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ABSTRACT

Understanding the mechanisms behind landscape diversity changes on islands, particularly due to historical
human interventions, remains a critical challenge in paleoecology. This study addresses this gap by utilizing over
160 pollen samples combined with multi-proxy data and historical records to reconstruct the late-Holocene
ecological and environmental dynamics of Weizhou Island, China, over the last 1400 years. Our analyses
reveal the evolution of ecosystem diversity and vegetation succession amid climatic fluctuations and anthro-
pogenic pressures, identifying four distinct phases of transformation: (1) A warm and dry climate from 1400 to
850 cal yr BP fostering a savanna ecosystem; (2) A shift to a North subtropical seasonal rainforest under a more
humid climate between 850 and 210 cal yr BP, with increased vegetation diversity; (3) The initiation of agri-
culture and aquaculture, along with a cooler climate from 210 cal yr BP to 1970 CE, marked by human-induced
landscape alterations; and (4) A significant transformation from a once-diverse ecosystem to artificial protective
forests from 1970 CE to the present. By correlating environmental indicators with historical accounts across eight
Chinese dynasties, our study provides detailed insights into the climatic and human factors shaping the island’s
history. The findings demonstrate that while climatic shifts are primary drivers of biodiversity changes,
anthropogenic disturbances also play a significant role. This research underscores the resilience of ecosystems to
both climatic and human pressures and emphasizes the importance of integrating historical context into envi-
ronmental studies.

1. Introduction

climatic variations, collectively shape the unique and dynamic nature of
coastal ecosystems, modulating plant species richness and ecological

In coastal environments, vegetation succession and ecosystem dy-
namics are profoundly influenced by natural forces such as tidal fluc-
tuations (Kim et al., 2011; Bakker et al., 2016), extreme disturbance
events (e.g., flooding, wildfires, and tropical storms) (Yue et al., 2019;
Yu et al., 2021; 2023a), sea level rise (FitzGerald and Hughes, 2019;
Nienhuis et al., 2023), and climatic factors like temperature (Rodrigues
et al., 2021), solar insolation (Corenblit and Steiger, 2009), and pre-
cipitation regimes (De Steven and Toner, 2004; Zhang et al., 2021a).
These elements, coupled with other biotic and abiotic factors and

progression (Prach and Walker, 2011; Chang and Turner, 2019; Yao and
Liu, 2017, 2022a).

However, over the past millennium, global ecosystems are increas-
ingly shaped by the accelerating climate change (Harley et al., 2006;
Waycott et al., 2009; Doney et al., 2012). As a result, there has been a
marked transition from ecosystem dynamics being predominantly
driven by natural forces to a state where anthropogenic activities
significantly contribute to environmental changes (Yue et al., 2024a;
Zheng et al., 2021), especially coastal environments across the globe
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(Jackson et al., 2001; He and Silliman, 2019). This shift has made it
imperative to understand the cumulative impacts of these influences on
ecosystem dynamics and biodiversity. The rapid pace of environmental
change, driven by factors such as warming, deforestation, urbanization,
and pollution, underscores the urgency for comprehensive, long-term
datasets. These datasets are essential to decipher the complex relation-
ships between natural processes and human activities, and their cumu-
lative effects on vegetation succession (Ge and Zhu, 2021; Wang et al.,
2021).

In this context, natural and undisturbed islands, as quintessential
examples of coastal ecosystems, are increasingly confronted with
resource depletion and ecological vulnerability due to their distinctive
geographical positions (Russell and Kueffer, 2019; Yao et al., 2023b).
Their location at the nexus of land and sea renders them vital for un-
derstanding ecological responses to long-term and extreme natural dis-
turbances (Barbier, 2015; Nwipie et al., 2019). Their relatively pristine
state provides a clearer picture of the inherent ecological processes and
baseline conditions, allowing scientists to distinguish between natural
ecological dynamics and changes driven by human interference (Liu
et al., 2021). Research focused on the vegetation succession of these
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islands can yield valuable insights into how these ecosystems adapt to
and are reshaped by environmental stressors. This knowledge is crucial
for predicting the future of these fragile ecosystems amidst ongoing
global changes and for informing conservation efforts (Kirwan and
Megonigal, 2013). However, long-term records of ecological succession
and species richness from pristine tropical and subtropical islands are
remarkably rare (Colinvaux and Schofield, 1976; Wilmshurst et al.,
2014). Thus, a large gap exists in the paleoecological data network.
Weizhou Island (20°54-21°10'N. 109°00-109°15'E; Fig. 1), a small
island situated at the center of Beibu Gulf, exemplifies its critical loca-
tion at the forefront of the land-sea transition in the South China Sea.
With a small size of ~25 km?, Weizhou Island is particularly sensitive to
climatic fluctuations and natural disturbances such as sea level rise,
floods, and tropical cyclones (Yue et al., 2019, 2024b; Zhu et al., 2012).
Its well-developed wetlands and substantial depositional history have
the potential to record extensive baseline data on climate variations in
South Asia’s subtropical region (Wang et al., 1991; Liao et al., 2012).
This island lies in the northern South China Sea, adjacent to the tropical
Western Pacific’'s warm pool, making it an ideal location to study the
genesis and pattern of typhoon landfall. Additionally, it is among the
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Fig. 1. Maps of the study area: (a) Digital Topo-bathymetric Model of the South China Sea; (b) Terrain map of Weizhou Island (modified from Qi et al. (2003)); (c)
Storm tracks of the catastrophic typhoons passing Weizhou Island (National Oceanic and Atmospheric Administration, 2024). The circle masks the 100 km radius
from the center of the island; (d) Photographs of the study area on Weizhou Island. Red star marks our coring site for WZD.
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most dynamic zones for air-sea interaction (Liang and Wan, 1995; Liao
et al., 2012). The shielding effect of Hainan Island attenuates the impact
from South China Sea currents on Weizhou Island, positioning it as an
optimal location for paleoecological research (Zhang et al., 2020).
Prior research on the Holocene environmental evolution of Weizhou
Island has been somewhat disconnected from the broader environmental
history of subtropical South Asia, largely due to the lack of accurate
radiocarbon dating. This gap has led to a fragmented understanding of
environmental changes over the past millennium. In this study, we
present a well-dated core WZD (160 cm), containing lacustrine-swamp
facies deposits spanning the last ~1400 years from the northeast side
of the island, and utilize palynology, microcharcoal and grain-size an-
alyses, and historical document to reconstruct the paleoclimatic and
environmental history of the Beibu Gulf region since the late-Holocene.
The overarching objective of this study is to decipher the history of
human-environment interactions and the consequential regional vege-
tation succession, and to understand the roles of climate change, his-
torical human activity, and extreme disturbance events on the landscape
dynamics, species richness, and ecosystem evolution of Weizhou Island.

2. Study area DESCRIPTION
2.1. Geomorphic background of Weizhou Island

Weizhou Island is the youngest and largest volcanic island in the
northern part of the South China Sea (Fig. 1a). It is located ~39 km to
the south of Beihai City and ~17 km southeast of Xieyang Island.
Geographically positioned to the south of Hainan Province and to the
west of Vietnam, Weizhou Island displays a distinct topographical
gradient. The island’s terrain exhibits a gradual southern-to-northern
slope, culminating in an elliptical configuration, prominently featuring
a crescent-shaped bay at the south side (Zhu et al., 2012). Spanning a
length of 6.5 km from its northernmost to southernmost points and a
breadth of 6 km from east to west, the island encompasses an area of
~25 km? The topographical variation is marked by a maximum
elevation of 79 m, with the southern region presenting higher elevations
that taper off towards the northern end, where elevations range between
20 and 40 m (Qi et al., 2003).

Geologically, Weizhou Island owes its origin to subaqueous eruptions
of Quaternary basaltic magma. Over time, this volcanic activity, coupled
with ongoing geological processes and evolutionary dynamics, has given
rise to a diverse array of geomorphological features on the island (Qi
et al., 2003). These include, but are not limited to, volcanic accumula-
tion terraces, wetland, sandbanks, beaches, and beach rocks, as depicted
in Fig. 1b. This diverse terrain not only underscores the island’s volcanic
origins but also highlights its complex geological history.

