinensis, Polypodiaceae, Gleicheniaceae, Monolete, Triletes, Selaginella and Ceratopteris, which
account for a small quantity; common algae are Pediastrum and Spiniferites. The percentage
of terrestrial pollen is calculated based on the total number of identified pollen of all
terrestrial taxa, and the percentage of aquatic pollen is calculated on the basis of the total
number of all aquatic plants. According to the pollen assemblage characteristics changes,
the pollen percentage data were clustered using CONISS analysis and divided into four
pollen zones and five subzones (Figure 5).
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Figure 5. Diagram of pollen percentage of the LDO03 core.

Zone 1 (1326-1229 cm, 8.4-7.7 cal ka BP): The relative abundance of tree pollen
(53.1%) is high, including Pinus (32.5%), Quercus (11.7%), Betula (4.6%), Ulmus (1.8%) and
Juglans (1.0%). The pollen percentage of shrubs was averaged at 1.8%. The average pollen
percentage of terrestrial herbs was 43.3%, with Cyperaceae (14.6%) as the dominant taxa,
followed by Artemisia (11.4%), Poaceae (reeds < 30 pm, 8.7%), Chenopodiaceae (4.1%),
Urtica + Humulus (1.6%) and Asteraceae (1.3%). The average pollen percentage of aquatic
herbs was 41.9%, and Typha (41.2%) was the main component. The ferns’ spore percent-
age was 1.7%. The concentration of Pediastrum is 51 grains/g, and the concentration of
Spiniferites is 417 grains/g. During the period of 7920-7700 cal a BP, the stomata concentra-
tion of Cupressaceae was 9 grains/g and the stomata concentration of Pinus was 2 grains/g
(Figure 6). This zone can be divided into two subzones.

Subzone 1-1 (1326-1310 cm, 8.4-8.0 cal ka BP): The pollen percentage of terrestrial
herbs was relatively high, with an average of approximately 74.7%, and Artemisia (31.4%)
represents the main component; tree pollen (21.2%) and aquatic herbs (Typha, 25.9%) were
at the lowest value during the study period.

Subzone 1-2 (1300-1229 cm, 8.0-7.7 cal ka BP): The tree pollen percentage (57.6%)
increased. Pinus (35.3%) was the main component. Terrestrial herbs pollen (38.9%) was
dominated by Artemisia (8.6%) and Chenopodiaceae (3.1%). Aquatic herbs were domi-
nated by Typha (43.3%). The concentrations of Pediastrum (55 grains/g) and Spiniferites
(467 grains/g) increased compared with Subzone 1-1.

Zone 2 (1127-885 cm, 7.7-7.0 cal ka BP): The tree (54.7%) and terrestrial herb pollen
percentage (42.4%) changed slightly compared with Zone 1. Tree pollen was dominated by
Pinus (33.7%) and Quercus (13.9%), and herbs pollen was mainly Poaceae (reeds < 30um,
12.7%) and Artemisia (7.9%). The concentration of Pediastrum increased to 92 grains/g, and
Spiniferites concentration culminated (1487 grains/g).

Zone 3 (880-840 cm, 7.0-6.4 cal ka BP): Tree pollen percentage (62.6%) in this zone was
higher than that of Zone 2, with Pinus (45.3%) and Quercus (8.8%) increasing. Terrestrial



Land 2022, 11, 2051

8of 19

herbs (36.6%) declined. Aquatic herb pollen percentage (56.1%) was obviously higher
than that of Zone 2, with an obvious increase of Typha (56.0%). The concentration of
Pediastrum increased to the highest value of 382 grains/g and the concentration of Spiniferites
significantly reduced to 820 grains/g.

Zone 4 (835-775 cm, 6.4-5.5 cal ka BP): Tree pollen percentage (72.0%) increased
compared with Zone 3, specifically Pinus (64.0%). The pollen percentage of terrestrial
herbs (27.1%) decreased slightly. The concentration of Pediastrum was 58 grains/g, and the
Spiniferites concentration (445 grains/g) decreased continuously.
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Figure 6. Stomata concentration of the LD03 core. Image (A) is Pinus and (B) is Cupressaceae.