2.2. Climate and meteorological background

Located at lower latitudes between 20°54’ and 21°10'N, Weizhou
Island is characterized by a South Asian tropical maritime monsoon
climate. This climatic zone is marked by pronounced monsoonal pat-
terns, exhibiting northerly winds during the winter months and south-
erly winds throughout the summer. The island experiences well-defined
dry (November-April) and wet (May-October) seasons, contributing to
its overall mild climate. Additionally, Weizhou Island benefits from
considerable solar exposure, averaging 2234 h of sunshine annually.
Recent meteorological data indicates an average yearly rainfall of
approximately 1450 mm, though this figure is subject to notable vari-
ations (Liao et al., 2012). This climatic profile plays a significant role in
shaping the island’s environmental conditions and ecological dynamics.

According to the instrumental data provided by the National Oceanic
and Atmospheric Administration (2024), Weizhou Island has experi-
enced landfalls from a total of 24 typhoons within a 100 km radius.
Among these, five were classified as catastrophic (Fig. 1¢), falling within
Categories 3 to 5 on the Saffire-Simpson Scale. These include Typhoon
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Freda (1965), Sally (1996), Hagupit (2008), Rammasun (2014), and
Mujigae (2015). These typhoons represent the most severe storms to
affect the study area since the mid-20th century. Their occurrence in-
dicates an average return period of approximately 34 years for major
typhoon landfalls in the region (National Oceanic and Atmospheric,
2024). The meteorological characteristics of all typhoons making land-
fall within 100 km of Weizhou Island since 1950 are comprehensively
detailed in the Supplementary Content Table S1. This data is crucial for
understanding the frequency and impact of severe weather events in the
region, informing both current and future mitigation and preparedness
strategies.

2.3. Environmental and vegetation background

Recently, it is reported that the relative sea level in the northern
South China Sea was ~1.5-2.3 m and ~1 m higher than the present level
during the mid-Holocene and the period between 1780 and 840 cal yr
BP, respectively (Yue et al., 2024b; Yue and Tang, 2023; Liu et al.,
2020). The current rate of sea level rise in the northern South China Sea
over the past 40 years has reached ~3.55 mm/yr (Yue and Tang, 2023).
Field surveys conducted on Weizhou Island between 2015 and 2019
revealed the presence of extensive wetlands, likely formed from the
sedimentary deposits of the ancient lagoon during the Holocene high sea
level stand (Qi et al., 2003). These wetlands, not significantly influenced
by fluvial deposits and primarily dependent on precipitation, contain
sediments predominantly sourced from storm surges, windblown sand,
dust, and weathering products from nearby elevated areas. This stable
sedimentary composition establishes these wetlands as invaluable ar-
chives for studying the geological and ecological evolution of Weizhou
Island. As illustrated in Fig. 1c, these wetlands are primarily located in
Gongju Village in the northeast side of the island, and are characterized
by elongated or patchy formations, covering a total area of approxi-
mately 2 km?.

Historically, the vegetation on Weizhou Island was shaped by the
South Asian tropical monsoon climate and displayed a rich diversity.
However, field investigations have found no natural forests currently on
the island. Instead, the secondary natural vegetation includes species
such as Melia azedarach, Morus alba, Ficus virens, Cinnamomum camphora,
Casuarina equisetifolia, Acacia confusa, Leucaena leucocephala, and
Eucalyptus robusta. The island also hosts a significant presence of the
fleshy, spiny cactus Opuntia dillenii. Cultivated vegetation comprises
both economic crops and shade trees, including Litchi chinensis, Dimo-
carpus longan, Artocarpus heterophyllus, Citrus maxima, Citrus reticulata,
Durio zibethinus, Areca catechu, Saccharum officinarum, Musa nana,
Arachis hypogaea, Zea mays, Ipomoea batatas, Oryza sativa, and Ficus
concinna. The vegetation distribution is relatively simple, with sandy
beaches predominantly supporting Sporobolus virginicus, Ipomoea pes-
caprae, and cactus communities, transitioning inland to semi-evergreen
shrubs, Acacia confusa, Casuarina equisetifolia, and artificial cactus for-
ests (Liao et al., 2012).

3. Methods and materials
3.1. Field work

In May 2019, a 160 cm sediment core WZD (21°03'26"N,
109°07'26"E) were recovered from the wetlands at the northeast side of
Weizhou Island (Fig. 1b), using a Russian peat-borer (5.5 cm diameter).
We selected the coring site in the wetland area due to its high sediment
accumulation rates and excellent preservation of organic material,
including pollen and charcoal, essential for paleoecological studies. This
location minimizes disturbance from hydrological events and provides a
continuous, well-preserved sedimentary record. Pollen data from this
site can offer regional signals over distances typically up to 50 km
(Jacobson and Bradshaw, 1981), making it sufficient to infer broader
environmental changes. Preliminary surveys indicated well-preserved
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sediments with clear stratification, confirming the site’s suitability.
Before the core extraction, surface layer and debris were removed, fol-
lowed by pushing the core into the sediment profile until refusal to
capture the most complete depositional history possible. The core con-
sists of four 50 cm segments. Upon the acquisition of the core samples,
they were photographed, documented, and then sealed in PVC tubes
with saran wrap. Additionally, each core segment is distinctly marked
for identification. In the laboratory, the core segments were further
subdivided for various analyses, guided by the sediment deposition rates
and sediment types. All cores are currently stored in a cold room (4 °C)
at the sample repository, School of Marine Sciences, Guangxi University.

3.2. Chronology

The chronology of core WZD was derived through radiocarbon and
Short-lived isotope (*'°Pb and 1*7Cs) dating techniques. The activities of
210pp were measured at 2-cm intervals from a depth of 0-50 c¢m using a
low-energy germanium gamma spectrometer in Nanjing Institute of
Geography & Limnology Chinese Academy of Sciences. The sediment
samples were dried for 48 h, homogenized with a mortar and pestle,
packed into 60 mm test tubes, and sealed with epoxy for 10 days to
prevent 222Rn loss and to reach secular equilibrium for 21°Pb. Activities
were calculated following the methods detailed in Maiti et al. (2010). A
linear regression of the natural logarithm of excess 210pp, (21%hex) was
applied to examine the sediment accretion rate (Maiti et al., 2010).
Seven samples, each comprising bulk organic sediment, were dispatched
to Beta Analytic Inc., located in Miami, for Accelerator Mass Spec-
trometry (AMS) radiocarbon dating (Table 1). The term "bulk organic
sediment’ in this context refers to plant debris that has undergone a
meticulous pretreatment process. This process involves the exclusion of
roots, shells, and other extraneous materials, employing an advanced
pretreatment method. A comprehensive, step-by-step elucidation of this
pretreatment protocol has been documented in a publication by Yao
et al. (2022b) in the journal MethodsX and is also included as supple-
mentary material for reference. The short-lived isotope and radiocarbon
dating results were subsequently integrated into software R, package
Bacon, for the construction of an age-depth model (Blaauw and Christen,
2011). In this study, all dates were transformed into calibrated years
before present (cal yr BP), with the calibration rounded to the nearest
decade. This calibration uses the standard chronological marker of 1950
CE as the zero point for calibrated years before present (0 cal yr BP).

3.3. Proxy analysis

One hundred and sixty samples were taken from core WZD at a 1-cm
interval to determine the percentages and concentrations of pollen and
charcoal particles (>10 mm in size), by using a Nikon microscope at 400
and 1000 magnifications. Over 500 grains of pollen and spores were
identified for most of the sample to derive a statistical meaningful result.
In the quantification of charcoal particles, they are categorized based on
the length of their longest axis (D) into two groups: those with D < 100
pm and those with D > 100 pm. One tablet containing ~27,637 of
Lycopodium spores was added to every sample as an exotic marker to aid
the calculation of pollen concentration (grains/cm®), following the
formular:

Table 1
Radiocarbon dating results for core WZD.
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Pollen concentration="P. L, /L. *V

where P, is the number of fossil pollen counted, L, is the number of
Lycopodium spores added (27,637), L. is the number of Lycopodium
spores counted, and V is the volume of the sample. Published pollen keys
by Tang et al. (2016), Wang et al. (1995), and others (Palynology Group
of Paleobotany Research Office, 1976, 1982) were used as references for
pollen identification. A step-by-step elucidation of the pollen prepara-
tion protocol has been documented in a publication by Yao et al. (2023c¢)
in the journal MethodsX and is also included as supplementary material
for reference.

Grain-size analysis was performed at a 1-cm interval through the
core using a Malvern Mastersizer 3000 particle size analyzer
(3500-0.01 pm), with a resolution of 0.01¢ and <3% of relative error of
repeated measurements, at Guangxi Laboratory on the Study of Coral
Reef in the South China Sea (Guangxi Universtiy). To ensure the accu-
racy of the measurement results, each sample was measured three times.
Samples with significant errors in the measurement results were re-
measured. The distribution of sand (2000-62.5 pm), silt (62.5-3.9
pm), and clay fraction (3.9-0.12 pm) was determined following the
protocol developed by Wentworth (1922).