4.2. Quantitative Reconstruction of Paleo-Vegetation

The total average pollen content of these 10 genera in the core was more than 90%.
At present, there are no data on relative pollen production of Cyperaceae, Poaceae (reed)
and Typha in China, so we did not reconstruct wetland plants. The reconstruction results
show that the cover of tree plants decreased compared to pollen percentage, and the cover
of Pinus decreased most significantly, accounting for approximately 13.5% (2.7-78.2%). The
overall percentage of herb pollen also decreased, such as Artemisia with 5.0% (1.3-35.7%)
and the decrease of herb coverage was more obvious than their pollen percentages. The
proportions of the different plant types varied in the rest of the period. According to the
reconstruction results, the vegetation succession can be divided into five zones (Figure 7).

8.4-8.0 cal ka BP (Pollen Subzone 1-1). The total coverage of trees (28.0%) was the
lowest during the study period, among which Quercus accounted for the highest percentage
at 15.9%, followed by Pinus (4.1%), Betula (3.7%), Ulmus (2.3%) and Carpinus (1.9%). Shrubs
was mainly Ephedra, which covered 28.7%. The coverage of upland herbs was approximately
43.3%, which was the highest value during the study period, mainly consisting of Artemisia
(25.1%), followed by Asteraceae (9.0%), Chenopodiaceae (6.8%) and Urtica + Humulus (2.4%).
Thus, semi-arid grasslands dominated by Artemisia, Asteraceae and Ephedra developed
during this period.

8.0-7.7 cal ka BP (Pollen Subzone 1-2). The total coverage of trees was 78.1%, which is
much higher than that of the previous zone, and Quercus cover (53.1%) increased obviously
followed by Pinus (11.9%). Ephedra (13.0%) decreased significantly; herbaceous plants (9.0%)
obviously decreased compared with Zone 1-1; Artemisia (4.5%) was the most common
upland herb. The vegetation in the area was a mixed coniferous and broad-leaved forest
dominated by Pinus and Quercus.
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Figure 7. Percentage of pollen (a) and vegetation (b) based on LRA reconstruction in the LDO03 core.

7.7-7.0 cal ka BP (Pollen Zone 2). The tree coverage (82.7%) increased to the highest
value among all zones, dominated by Quercus (60.0%) and Pinus (10.6%); herbaceous plants
(9.9%) had no significant changes compared with the previous stage. The vegetation in
the area was temperate deciduous broad-leaved forest dominated by Quercus or mixed
coniferous and broad-leaved forest dominated by Pinus and Quercus.

7.0-6.4 cal ka BP (Pollen Zone 3). The coverage of trees (79.4%) was slightly lower
than that of Zone 2, mainly including Quercus (46.9%) and Pinus (18.0%); herbaceous plants
(6.5%) decreased compared with Zone 2. Among these, the coverage of Artemisia (3.9%)
declined. The vegetation in the area was a mixed coniferous and broad-leaved forest
dominated by Pinus and Quercus.

6.4-5.5 cal ka BP (Pollen Zone 4). The vegetation coverage of trees (80.8%) increased
slightly, and Pinus (40.4%) increased significantly. The proportion of herbaceous plants
(5.0%) decreased to the lowest value during the period, dominated by Artemisia, which
declined to 2.9%. The vegetation in the area was a mixed coniferous and broad-leaved
forest dominated by Pinus and Quercus.

4.3. End-Member Analysis

The results of grain-size EMMA analysis show that the samples can be decomposed
into three end-members (EM1, EM2 and EM3), which explained 65% and 88% of class-wise
and sample-wise variances, respectively, with high degrees of reliability. EM1 is a unimodal
curve with a mode of approximately 7.2 ¢ (6.8 pm). The sediment particle size is relatively
small, the frequency curve has a low and wide peak and the sorting is poor, indicating that
EM1 represents a palustrine or lacustrine environment [57]; EM2 has a double peak, the
mode of the main peak is 4.8 ¢ (35.9 pm), and the mode of the secondary peak is 0.9 ¢
(1918.5 pm). The source may be proximal surface runoff. EM3 belongs to the end-member
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of medium and fine sand. The frequency curve has nearly normal distribution. The kurtosis
is sharper and the sorting is better, indicating strong sedimentary dynamic conditions.
The sediments may come from marine environments. The sediments in the LD03 core
are dominated by EM1 and EM3. The EM1 component accounted for 43% of the total
visual variance, EM2 accounted for 11% of the total visual variance, and EM3 accounted
for 47% of the total visual variance. The results of EMMA can be used to define five zones
of grain-size variations (Figure 8).
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Figure 8. Particle size end —member composition of the LD03 drill core.

Zone 1 (1326-1310 cm, 8.4-8.0 cal ka BP): This zone is dominated by EM1 (71.1%) with
finer grain size; the average content of EM3 is 28.9%.

Zone 2 (1310-1229 cm, 8.0-7.7 cal ka BP): This zone is mainly composed of EM3 (72.5%)
with a coarser grain size, which is much higher than that of Zone 1; EM1 accounts for 27.3%.

Zone 3 (1129-885 cm, 7.7-7.0 cal ka BP): This zone is mainly composed of EM3 (57.2%)
with a coarser particle size, which is much lower than that of Zone 2; EM1 (32.6%) and EM2
(10.2%) increased slightly.

Zone 4 (880-845 cm, 7.0-6.4 cal ka BP): This zone is mainly composed of EM1 (83.2%)
with finer particle size, which is significantly higher than in Zone 3; the content of EM3
(3.1%) is significantly lower than that of Zone 3; EM2 (13.8%) shows little change compared
with Zone 3.

Zone 5 (840-775 cm, 6.4-5.5 cal ka BP): This zone is mainly composed of EM1 (83.6%)
with finer particle size, which changed slightly compared with Zone 4; the average content
of EM3 is 15.0%; EM2 (1.4%) significantly decreased compared with Zone 4.
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5. Discussion
5.1. Depositional Environment during 8.4-5.5 ka BP
Sedimentary environment during 8.4-5.5 ka BP in the study area was divided into

three stages based on the changes in grain-size end-members and the concentration of
Spiniferites and Pediastrum (Figure 9).
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Figure 9. Comparison of the concentrations of Spiniferites and Pediastrum, the percentages of Poaceae
(reeds), Typha and Chenopodiaceae and the grain-size EM scores.

Zone 1 (8.4-8.0 cal ka BP): The proportional abundance of EM1 and drought-tolerant
herbs (Chenopodiaceae) was high, and the percentage of aquatic plants (Typha and Poaceae
(reeds)) was low, indicating a shallow lacustrine environment and dry climate.

Zone 2 (8.0-7.0 cal ka BP): EM3 component increased obviously, and EM1 decreased
with fluctuations. The concentration of Spiniferites, which lives in a brackish environment
of the littoral or shallow marine areas, increased [58-60]. The concentration of Pediastrum,
Typha and Poaceae (reeds) decreased significantly. The Pediastrum concentration suggests a
freshwater environment and freshwater lake levels [61]. All the above shows that salinity
increased and sea level rose. During the period of 7.4-7.0 cal ka BP, the concentration of
Spiniferites culminated, and the EM3 component, which represents the marine source, were
more than 80%. Therefore, it was concluded that the Bohai Sea transgression reached the
Shengfang area [62]. Previous studies showed that sea level rose rapidly (6.4 mm/a) at
8.5-7.5 cal ka BP, and the coastal line invaded westward land [62]. The Bohai Sea transgres-
sion reached the Shengfang area at 7.6-7.1 ka BP [62].

Zone 3 (7.0-5.5 cal ka BP): The composition of sediments was dominated by the EM1
component, Pediastrum concentration, and the pollen percentages of Typha and Poaceae
(reeds) increased. The EM3 component decreased sharply, and Spiniferites concentration
gradually decreased until it disappeared. All above showed that coastline retreated, and
the study area became a freshwater lake or wetland marsh, and finally evolved into land.
Previous studies also showed that the rate of sea level rise decreased to 1.9 mm/a at
approximately 7.0 cal ka BP, and the coastline receded [63,64].
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5.2. Landscape Changes during 8.0-5.5 cal ka BP in the Eastern Hebei Plain

According to the vegetation reconstruction based on the REVEALS model, vegetation
changes in the study area during the period of 8.0-5.5 cal ka BP are mainly divided into
three stages.