3.4. Rarefaction analysis

Palynological richness analysis was applied to core WZD using the
rarefaction analysis with software PAST (PALEONTOLOGICAL STA-
TISTICS SOFTWARE PACKAGE) (Hammer and Harper, 2001). Rarefac-
tion analysis is a statistical method used to standardize samples of
different pollen count, allowing for a more accurate estimate of average
palynological richness with a constant pollen count, which is usually the
sample with the lowest pollen count in all pollen samples (Birks and
Line, 1992). An estimate of E (S) is given by:

S
E(S,[) — Z (] _ |:(N7Nl)|(N7Ncom)':|)
- (N = N; = N.om)'N!
Where E (Sy) is the estimated number of pollen types in a sample of n
selected at random without replacement from a count of N grains con-
taining S taxa, S is the number of detected pollen types in the original
count, N is the total number of pollen count of each sample, Nj is the
number of original detected pollen grains of pollen taxon i, N, is the
new constant number of pollen count for all samples.

In this study, we are using the E (S,) obtained by rarefaction analysis
without any corrections, as a measure of species richness, vegetation
composition, and landscape diversity. Pollen assemblages in core WZD
have high pollen sums and were counted at a 1 cm to achieve the highest
resolution possible. Weizhou Island is a small island with a total of ~25
km?, and the shielding effect of Hainan Island attenuates the impact
from South China Sea currents. Thus, we believe rarefaction analysis
yielded species richness at a landscape scale across Weizhou Island
rather than at local scale. The palynological reconstruction can detect
the impacts of environmental variations, climate change, and human
influence on vegetation composition in terms of landscape diversity.

Lab ID Depth (cm) Material 13¢/12¢ ratio (%o) Conventional age (**c yr BP) Median (26, 95.4%, cal yr BP) Min Max
WZ-50 50 Organic sediment —26.3 106.95 + 0.40 pMC Modern N/A N/A
WZ-80 80 Organic sediment —23.2 400 + 30 450 240 500
WZ-100 100 Organic sediment —24.8 480 + 30 540 420 630
WZ-120 120 Organic sediment —25.7 840 + 30 710 600 870
WZ-140 140 Organic sediment -21.2 1220 + 30 1040 860 1240
WZ-160 160 Organic sediment —-23.9 2050 + 30 1800 N/A N/A
WZ-160 160 Organic sediment —24.9 1580 + 30 1400 1220 1580
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4. Results
4.1. Sediment stratigraphy

Following the classification standard by Yue et al. (2015), this study
categorizes grain size fractions into three types: clay (<2 pm), silt (2-63
pm), and sand (>63 pm). Visual inspection and grain size results
revealed that core WZD consists of five different types of sediment
(Fig. 2), including fine sand at the top (0-5 cm), brownish silt (5-25 cm)
rich in plant debris (approximately 5%), grey-brown sandy silt (25-69
cm) with sporadic granular nodules, silty sand (69-130 cm) that grad-
ually darkening from top to bottom, and dark sandy silt (130-160 cm)
with plant debris imbedded in 150-152 cm. As shown in Fig. 2, the
average contents of clay, silt, and sand fractions in core WZD are 2.51%,
69.34%, and 28.15%, respectively. The median particle size ranges be-
tween 1.96 and 6.21 ®. Based on characteristics of the sediment profile,
core WZD is divided from bottom to top into 5 zones (Fig. 2).

Moreover, after a detailed examination of both grain size and pollen
records, we found no evidence of volcanic activity influencing the
environmental evolution of Weizhou Island. Our sediment cores did not
reveal any tephra layers, which are typically indicative of volcanic ash
deposits. Similarly, there were no abrupt changes in grain size or
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geochemical anomalies that would suggest volcanic input (Fig. 2). Our
high-resolution pollen analysis, which spans 1400 years, also did not
show any shifts in vegetation composition or diversity that could be
attributed to volcanic events (Fig. 3). Thus, although it is true the
volcanos play an important part on the island’s ecosystems, there is no
recorded evidence of volcano eruption during the past 1400 years.

4.2. Chronology

The depth profile of excess 21°Pb and supported 2'°Pb are displayed
in Fig. S1 in the Supplementary Content. Overall, it shows a relatively
steady exponential decay trend for the top 50 cm in core WZD. Ac-
cording to the CIC model, it reveals a sedimentation rate of ~5.3 mm/yr
for the top 50 cm in the core (A = 0.0311; Corbett and Walsh, 2015). The
results of AMS *C dating and the 3C/'2C ratio of all seven samples are
shown in Table 1. An age-depth chart, drawn using R-BACON (Blaauw
and Christen, 2011), is shown in Fig. 2. Collectively, we used the 210pp,,
results and the median age (the red curve estimated by R-BACON in
Fig. 2) of the radiocarbon dates to construct the chronology for core
WZD. Based on R-BACON, the calibrated radiocarbon dates ranged from
~1400 cal yr BP to modern (Table 1). Based on the dating results, the
sedimentation rate of Zones I, II, IIl and IV are 0.55 mm/yr, 1.01 mm/yr,

Chronology(cal yr BP)
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Fig. 2. Upper panel from left to right (a): Litholog, grain-size result, median particle size (@), and the Bayesian age-depth model for core WZD. Lower panel from left
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3.34 mm/yr, and 5.26 mm/yr, respectively. The calibrated range and
median and weighted mean age given by the Bayesian model for each
depth interval are listed in the Supplementary Content (Table S2).

4.3. Facies description based on multi-proxy analyses

Based on the 160 samples from core WZD, we identified a total of 94
pollen taxa, all of which are typical tropical-subtropical taxa. This in-
cludes 63 taxa of woody plants, 11 taxa of terrestrial herbaceous plants,
7 taxa of hydrophytic herbaceous plants, 9 taxa of fern spores, and 4 taxa
of algae. Among these, the most abundant pollen taxa are woody plants
like Pine (Pinus), with Cactaceae, Acacia, and Casuarinaceae notably
concentrated in the upper half of the core. Terrestrial herbaceous plants
are dominated by Poaceae (grasses), with significant contributions from
Chenopodiaceae, Artemisia, Umbelliferae, and Ipomoea (Fig. 3). Aquatic
plants include Cyperaceae, Polygonaceae, Lythraceae, Nymphioides, and
Myriophyllum (Fig. 3). Fern spores are dominated by Gleicheniaceae and
Polypodiaceae, while algae primarily consist of Pediatrum, Zygnetaceae,
Concentricystes, and Spiniferites. Based on the grain size results, per-
centage and variations of major spore-pollen taxa, and the quantity of
charred particles in these 160 samples, core WZD was divided into five
zones from bottom to top using CONISS cluster analysis.

4.3.1. Zone I (160-130 cm, ~1400-850 cal yr BP)

This zone has a median particle size of 5.89 ® (5.2-6.67 ®), an
average clay content of 17.26% (10.79%-26.01%), an average silt
content of 62.076% (54.59%-70.1%), and an average sand content of
20.67% (9.38%-32.31%). The median particle size is the highest in the
profile (Fig. 2).

This zone has the lowest spore concentration in the profile, averaging
17,678 grains/cm3, ranging from 10,506 to 26,236 grains/cm3 (Fig. 3).
Eight samples at the core bottom (160-152 cm) contained less than 300
grains of palynomorphs. The pollen assemblages mainly consist of
woody and terrestrial herbaceous taxa. Woody taxa range from 28.83%
to 55.18%, with an average of 41.27%. This zone also contains some
mangrove taxa (e.g., Aegiceras, Kandelia, Avicennia, Sonneratia,

Lumnitzera, Bruguiera), constituting ~5.65% (2.05%-11.59%) of the
total pollen sum. Other common taxa include Pinus (2.95%-12.31%),
Itea (3.4%-10.96%), Arecaceae (0.38%-7.51%), Keteleeria (0.88%—
9.3%), and others such as Clerodendrum, Pandanus, Podocarpus, Tilia,
Morus, and Lauraceae. Terrestrial herbaceous taxa range from 18.12% to
44.03%, primarily consisting of Poaceae (9.86%-21.40%), Artemisia
(1.66%-16.6%), Chenopodiaceae (2.63%-11.86%), Amaranthus
(1.85%-8.58%), Humulus, and Ipomoea. Aquatic taxa are dominated by
Cyperaceae at 3.85% (1.02%-6.38%). Fern spores account for 16.18%
(8.59%-23.46%), mainly represented by Gleicheniaceae and Poly-
podiaceae. Algae are dominated by marine Spiniferites at 2.67% (0.33%—
6.28%), with some Concentricystes. Charcoal particle concentration in
this zone is the lowest throughout the core, primarily consisting of
particles smaller than 100 pm (38,773 grains/cm®), and larger particles
averaging 841 grains/cm3 (Fig. 3).

4.3.2. Zone II (130-69 cm, ~850-210 cal yr BP)

This zone has a median particle size of 4.86 ® (4.21-5.94 @), an
average clay content of 7.39% (2.84%-19.32%), an average silt content
of 54.9% (46.75%-62.56%), and an average sand content of 37.71%
(21.72%-46.84%). The clay content is the lowest and the sand content is
the highest in this interval (Fig. 2).

The spore concentration increased significantly in this zone, ranging
from 36,716 to 66,820 grains/cmg, averaging 53,117 grains/cm3
(Fig. 3). Woody plant taxa still dominate Zone II, slightly increasing
from 41.27% in Zone I to 47.18% (37.49%-55.87%). Pine pollen slightly
decreases to 3.64% (1.28%-6.51%); Arecaceae pollen disappears at 95
cm from the top; Itea and Keteleeria decrease to 2.66% and 1.78%,
respectively. Pollen of Cerbera, Morus, Meliaceae, mand Lauraceae in-
crease to 2.61%, 3.14%, 2.81%, and 2.70%, respectively. Mangrove
pollen increases to 10.08% (5.50%-13.53%). Terrestrial herbaceous
taxa decrease, averaging 17.85%, ranging from 12.68% to 24.32%, still
primarily consisting of Poaceae (11.3%), Artemisia (3.55%), Chenopo-
diaceae (4.4%), and Amaranthus (2.08%), with Humulus slightly
increasing to 3.15%. The total pollen sum of aquatic taxa slightly in-
creases to 7.18% (3.15%-11.49%). Fern spores also increase to 20.25%
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(15.54%-25.42%), with slight increase in Gleicheniaceae and Poly-
podiaceae, and Cibotium slightly rising to 1.13%. Algae increase to
7.55% (2.17%-9.98%), with occasional appearances of Pediatrum and
Zygnetaceae, and Spiniferites increasing to 5.43% (1.49%-8.96%).
Charcoal particle concentration rapidly increases, with particles smaller
than 100 pm and larger than 100 pm averaging 54,477 grains/cm® and
1283 grains/cm?, respectively (Fig. 3).

4.3.3. Zone III (69-25 cm, 210 cal yr BP — 1970 CE)

This zone has a median particle size of 5.58 ® (4.46-6.51 @), an
average clay content of 15.4% (8.270%-23.12%), an average silt con-
tent of 60.29% (49.66%-74.33%), and an average sand content of
24.31% (9.1%-37.24%). The clay content in Zone III is the highest
throughout the core (Fig. 2).

The spore concentration slightly decreases, ranging from 25,529 to
63,295 grains/cm®, averaging 41,403 grains/cm® (Fig. 3). Woody plant
taxa decrease to 42.26% (22.99%-57.88%), with Pine slightly dropping
to 3.51% (0.74%-8.52%). Morus remains stable, while Meliaceae and
Lauraceae slightly rise to 3.61% and 3.59%, respectively. Quercus
steadily appearing, constituting ~2.58% (0.58%-5.32%) of the total
pollen sum. Mangrove pollen decreases to 5.78% (1.78%-11.35%).
Terrestrial herbaceous taxa slightly increase to 18.07% (10.91%-—
29.98%), with the first appearances of Umbelliferae (1.96%), Solanum
(0.91%), Lactuca (0.91%), and Brassicaceae (1.15%). Poaceae rises to
9.48% (6.44%-16.96%). Artemisia, Chenopodiaceae, and Humulus
decrease to 1.62%, 1.37%, and 2.59%, respectively, with sporadic ap-
pearances of Cactaceae, Ainsliaea, and Erigeron. Aquatic taxa increase to
13.26% (6.94%-19.70%), with the first appearances of Nymphioides,
Myriophyllum, and Lythraceae, rapidly increasing and reaching 2.72%,
1.98%, and 1.74%, respectively. Cyperaceae decreases and even disap-
pears in some sample intervals. Fern spores slightly decrease to 18.63%
(12.5%-27.08%), with slight increases in Gleicheniaceae and Acros-
tichum to 6.96% and 2.29%, respectively. Algae remain similar to Zone
III, constituting 7.78%, with significant increases in freshwater algae
like Pediatrum (0.98%-5.05%), Zygnetaceae (0.48%-3.64%), and ma-
rine Spiniferites decrease to 1.36% (0.20%-3.31%). Charcoal particle
concentration continues to increase, predominantly consisting of parti-
cles smaller than 100 pm, averaging 84,952 grains/cm®, and larger
particles averaging 3237 grains/cm3 (Fig. 3).

4.3.4. Zone IV (25-5 cm, 1970 CE -2014 CE)

This zone has a median particle size of 5.99 ® (4.11-6.77 ®), an
average clay content of 13.88% (3.81%-19.04%), an average silt con-
tent of 72.85% (48.48%-83.40%), and an average sand content of
13.27% (2.00%-47.71%). The median particle size is the smallest; silt
content is the highest; and the sand content is the lowest throughout the
core (Fig. 2).

The spore concentration significantly increases, reaching the highest
in the profile, at 72,662 grains/cms, ranging from 54,401 to 86,275
grains/cm® (Fig. 3). Woody plant taxa sharply decrease to 35.35%
(28.06%-42.84%). Cactaceae (4.42%-12.81%) and Pandanus (1.8%—
10.75%) significantly increase, dominating this zone. Ulmus and Dimo-
carpus rise to 2.02% (0.33%-5.16%) and 2.69% (0.32%-5.61%),
respectively. Pine and Quercus slightly drop to 3.1% (0.58%-8.1%) and
1.05% (0.3%-2.52%), respectively. Acacia abruptly increases at 10 cm
from the top, rising to 10.92%, while mangrove pollen drops to 2.82%
(0.85%-5.03%). Terrestrial herbaceous taxa sharply increased to the
highest level throughout the core, accounting for 29.51% (ranging from
11.93% to 42.12%) of the total pollen sum, with Poaceae being the most
dominant taxon at 25.22% (14.29%-31.83%). Pollen from cultivated
plants such as the Solanum (nightshade), Lactuca (lettuce), and Brassi-
caceae (mustard) families also increased to 3.37% (ranging from 0.71%
to 5.48%), 1.98% (0.32%-5.09%), and 3.85% (1.42%-6.43%), respec-
tively. Chenopodiaceae (goosefoot) family rises to 1.68% (0.31%—
3.25%). Aquatic taxa slightly decrease to 12.54% (8.45%-22.22%).
Nymphoides (fringed water lily), Polygonum (knotweed), and

Quaternary Science Reviews 344 (2024) 108977

Umbelliferae (carrot) families decrease slightly to 2.02%, 1.62%, and
1.51%, respectively, while the Lythraceae (loosestrife) family remains
stable. Fern spores decreased to 15.58% (12.60%-19.51%), while Algae
remains relatively unchanged at 7.01%. Charcoal particles substantially
increase, reaching their highest concentration throughout the core, with
the smaller (<100 pm) and larger (>100 pm) particles rising to 247687
grains/cm® and 10827 grains/cm®, respectively (Fig. 3).

4.3.5. Zone V (5-0 cm, overwash deposits from Typhoon Rammasun in
2014)

In core WZD, a distinctive stratigraphic feature is observed in the
uppermost 10 cm interval, characterized by coarser grain size materials
with the highest sand fraction throughout the core. This particular
sedimentary signature aligns with the characteristics of overwash storm
deposits as described by Liu (2004). Since 1950, the island has experi-
enced the impact of five major typhoons: Freda (1965), Sally (1996),
Hagupit (2008), Rammasun (2014), and Mujigae (2015) (Fig. 1c).
Among them, only Freda and Rammasun made directly landfall across
the Island (National Oceanic and Atmospheric Administration, 2024). In
particular, Rammasun is the strongest typhoon (Categories 5 on the
Saffire-Simpson Scale) that ever recorded near Weizhou Island. Given
the directional trajectories of these storms (Fig. 1c), a compelling case
can be made for attributing the coarse sediment layer at the top of the
core to the overwash deposits from Typhoon Rammasun in 2014. This
assertion is predicated on the resemblance between the physical char-
acteristics of the sediment layer and the expected geomorphological
impact of Rammasun’s storm surge, a hypothesis that is further sub-
stantiated by the storm’s trajectory and intensity as it crossed Weizhou
Island (Liu and Fearn, 1993).