At the stage of 8.0-7.0 cal ka BP, tree coverages accounted for 80.4%, which was
significantly higher than the previous stage. The vegetation was mixed coniferous and
broad-leaved forest dominated by Quercus (56.6%) and Pinus (11.2%). Wetland landscapes
composed of Cyperaceae, Typha and Poaceae (reeds) developed locally. Stomatal organs of
Pinus and Cupressaceae, which only scattered within 20 m of the stand, were found in this
stage [65-68]. It suggests that coniferous forests such as Cupressaceae and Pinus forests de-
veloped locally in this area. During this time period, the proportion of deciduous trees was
the largest, which may be related to the enhanced East Asian Summer Monsoon (EASM),
and the increase of regional humidity with the rising sea level [64,69]. Many research
results have shown that the EASM was strong in North China during approximately 8.0-5.5
ka BP, with a warm and humid climate and more rainfall [70-73]. The vegetation types
were mainly coniferous forests dominated by Pinus and broad-leaved forests dominated
by deciduous Quercus. The tree pollen percentage increased significantly and reached the
maximum, while the percentage of herbs decreased.

During the period of 7.4-7.1 cal ka BP (Figure 8), there was a significant decrease
in the proportion of broad-leaved trees, which was related to the enlarged Bohai Sea
transgression. Sea level rise leads to the increase of coastal groundwater level and salinity,
which was detrimental to the survival of broad-leaved trees such as Quercus. In the
southern coastal area of China, the transgression culminated at approximately 8.5-7 ka BP.
Vegetation showed a sharp decrease in broad-leaved tree species, such as evergreen Quercus
and Fagus, an increase in salt-tolerant Chenopodiaceae, a decrease in freshwater algae
such as Pediastrum and an increase in salt-tolerant algae such as Spiniferites [74-76]. The
maximal transgressions occurred in the northern coastal area of China around 7.5 ka BP.
Vegetation showed a decrease in broad-leaved trees such as deciduous Quercus and Ulmus,
and an increase in herbaceous plants such as Artemisia, Chenopodiaceae and Poaceae
(such as at HG01 and HGO02 cores in Caofeidian) [51]. Some studies also showed a decrease
in the percentage of Quercus and a sharp increase in the percentage of Pinus, and the
concentration of Phyllostachys, Polysphaeridium zoharyi along with sea level rise [58]. All the
above showed that the forest especially the broad-leaved tree decreased obviously, and
Pinus and salt-tolerant herbs such as Chenopodiaceae and Poaceae may increase when the
area was transgressed by a sea level rise. Therefore, trees such as evergreen Quercus and
Fagus, deciduous Quercus and Pinus and the salt-tolerant herbaceous plants are sensitive to
regional climate change and marine transgression.

During the period of 7.0-6.4 cal ka BP, the tree coverage increased to 79.4%, and mixed
coniferous and broad-leaved forests (primarily Pinus and Quercus) grew on the coastal
plain. Wetlands dominated by Typha and Poaceae (reeds < 30 um, 15.4%) developed locally.
During the period of 6.4-5.5 cal ka BP, Pinus coverage increased sharply, Typha content
decreased obviously and algae disappeared. Coniferous and broad-leaved mixed forest
landscapes mainly with Pinus, Quercus, and Ephedra developed on the coast.