4.4. Biodiversity

Palynology-based biodiversity models are used to evaluate the esti-
mated number of pollen taxa for every sediment interval (1 cm resolu-
tion) in core WZD. The rarefied curves indicate diversity values for each
sample (Fig. 4a). The estimated species richness fluctuated between 25
and 58 species per sample in 160 counted pollen samples during the past
1400 years (Fig. 4b). In our analysis of the diversity values across the
five zones outlined in section 4.3, we observed significant variances in
the overall estimated number of species among all pollen assemblages,
as depicted in Fig. 4. Starting with Zone I, which spans from ~1400 to
850 cal yr BP (160-130 cm), it has a total of 77 taxa and 10745 counts of
pollen grains. The estimated number of species E (Sn) showcased mod-
erate values, ranging between 30 and 50. Transitioning to Zone II,
covering ~850 to 210 cal yr BP (130-69 cm), it has a total of 81 taxa and
25491 counts of pollen grains. We noted the E (Sn) values initially
dipped to their lowest between 28 and 43 in the 130 to 120 cm segment,
before experiencing a rise to moderate values again, fluctuating between
26 and 49. Zone III, from ~210 cal yr BP to 1970 CE (69-25 cm), marked
a significant shift, presenting the highest E (Sn) values across the entire
core, with figures spanning from 50 to 60. It has a total of 90 taxa and
21416 counts of pollen grains. Moving towards the more recent past,
Zone IV, which extends from 1970 to 2014 CE (25-5 cm), it has a total of
87 taxa and 8831 counts of pollen grains. The E (Sn) values varied from
moderate to low, ranging between 40 and 57. Finally, in Zone V, from 5
to 0 cm, corresponding to the overwash deposits from Typhoon Ram-
masun in 2014, the E (Sn) values settled into a moderate range, between
45 and 55. It has a total of 71 taxa and 2598 counts of pollen grains. This
fluctuation through the zones highlights the dynamic shifts in species
diversity over time, reflecting the complex interplay of environmental
factors influencing the pollen assemblages.
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core WZD.

5. Discussion

5.1. Environmental fluctuation and ecosystem dynamics during the late-
Holocene

Based on the multi-proxy results from core WZD, the changes in
vegetation succession in the Weizhou Island over the past ~1400 years
can be divided into the following four stages.

5.1.1. Marine environment under a warm and dry climate (1400-850 cal
yr BP)

Prior to 850 cal yr BP, the multi-proxy characteristics of core WZD
shew a clear transition from marine dominated to marine-terrestrial
dominated environments. In this phase, there were fewer types of
woody plant pollen taxa, with the dominant woody plants being
drought-resistant species. These primarily included drought-resistant
shrubs and trees, such as mulberries (Morus spp.) at ~5%, thorny
plants of the genus Itea at ~6%, and palms (Arecaceae) at ~3% (Fig. 3).
Additionally, drought-tolerant pines (~7%) and Keteleeria (~4.5%)
were also found, indicating that the vegetation near the Beibu Gulf at the
time was mainly seasonal rainforests, interspersed with coniferous for-
ests. Terrestrial herbaceous taxa that adapt to a drier environment, such
as Chenopodiaceae and Amaranthus were also found in relatively higher
percentages (Cromartie et al., 2020), while hydrophilic herbaceous
plants and fern spores were relatively less abundant. In addition, the
sand fraction in this interval was the lowest throughout the core (Fig. 2),
reflecting insufficient hydrodynamics due to the dry environment (Liu
et al.,, 2021), while the appearance of heat-tolerant species such as
Pandanus and Ficus indicates higher temperatures at the time (Fig. 3).
Thus, the multi-proxy dataset indicate that the climate was relatively

warm and dry during the period between 1400 and 850 cal yr BP. We
believe that vegetation development on Weizhou Island was limited
under a hot and dry environment, hence the pollen concentration during
this stage was the lowest throughout the core.

Moreover, there was a noticeable increase in mangrove taxa around
1300-1200 cal yr BP (Fig. 3). For example, Avicennia marina and Bru-
guiera gymnorhiza became more abundance at ~1200 and ~1300 cal yr
BP, respectively. Mangroves typically occupies the intertidal zones in
the tropics and subtropics (Yu et al., 2021; 2022; 2023a). In particularly,
Avicennia and Bruguiera can tolerant high salinity and are typically found
on salt flats (Mo et al., 2001; Yao and Liu, 2017). Furthermore, algae
were primarily dominated by Spiniferites, a brackish water alga generally
found in nearshore marine environments (Tang et al., 2013). These
microfossil characteristics indicate a marine environment in which
seawater has continuously intruded into the interior of Weizhou Island.
Overall, the multi-proxy dataset exhibited a landscape dominated by
drought-resistant shrubs and herbs, forming a sparse woodland and
grassland ecosystem (savanna), alongside a climate characterized by
high temperatures and drought (Fig. 5a). We believe that during the
period between 1400 and 850 cal yr BP, Weizhou Island and adjacent
areas likely experienced the development of extensive coniferous for-
ests, with species such as pine (Pinus) and Chinese fir (Keteleeria fortunei)
serving as the foundational species, amidst a rising sea level.

5.1.2. Sea level low stand and transition to a humid climate (850-210 cal
yr BP)

During this stage, the multi-proxy record exhibited a more dynamic
environment, and this interval can be divided into two sub-stages. Be-
tween 850 and 650 cal yr BP (130-114 cm), a significant drop of
mangrove taxa and marine alga (Spiniferites) was observed in the
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Fig. 5. Conceptual diagram illustrating the Environmental fluctuation and ecosystem dynamics on Weizhou Island since ~1400 years ago.

microfossil record, while terrestrial plants (e.g., Myrica and Asteraceae)
increase substantially (Fig. 3). This result is in line with previous studies
that documented a temporary drop of sea level at the northern South
China Sea between ~850 and 670 cal yr BP (Yue and Tang, 2023),
although more studies are needed to verify such sea level low stand
during the late-Holocene.

After 650 cal yr BP, the types of woody plants have clearly become
more diverse, and the concentration of spores has also increased during
this period (Fig. 3), indicating that the vegetation coverage on the island
has increased. The appearance and steady increase of temperate plants
such as the Ulmus, Ericaceae, and Tilia suggest that the temperature
during this period has decreased compared to the previous stage (Zone
D), transitioning from a high to a mild temperature environment (Wang
et al.,, 2019). The significant presence and dominance of Tsuga and
Dacrydium suggest that mixed coniferous and broadleaf forests may have
gradually developed by this time. The sharp decline and eventual
disappearance of palm pollen, along with the peak values of Salix,
Cyperaceae, and fern spores during this stage (Fig. 3), indicate a rela-
tively humid climate (Rodrigues et al., 2022).

Moreover, the dominance of Spiniferites and the first appearance of
marine algae, notably the diatom Pediastrum, a sea slug thriving in
medium to deep water environments, signify that the coring site expe-
rienced a frequently submerged condition (Yao et al., 2023c). This
inference is further supported by the peak sand fractions observed
throughout Zone II (Fig. 2), indicative of a medium to high energy
environment (Zhang et al., 2021a). Such sedimentary signature highly
resembles Rammasun’s storm surge deposits, as illustrated in Fig. 2, that
is characterized by a distinct layering of coarse grain clastic materials.
These proxy evidence provides a concrete reference that underscores a
period of elevated typhoon activities near Weizhou Island. This period is
marked by increased marine influence, leading to heightened sediment
transport and deposition. The accumulation of coarse-grained sedi-
ments, typically linked to the strong hydrodynamic conditions of ty-
phoons, along with the specific sedimentary features of storm surge
deposits, suggests that typhoon-induced surges played a pivotal role in
shaping sediment dynamics and coastal morphology around Weizhou

Island during this interval (Yao et al., 2020a, 2023d). Collectively, Zone
II marks a transition period where the savanna ecosystem was trans-
forming into a typical North subtropical seasonal rainforest, indicating a
shift to a mild and humid climate (Fig. 5b). Such climate facilitated the
development of woody plants on Weizhou Island, laying the foundation
for human occupation in the area.

5.1.3. Initiation of agriculture and transformation to a cooler climate (210
cal yr BP — 1970 CE)

During this period, plants that prefer a cooler environment consis-
tently appear in the pollen assemblage (Fig. 3), marked by a continuous
increase of Ericaceae, while Tsuga (hemlock) pollen remains roughly the
same as in the previous phase. In particular, the frequent presence of
Anacardiaceae (the cashew family), a cold-tolerant species, suggests a
further decrease in temperature (Wang et al., 2019), from a mild to a
cooler climate. Moreover, hydrophilic plants (e.g., Umbelliferae, Nym-
phoides, Myriophyllum, and Lythrum) and freshwater algae (e.g., Pedias-
trum and Zygnemataceae) became the dominant species (Guan, 2011).
The presence of these algae, commonly found in rice fields and ditches
(Tang et al., 2013), indicates the initiation of agriculture and irrigation
activities, which likely resulted in the formation of small ponds or lakes.
The abrupt appearance of crops and companion plants to humans, such
as Brassicaceae, Lactuca, and Solanum, further proves that humans had
begun rice cultivation and other agricultural practices on Weizhou Is-
land. Several peaks of Polypodiaceae and the significant increase of
charcoal fragments could be attributed to human slash-and-burn prac-
tices, leading to deforestation (Yu et al., 2021). The formation of ponds
or lakes might also be related to anthropogenic activities, as the island
lacks natural rivers, and humans could have created these water bodies
as freshwater reservoir to sustain agricultural activities (Fig. 5c).
Overall, the microfossil data shows that human occupation had signifi-
cantly altered the island’s original ecosystem and vegetation coverage,
while the temperature has become cooler during the period between
210 cal yr BP and 1970 CE.
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5.1.4. Complete ecosystem transformation due to human occupation (1970
CE — the present)

From this point forward, the significant emergence and dominance of
Cactaceae on the island, particularly the extensive presence of Acacia
pollen in recent decades, align with the characteristics of artificial
protective forests along the Beihai City coastline. The increase in
Dicranopteris spores may relate to human activities aimed at landscape
transformation (Yu et al., 2021). The median grain size swiftly reduced
to the finest throughout the core, accompanied by an increase in silt
fraction. Field observations indicate that agricultural lands were left
fallow, transitioning into wetlands, which explains the prevalence of
finer materials. A continuous rise of Spiniferites suggests that the sea
level may have been consistently rising during this period. Moreover,
the pollen of woody plants initially decreased before experiencing a
sharp increase, indicating a warming climate during this period (Wang
et al.,, 2019), as evidenced by the proliferation of the tropical taxa
(Fig. 3). This interval demonstrates that the island’s original vegetation
has been thoroughly transformed (Fig. 5d). Human activities have
significantly impacted the island, coinciding with rising temperatures
and continuous marine transgression.

5.2. Climatic and anthropogenic drivers of biodiversity changes on
Weizhou Island over the last 1400 years

Based on the comprehensive analysis of biodiversity trends and
environmental changes on Weizhou Island over the past 1400 years, it
becomes evident that while multiple factors have influenced biodiver-
sity and pollen species richness, climatic shifts emerge as the most
crucial driver. These climatic changes, encompassing variations in
temperature and precipitation regimes, have fundamentally shaped the
ecological dynamics and vegetation patterns on the island, thereby
controlling the biodiversity and pollen species richness observed in the
palynological record.

5.2.1. Climatic shifts as the primary driver
Analysis of pollen species richness on Weizhou Island indicates that
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climatic shifts have been the primary control over ecosystem diversity
and vegetation patterns throughout the last 1400 years (Fig. 6). Signif-
icant fluctuations in temperature and precipitation during this period
highlight the mechanisms driving biodiversity changes on the island.
This period, characterized by significant fluctuations in temperature and
precipitation, highlights the fundamental mechanisms driving biodi-
versity changes on the island. The impact of climate on biodiversity is
complex, influencing species distribution, community composition, and
ecosystem function. Temperature and precipitation are critical climatic
factors that directly influence the survival, reproduction, and distribu-
tion of vegetation (Lloret et al., 2012). During the earliest phase of the
study period (1400-850 cal yr BP), the warm and dry climate favored
drought-resistant species (Fig. 6), illustrating the direct impact of tem-
perature and moisture availability on species composition. This period’s
limited biodiversity highlights the restrictive nature of arid conditions,
favoring taxa adapted to withstand water stress (De Micco and Aronne,
2012).

As the climate transitioned to more humid conditions (850-210 cal yr
BP), the island experienced an increase in species richness (Fig. 6). This
shift underscores the role of precipitation in enhancing habitat hetero-
geneity, which allowed a broader array of plant taxa to thrive (Naiman
et al., 2005). The development of mixed coniferous and broadleaf forests
during this time reflects the influence of increased moisture availability
on biodiversity, showcasing how shifts in humidity can catalyze land-
scape diversity. In addition, climatic shifts not only directly affect the
physiological thresholds of species but also alter habitat availability and
quality. Changes in climate can lead to the expansion or contraction of
habitats, influencing the distribution patterns of species (Opdam and
Wascher, 2004). For instance, the increase in humidity likely facilitated
the expansion of wetland areas and the diversity of aquatic habitats,
supporting a wider range of hydrophilic and semi-aquatic species
(Fig. 6). Conversely, periods of drought and warmth may have con-
tracted available habitats for moisture-dependent species, leading to a
decrease in biodiversity.

Additionally, variations in seasonality, along with the frequency and
intensity of extreme climatic events, such as typhoons and droughts,
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have profound implications for biodiversity. Such events can cause im-
mediate and drastic changes in the environment, affecting species sur-
vival and community composition (Rodrigues et al., 2021; Zhang et al.,
2021b). On Weizhou Island, the occurrence of Typhoon Rammasun and
its associated overwash deposits illustrates how extreme weather events,
influenced by climatic conditions, can rapidly alter habitat structures
and influence sediment dynamics, thereby impacting pollen deposition
and species richness (Yao et al., 2023d). However, in contrast to the
moderate to low pollen richness observed in Zone II, Typhoon Ram-
masun’s overwash deposits lead to an increased E (S,,) (Fig. 6). Typhoon
Rammasun, arguably the strongest landfalling typhoon ever docu-
mented near Weizhou Island, likely transported a substantial volume of
marine sediments from offshore to the island’s interior (Liu and Fearn,
1993; Liu, 2004). This process resulted in a pollen assemblage within the
typhoon’s deposits that markedly differs from the in-situ substrate
(Fig. 4), primarily due to the inclusion of pollen transported by currents
and wind from distant locations (Yao et al., 2023d). Consequently, the
pollen signature associated with Typhoon Rammasun’s deposits offers a
regional rather than a local signal, reflecting a diverse array of sources.
This phenomenon underscores the capability of significant storm events
to alter local pollen deposition patterns by introducing exogenous ma-
terials, as detailed in previous study by Yao et al. (2020b). These find-
ings emphasize the importance of considering extreme weather events
when interpretating palynological records, as such events can signifi-
cantly influence perceived biodiversity and environmental conditions.
Furthermore, long-term climatic trends, including gradual warming
or cooling and changes in precipitation patterns, shape landscape di-
versity and vegetation succession (Willis and MacDonald, 2011). These
trends influence species migration, adaptation, and extinction rates,
thereby affecting biodiversity over time. The adaptation and migration
of tropical taxa in response to warming conditions in the most recent
phase (1970 CE - present) highlight the successional responses of
vegetation to climate change (Fig. 6), further emphasizing climate’s role
as a primary driver of biodiversity on an isolated small island setting. In
summary, climatic shifts, through their direct and indirect effects on
temperature, precipitation, habitat availability, and the frequency of
extreme events, emerge as the primary control over biodiversity and
pollen species richness on Weizhou Island. These climatic factors not
only dictate the immediate survival and distribution of species but also
drive long-term ecological and vegetation successional processes,
shaping the island’s landscape diversity over the past 1400 years.

5.2.2. Human activities and environmental changes

Human activities and their consequent environmental changes have
also significantly influenced the biodiversity and pollen species richness
on Weizhou Island. While climatic shifts are the primary driver,
anthropogenic interventions-especially agriculture, deforestation, and
urbanization-provide a complex secondary influence on the island’s
ecological dynamics.