5.3. Re-Understanding the Vegetation Succession Pattern during 8.0-5.5 cal ka BP in Hebei

The vegetation type that developed in the North China Plain in terms of temperate
deciduous broad-leaved forest or coniferous broad-leaved mixed forest and grassland has
been a long-standing debate. Therefore, we reconstructed the vegetation of the central
North China plain based on the HZ-S core in Handan city [35], the Dacaozhuang profile in
Xingtai city (unpublished data), Anxin section in Baoding city [50] and the Caofeidian core
in Tangshan city (HG01 and HGO02) [51] (Figure 1) using the REVEALS model.
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The HGO1 and HGO02 cores from Caofeidian in eastern Hebei province show that
trees and shrubs accounted for 30-83%, and Pinus and deciduous broad-leaved trees
accounted for 5-40% and 25.9%, respectively, during the time period of 7.5-7 cal ka BP.
The herbaceous plants coverage was 48.3%. Our work shows that in the time period of
8.0-5.5 cal ka BP, Pinus accounted for 8-68% and deciduous broad-leaved trees accounted
for 65.6%, among which Quercus (50.5%) dominated. Therefore, these results show that
temperate deciduous broad-leaved forests or mixed coniferous and broad-leaved forests
dominated by Quercus and Pinus developed in the eastern coastal areas during the Middle
Holocene. The Baiyangdian pollen record shows that in the period of 8.5-5.5 cal ka BP,
Pinus coverage was 30-80%, and deciduous broad-leaved trees including Ulmus (9.6%)
and Quercus (2.2%) accounted for 12.9%. The Dacaozhuang section indicated that Pinus
coverage was 5-70% during the period of 7.5-5.5 cal ka BP. Especially after 7ka BP, the
coverage of Pinus was as high as 58.5%, and the deciduous broad-leaved tree coverage
was less than 2%. The Longhu HZ-S core in Handan shows that Pinus coverage accounted
for 5-50%, and deciduous broad-leaved trees, mainly including Quercus (11.2%), Ephedra
(14.3%) and Ulmus (2.0%), accounted for 27.6%. The Longhu HZ-S core in Handan, the
Dacaozhuang section in Xingtai city and the Baiyangdian section in Baoding city, all located
in the alluvial fan of the Taihang Mountains, evolved into big lakes in the Middle Holocene.
The pollen grains mainly come from the local vegetation around the lake and the vegetation
in the Taihang Mountains [50,77]. Previous studies have shown that the pollen of Pinus,
Quercus and Carpinus in southern Hebei Plain topsoil mainly comes from the Taihang
Mountains, thereby representing the regional vegetation [78]. Therefore, in the Middle
Holocene (7.0-5.5 cal ka BP), the Taihang Mountains and the interior of the North China
Plain may have been covered by a large area of Pinus, while in the eastern North China
Plain, coniferous and broad-leaved mixed forests dominated by Quercus or temperate
deciduous broad-leaved forests developed in the coastal areas.

Although the central part of the North China Plain belongs to the same climate
zone as the coastal plain, there is a significant difference in vegetation type. The reasons
for the difference in vegetation among the eastern coastal area, western mountains and
hinderland of the plain might be influenced by the strong EASM and sea level rise in
the Middle Holocene (Figure 10). During the Middle Holocene, the combined effects
of the inward migration of the coastline and climate warming led to increased water
vapor supply as well as increasing monsoonal precipitation, which in turn increased
humidity in coastal areas and resulted in the formation of large areas of deciduous broad-
leaved forest and coniferous broad-leaved mixed forest in the coastal upland and Yanshan
Mountains. During 7.4-7.1 cal ka BP, transgression expanded to the study area, broad-
leaved forests decreased and increased herbaceous plants with increased soil salinity and
altered hydrothermal conditions, although marine transgression in the Middle Holocene
reached the study area and was close to Baiyangdian. However, due to the existence of the
Cangxian uplift, seawater did not intrude into the plain lakes (e.g., Baiyangdian). Therefore,
the vegetation of the interior plains and the coastal wetland was different in the Middle
Holocene. Due to the development of meandering flows as well as flooding of rivers and
lakes, the increase of soil moisture led to the development of herbs, and possibly large
areas of pine forests and scattered broad-leaved forests in the highlands of North China
hinderland [51,79,80]. A large area of Pinus developed on the eastern Taihang Mountains
instead of climax community-temperate deciduous broad-leaved forests, which might
be related to the enhanced monsoonal precipitation during the Middle Holocene [81,82].
Although the coastline shifted inland and the monsoonal precipitation increased, humidity
was not sufficiently high for the development of deciduous broad-leaved forests on the
Taihang Mountains.
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Figure 10. Main mechanism of vegetation pattern formation in North China.

6. Conclusions

In order to understand vegetation pattern in the North China Plain during the Middle
Holocene and to predict the future trend of vegetation development in coastal areas under
the background of climate warming and sea level rise, we analyzed regional environment
changes and reconstructed the vegetation quantitatively in the eastern part of the North
China Plain using the REVEALS model. The results are as follows:

(1) Compared with pollen percentage, the coverage of trees shows a downward trend.
Specifically, the coverage of Pinus (13.5%) decreased most significantly, while the coverage
of Quercus increased significantly (51.3%). The proportion of drought-tolerant Ephedra
(11.9%) increased.

(2) During 7.4-7.1 ka BP, the proportion of broad-leaved trees decreased significantly
on the eastern coast of North China, salt-tolerant herbs such as Chenopodiaceae and
Poaceae (reeds) and Spiniferites concentration increased and freshwater algal concentrations
decreased, due to the maximal westward marine transgression of the Bohai Sea. Through
a comprehensive synthesis of vegetation changes in the coastal areas in North China, we
found that the vegetation components of deciduous Quercus, evergreen Quercus, Pinus,
Chenopodium and Poaceae, are sensitive to sea level rise during the Middle Holocene.