The initiation of agriculture on Weizhou Island, particularly during
the cooler climate phase (210 cal yr BP to 1970 CE), marked a significant
anthropogenic alteration of the natural landscape (Fig. 6). Converting
native vegetation to agricultural lands changed the physical landscape
and introduced new plant species into the ecosystem, both as crops and
associated weeds (Fig. 3). This transformation led to an increase in
habitat heterogeneity, providing niches for a wider array of species and
thereby influencing species richness. The presence of agriculture indi-
cated by pollen from cultivated plants and associated species suggests a
diversification of the plant community in response to human cultivation
practices. The expansion of agricultural activities often came at the
expense of natural forests, leading to deforestation and significant al-
terations in the island’s vegetation cover (Ramankutty et al., 2006).
Deforestation for agriculture, settlement expansion, or as part of
slash-and-burn practices, reduced the area covered by native forests,
impacting the habitats available for various pioneer species and thus
affecting biodiversity (Vieira et al., 2008). The significant increase in
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charcoal fragments (Fig. 7), indicative of slash-and-burn practices,
points to human-induced disturbances that likely facilitated the colo-
nization of various weeds, which could temporarily increase species
richness but might have long-term negative effects on ecosystem sta-
bility and resilience (Rodrigues et al., 2022; Yao et al., 2023b).

In recent decades, Weizhou Island has experienced increased ur-
banization and infrastructure development, particularly over the past 80
years with significant migration to the island (Qi et al., 2003; Zhu et al.,
2012). This development has led to further landscape transformation,
with natural habitats being replaced by built-up areas. Urbanization
processes typically reduce habitat size and connectivity, leading to a
decline in biodiversity (McDonald et al., 2013). However, urban areas
can also create microhabitats for certain species (Lundholm and Marlin,
2006), potentially contributing to an increase in pollen species richness
observed in certain segments of the core (Fig. 6). In particular, the
initiation of the Weizhou Island Wetland Ecological Restoration Project
in 2012, under the auspices of the regional nature reserve in Guangxi,
has led to significant restoration efforts, particularly in areas like the
Niujiaokeng wetland, which now serves as a sanctuary for migratory
birds and represents the island’s largest intermittent freshwater wetland
(Zhang et al., 2018). The impact of urbanization on biodiversity is
complex, involving both losses in native species and gains in non-native,
often invasive, species.

In addition, the development of irrigation systems for agriculture
introduced new water bodies into the landscape, such as ponds and
lakes, which were not naturally present on the island. These anthropo-
genic water bodies altered the island’s hydrological dynamics, poten-
tially supporting a different set of aquatic and semi-aquatic species. The
increase in hydrophilic plants and freshwater algae in the pollen record
likely reflects these changes (Fig. 6), indicating how human alteration of
water systems has influenced biodiversity. In conclusion, human activ-
ities, particularly agriculture, deforestation, urbanization, and water
management, have played a crucial role in shaping the biodiversity and
pollen species richness on Weizhou Island. These anthropogenic changes
have both directly and indirectly influenced the ecological dynamics of
the island, altering habitat structures, introducing new species, and
changing the landscape in ways that have profound implications for
biodiversity. While climatic shifts are the primary driver of biodiversity
changes, the impact of human activities highlights the interconnected-
ness between natural and anthropogenic factors in shaping landscape
diversity and vegetation succession. Understanding these interactions is
crucial for developing effective conservation and management strategies
that balance human needs with the preservation of natural vegetation.

5.2.3. Global significance and Uniqueness of biodiversity changes on
Weizhou Island

The multi-proxy dataset from Weizhou Island significantly enhance
our understanding of how climatic and anthropogenic factors influence
island biodiversity globally. This study stands out in the palynological
literature due to its high resolution, with 160 pollen samples covering
the past 1400 years, providing data at less than 10-year intervals. This
temporal resolution is exceptionally high compared to most palynolog-
ical studies, offering a detailed and continuous record of ecological
changes. Unlike typical ecological monitoring studies that span only a
few decades at maximum, this long-term study captures extensive his-
torical and prehistorical environmental shifts, making it a valuable
resource for understanding long-term biodiversity dynamics.

Comparative studies from other island ecosystems, such as the
Galapagos and Hawaiian Islands, have used various methods to docu-
ment ecological changes, including short-term ecological monitoring,
remote sensing, and genetic studies. For example, El Nino’s impact on
the Galapagos has been studied using remote sensing to observe changes
in vegetation (Trueman and d’Ozouville, 2010), while in Hawaiian,
vegetation changes have been monitored through periodic ecological
surveys (Zimmerman et al., 2007). These studies, although insightful,
often lack the long-term perspective provided by high-resolution
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Fig. 7. Human impact on the island across seven Chinese dynasties (from left to right): Median particle size (®), woody and herbaceous plant pollen content,
concentrations of both large and small charcoal particles, and overall Poaceae concentration. The shaded sections mark the intervals with strong human activities

derived from historical documents.

palynological records. In comparison, this Weizhou Island pollen record
reveals how climatic shifts, particularly variations in temperature and
precipitation, have driven biodiversity changes over a millennial time
scale. This study also underscores the impact of human activities such as
agriculture, deforestation, and urbanization on the island’s ecological
dynamics. Similar anthropogenic impacts have been observed in
Madagascar, where deforestation and the introduction of non-native
species have significantly altered biodiversity (Harper et al., 2007). In
addition, studies from the Caribbean revealed that historical land use
changes have led to declines in endemic species (Smith et al., 2012).
However, the unique combination of high-resolution temporal data and
long-term scope in our study provides a more detailed understanding of
these influences.

In sum, the insights from Weizhou Island have broader implications
for global conservation efforts. Islands in tropical and subtropical re-
gions are often biodiversity hotspots and understanding the factors
driving the ecological changes on these islands is crucial for effective
conservation strategies. Additionally, our record highlights the impor-
tance of integrating long-term climatic and palynological data in
biodiversity assessments, providing a unique baseline dataset that can
enhance our understanding of the resilience of island ecosystems to
future environmental changes (Bellard et al., 2014).

5.3. The history of human activities across seven Chinese dynasties
inferred from multi-proxy record and historical documents

Pollen from cultivated plants, such as weeds and cereal crops, serves
as a valuable indicator of human activities and their influence on
ecosystem dynamics (Li et al., 2008). Previous research indicatess that
Poaceae and Brassicaceae pollen are effectively markers of human ac-
tivities (Shu et al., 2007). Charcoal particles serve as indicators of fire
events, with large particles (D > 100 pm) indicating intense
slash-and-burn practices, and smaller particles (D < 100 pm) indicating
local wildfires (Li et al., 2006; Liu, 2019; Wang et al., 2020). This study
infers the history of ancient human activities on Weizhou Island and
their association with climatic and environmental fluctuations across
different Chinese dynasties, using historical documents, median particle
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size from core WZD, concentrations of large and small charcoal particles,
woody and herbaceous plant pollen content, and Poaceae pollen content
(Fig. 7).

5.3.1. Sui Dynasty (581-618 CE) to Song Dynasty (9601279 CE)

During this period, both charcoal and species diversity were at their
lowest levels throughout the core, indicating minimal human activity.
This is supported by the pollen analysis, which shows no presence of
Brassicaceae pollen and a low content of Poaceae pollen (Fig. 3).
However, the historical document "Records of Jiaozhou’ by Liu Xingi
mentions that "On Weizhou Island, there is a stone chamber, inside
which a stone resembles the shape of a drum. A pomegranate stick leans
against the stone wall, and pearl divers often worship it" (Liu, 1992; Zhu
et al., 2012). This suggests that Weizhou Island was visited by pearl
divers as early as the Jin Dynasty (266-420 CE, 1530-1684 cal yr BP),
but they did not formally settle there. The overall climate of Weizhou
Island during this period was hot and dry, which was not ideal for
human habitation, resulting in minimal human impact on the island.
The high temperatures and dry conditions likely contributed to the
occurrence of natural fires, with the charcoal from this stage likely
resulting from local wildfires, leaving Weizhou Island largely in its
original ecological state (Fig. 7).

5.3.2. Song to Ming Dynasty (1368-1644 CE)

Aside from the period of sea level low stand (~850 and 670 cal yr
BP), this interval was warmer and more humid than the previous one,
making it more suitable for human occupation. According to microfossil
and non-pollen palynomorphs analysis (Fig. 3), the concentration of
charcoal particles remained low in this section, indicating a low prob-
ability of wildfires on the island. However, consistent Poaceae content,
along with increased woody plant pollen and decreased herbaceous
pollen (Fig. 7), suggests that the vegetation was not significantly
affected by human activity and that shrubland gradually became the
dominant ecosystem on the island. This period likely laid the foundation
for later human settlement on the island, with an increase in wood
availability for burning, warmer and more humid climate, and the
succession of the island’s vegetation facilitating human habitation.
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5.3.3. Ming to Qing Dynasty (1644-1912 CE)

Historical documents indicate that farmers began migrating and
cultivating land on Weizhou Island since 1578 CE (372 cal yr BP) (Zhu
et al., 2012), marking the first instance of prolonged human habitation.
At approximately the same time, our pollen record documented the
emergence of Brassicaceae (mustard and cabbage) and Lactuca (lettuce)
pollen, among other agricultural crop pollens (Fig. 3), indicates a sig-
nificant increase in agricultural activities on Weizhou Island. As depic-
ted in Fig. 7, a surge in charcoal and Poaceae pollen content from ~210
cal yr BP serves as additional evidence, indicating the beginning of rice
cultivation, a staple in Chinese households and cuisine. A decline in
woody plant pollen suggests increased human use of wood for burning,
reflecting widespread slash-and-burn practices on Weizhou Island.
Moreover, a significant increase in aquatic plants, such as Lythrum and
Myriophyllum, was observed in the pollen record (Fig. 3). This micro-
fossil signature suggests that, due to the absence of natural water res-
ervoirs on the island (Deng et al., 2017), humans began constructing
ponds and lakes for water storage. This allowed for aquaculture in these
man-made water bodies while engaging in fishing activities, hence a
surge in aquatic plant.

The corresponding period saw a noticeable trend towards finer me-
dian particle sizes, likely related to fishing and agriculture activities
under primitive living conditions (Zhu et al., 2012), leading to a more
enclosed sedimentary environment with reduced material sources and
finer sediments (Fig. 2). In later periods, our coring area was likely used
as farmlands, causing sediment disturbance and turnover due to
ploughing, with continuous changes in median particle sizes (Fig. 7),
indicating the impact of human activities on the sedimentary environ-
ment of Weizhou Island. The sedimentary changes occurring on Weiz-
hou Island during this stage had become the result of both natural and
human factors. Around 1960 CE, Cactaceae (Cactus) first appeared,
pointing to international trade routes and cultural exchanges between
China and other regions, as cacti are native to foreign regions (He,
2012). Moreover, From the first year of Emperor Kangxi (1662 AD) to
the eleventh year of Emperor Jiaging (1806 AD), the residents of
Weizhou Island were forced to relocate to the mainland three times, and
the island’s administrative organization was abolished (Zhu et al.,
2012). During this period, fluctuations in large charcoal particles (D >
100 pm) and median particle sizes likely resulted from demographic
changes.

5.3.4. Modern era (1949 CE to the present)

This stage marked the most thorough transformation of the original
vegetation, characterized by a rapid decrease in forest taxa and an in-
crease in herbaceous plants. Both sizes of charcoal particles and Poaceae
pollen sharply rose to the highest levels observed in the entire sediment
profile, and the median particle size rapidly became finer, indicating
unprecedented intense human activity. According to historical docu-
ment, there were already 400 people settled on Weizhou Island by 1860
CE (Peng, 2012). A few years later (1867 CE), the emperor of Qing
Dynasty lifted the island’s ban, relocating farmers from Leizhou and
Lianzhou to the island, leading to the revival of Weizhou Island’s fields
and cottages that had been deserted for hundreds of years (Liao et al.,
2012). Continuous expansion and reckless deforestation had a tremen-
dous impact on the original vegetation. According to "The Annals of
Weizhou Island" (Zhu et al., 2012), before 1949 CE, Weizhou Island was
essentially a barren island without forests. Apart from some elm trees,
spiky bamboo, and longan trees around the villages, the island was
covered with sparse short grass, and dew grass. The settlers relied on
grass roots, crop stalks for fuel, and supplies from the mainland for
timber and fuel for maritime activities. After 1949 AD, an artificial forest
landscape was formed on Weizhou Island, primarily consisting of
Casuarina equisetifolia and Acacia, complemented by camphor and neem
trees for protection. In the secondary natural vegetation, succulent and
spiny cacti, particularly widespread across the island (Zhu et al., 2012),
matched the pollen records of the last 50 years in this study, showing
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that cacti had become a dominant plant on the island, along with
camphor, neem, Casuarina equisetifolia, and Acacia, creating a unique
vegetation landscape of Weizhou Island. According to government
document, it wasn’t until the mid-1980s that China began systematically
developing Casuarina equisetifolia plantation in provinces and regions
along the coast, such as Guangxi (Zhong et al., 2005). Since the 1960s,
China has introduced the Acacia tree, which has been widely planted in
southern provinces like Guangxi (Lu et al., 2004). The impact of human
activities on Weizhou Island during this period was profound. Despite an
increase in precipitation, woody plants did not continue to increase, and
humans introduced plants that had never appeared on Weizhou Island
prevailed, completely altering its landscape.

5.3.5. Global context and Comparative analysis of long-term Ecosystem
Changes

Comparing our dataset with other studies from islands of similar size
reveals significant similarities and differences. In the Mediterranean,
high-resolution pollen records have documented how ancient civiliza-
tions like the Romans and Greeks impacted their landscapes through
agriculture and urbanization, leading to significant vegetation shifts
(Mercuri et al., 2011). Similarly, on Easter Island, pollen records have
shown how deforestation and agricultural practices by ancient Polyne-
sians led to ecological collapse (Mann et al., 2008). These findings
resemble our record from Weizhou Island, where agricultural intensifi-
cation during the Ming to Qing Dynasties (1644-1912 CE) transformed
the ecosystem similarly. However, unlike Easter Island, where defores-
tation led to ecological decline, Weizhou Island experienced both
degradation and adaptation, highlighting different outcomes of
human-environment interaction.

Our study also contrasts with the long-term ecological changes
observed in the North Atlantic islands, such as Iceland and Greenland,
where Norse settlements significantly altered the landscape through
grazing and farming (Vésteinsson et al., 2002). These regions experi-
enced severe soil erosion and vegetation loss, similar as the deforesta-
tion observed on Weizhou Island. However, the adaptation strategies on
Weizhou Island, including the construction of ponds and the introduc-
tion of new crops, demonstrate a unique response to environmental
pressures, differing from the more homogenous impacts seen in the
North Atlantic. Therefore, the insights from Weizhou Island underscore
the importance of integrating high-resolution, long-term data in better
understanding the complex dynamics between natural and human
factors.

6. Conclusion

Our high resolution (sub-decadal) pollen record of the late-Holocene
ecological and environmental dynamics on Weizhou Island has metic-
ulously illustrated the transformation of its ecosystem through four
pivotal stages, each marked by distinct climatic and anthropogenic in-
fluences. These stages offer a window into the complex interaction be-
tween natural processes and human activities that have altered the
island’s biodiversity over approximately the last 1400 years, as sum-
marized below.

o Initial Stage (1400-850 cal yr BP):

Climate: Warm and dry.

Ecosystem: Savanna-like, dominated by drought-resistant species.

Human Impact: Minimal, inferred from sparse pollen and sedimentary
data.

Historical Records: Scant, aligning with minimal archaeological
evidence.

e Second Stage (850-210 cal yr BP):

Climate: Shift to humid conditions.
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Ecosystem: Development of North subtropical seasonal rainforest.

Biodiversity: Significant increase in vegetation diversity.

Human Activities: Early agricultural endeavors detailed in historical
documents, reflected in enhanced biodiversity.

e Third Stage (210 cal yr BP to 1970 CE):

Climate: Cooler.

Human Activities: Advent of agriculture and aquaculture, extensive
landscape modification through slash-and-burn practices and water
management systems.

Ecosystem Changes: Dramatic alterations in flora composition and
introduction of crop species.

Historical Correlation: Thoroughly documented, highlighting signifi-
cant human impact on biodiversity and landscape diversity.

o Final Stage (1970 CE to Present):

Transformation: Diverse ecosystem replaced by artificial protective
forests.

Human Influence: Dominant, with landscape now characterized by
anthropogenic biomes.

Documentation: Well-documented in environmental records and his-
torical literature, signifying culmination of centuries of human
influence.

The significance of our study lies in its holistic approach, integrating
paleoecological data with historical narratives to understand the dy-
namic interactions between climatic shifts, human activities, and
biodiversity changes. This integration reveals the history of Weizhou
Island’s environmental transformations, highlighting the resilience and
vulnerability of island ecosystems to external pressures. Future research
should incorporate interdisciplinary methods, such as geochemical an-
alyses and detailed archaeological investigations, to further refine our
understanding of human-environment interactions. Exploring the socio-
economic drivers behind historical land-use changes could provide
deeper insights into the drivers and consequences of human modifica-
tions. Additionally, examining contemporary challenges like climate
change and urbanization in the context of the island’s long history of
adaptation could offer valuable lessons for sustainable management and
conservation strategies in similar ecological settings worldwide.
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