(3) The vegetation pattern of the North China Plain exhibits a remarkable spatial
heterogeneity during the Middle Holocene. There was a large area of Pinus in the Taihang
Mountains to the west, and grasslands mainly composed of Asteraceae and Poaceae (reeds)
developed in the hinderland of the North China Plain, whereas coniferous and broad-leaved
mixed forests or temperate deciduous broad-leaved forests developed in the coastal areas
of the North China Plain with scattered wetlands and swamps. The possible mechanism
controlling this spatial heterogeneity of regional vegetation pattern in the North China
Plain during the Middle Holocene is the warm and humid climate and sea level rise.
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Appendix A

Table A1. Lithologic descriptions and photographs of three parallel drill cores (DG02, LD03 and
LDO04 cores) in the region.

DGO02 LDO03 LD04
2-VIII yellow-brown with a small 4-VIII miscellaneous fill
(422-200 cm) uantity of gray-black sandy silt (151-0 cm)
q ty of gray Y 31X
i black peat layer - . .
2-VII gray-black silt clay with a lot of (790-708 cm) 4-VII light yelslﬁzvc-g ?szirz}?ﬂt sand;
(475-422 cm) organic matter (261-151 cm) horizontal bedding
light gray-green silt clay with a 3-VIII olive-gray silt sand and silt
small quantity of silt sand (875-790 cm) green-gray clay clay with horizontal bedding
2-VI laminates with wavy bedding 4-VI and marine shell fragments at
(706475 cm) and rust stains; the top 10 cm (467-261 cm) the bottom and a small
contains calcareous 3-vII black peat layer quantity of rust in the
sedimentary nodules (880-875 cm) upper part
light gray-green silt clay with
2-V 3-VI Light yellowish brown 4V a small quantity of thin silt
ray-black peat layer &y duanty
(717-706 cm) gray-black peat faye (970-880 cm)  clay-chalky sand inter layer ~ (567-467 cm) sand layers, horizontal
bedding and rust staining
oIV yellow-gray sandy silt with a black-gray silt sand with a
(840-717 cm) small quantity of silt 3y LIV small quantity of thin clay

sand lenses

2-111
(1100-840 cm)

black-gray silt sand; Silt clay
with multilevel bedding

(1300-970 cm) black-gray clay-silt sand

(851-567 cm)

layers, horizontal bedding
and a small quantity of
lacustrine and
carbonized plants

black-gray silt sand with a
small quantity of thin clay

2-11 5 3-1V yellow-gray silt sand and 4-111 . .
(1105-1100 cm) gray-black peat layer (1318-1300 cm) silt clay (905-851 cm) _\ayers, horizontal bedding
and a small quantity of snail
shell fragments
gray-black silt sand g .
3-1II containing snail shell 4-11 gray-black sandy silt

2-1
(1200-1105 cm)

gray-white sandy silt, silt sand;

(1331-1318 cm)  fragments, and relatively

high organic matter content

(927-905 cm)

containing carbonized
plant residues

3-11

(1345-1331 cm) gray-white silt clay

4
(1000-927 cm)

gray-white sandy silt
containing a small quantity of
weak calcareous deposits and
organic matter

3-1 gray-black; gray-green silt
(1445-1345 cm) clay; silt sand




Land 2022, 11, 2051 16 of 19

10 20 30 40 50 60 70 80 90 1000 10 20 30 40 50 60 70 80 90 1000 10 20 30 40 50 60 70 80 90 100cm
1 1 1 1 1 | 1 1 [ 1 1 | 1 1 1 1 1 ] L 1 1 1 1 1 1 1 1 1 J

PR T ol 2 i
“7982-7916 cal a BP o

5653-5490 cal aRP,
3-IX
3-via

T aor 11390803 Cal
V1 ~6803 cala

DGO02 Depth,2.0-12.0m LDODeplh,O-]0.0m

. 134%50-13290 cal a,BR
LDO03 Depth,4.0-15.0 m

Figure A1. Image of cores DG02, LD03 and LD04 collected from the study area.
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