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ARTICLE INFO ABSTRACT

Handling Editor: P Rioual In this study, a long-term relationship amongst wildfire, vegetation, climate, and human in the central Taiwan

region, spanning from 17.3 to 2.0 cal kyr BP, is explored. To investigate this relationship, multiple proxy ap-

Ke_}’WOY ds: proaches were employed, including charcoal (CHAR and fire frequency), pollen data (Liew et al., 2006), mag-
\(/:\gldﬁrel netic susceptibility, and the carbon isotopic composition of organic carbon, along with the elemental ratio of
arcoa

total organic carbon to total nitrogen in the core sediments of the Toushe Basin, central Taiwan. From 17.3 to
14.5 cal kyr BP, the Toushe Basin experienced drier climate conditions, leading to high-intensity fires and
reduced area of wetland. Between 14.5 and 11.5 cal kyr BP, a wetter climate corresponded with low-intensity
fires and an increase in tree prevalence. From 11.5 to 5.0 cal kyr BP, the climate remained relatively stable
with peaks of extreme wet phases, with frequent low-intensity fires promoting herbaceous plant growth. During
the period from 5.0 to 2.0 cal kyr BP, wetter conditions persisted, but increased human activities likely inten-
sified high-intensity fires, resulting in reduced tree and herbaceous plant populations and an expansion of
wetlands, leading to complex impacts on the region’s ecological dynamics. The pollen diversity index (PDI) and
pollen richness index (PRI) showed that ecological diversity in the Toushe Basin decreased with high-intensity
fires and increased with low-intensity fires, highlighting the complex interactions between natural and human
factors during 17.3-2.0 cal kyr BP. In addition, this study showed a strong link between El-Nino events and
increased wildfire activity in the Toushe Basin. El-Nino conditions, with reduced rainfall and increased dryness,
likely heightened wildfire frequencies and intensity by lowering moisture levels and ignition thresholds.
Increased lightning during these periods further exacerbated wildfires. This connection highlights El-Nino ‘s role
in driving high-intensity fires, impacting the region’s vegetation and ecological dynamics.

Taiwan climate
Stable isotope
Human activities

1. Introduction

Wildfires create a significant disturbance in global forests, and their
frequency is heavily influenced by climate (Dale et al., 2001; Laurance,
2004; Seidl et al., 2011). Recently, rising temperatures have changed the
fire patterns in the Northern Hemisphere, causing more frequent and
extreme wildfire seasons in forests (Kitzberger et al., 2001; Flannigan
et al., 2013; Tao, 2024). As a result, the impact of wildfires on natural

ecosystems, landscapes, and the global biogeochemical cycle has
become more severe (Corona-Ntnez et al., 2020; Magerl et al., 2023).
This has led to many countries adopting stricter forest management and
wildfire suppression policies. However, actively suppressing fires
without considering the unique role of wildfires may increase tree
density and the availability of biofuels, resulting in more wildfires
(Archibald, 2016; Cochrane and Bowman, 2021; Hayes, 2021). To
deepen our understanding of the mechanisms driving wildfires along
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with its relation with vegetation, it is essential to examine the frequency
and origin of wildfires over a longer time scale than that of modern
observations.

Previous records demonstrated that significant wildfires, both in
recent times and throughout history, have occurred during periods of
drier climates (Halofsky et al., 2020; Liu et al., 2010; Remy et al., 2023;
Verma et al., 2023). Projections suggest that ongoing global changes will
likely intensify these dry phases, resulting in unusual fire events (Bar-
bero et al., 2015). This is because the increase in precipitation will not
sufficiently counter the heightened evaporation due to rising tempera-
tures (Ji et al., 2021; Yuan et al., 2022; Remy et al., 2023). Periodic dry
events linked to El-Nino events and other supra-annual climate vari-
ability may also heighten the likelihood of fires (Harrison and Meindl,
2001; Letnic et al., 2005; Huang et al., 2020). During severe dry con-
ditions, wildfires can spread into forests where fires are relatively un-
common (Ruffault et al., 2018; Stephens et al., 2018). In addition to
appropriate climate and biofuels, a wildfire necessitates an ignition
source (Syphard and Keeley, 2015; Ganteaume and Syphard, 2018). Dry
lightning has historically been a significant ignition source across
numerous biomes (Klenner et al., 2008; Ganteaume and Syphard, 2018).
Later, human replaced the ignition source of fire and now is the primary
source of ignition (Keeley and Syphard, 2018; Villarreal et al., 2022).

Additionally, along with climate, the relationship between vegeta-
tion and flammability at the species level is important for a broader
understanding of the vegetation-fire dynamic at the local and landscape
scales (Tumino et al., 2019; Popovic et al., 2021). Wildfires are frequent
and anticipated events in grasslands, savannas, Mediterranean shrub-
lands, forests, and boreal forests (Prichard et al., 2017; Pausas and
Keeley, 2021). They are also seen as a secondary factor influencing the
distribution of vegetation (Hyde et al., 2016; Foster et al., 2017). It has
been proposed that about 40% of the Earth’s land surface is covered by
vegetation that is prone to wildfires (Liu et al., 2022). These fires disrupt
forests, leading to their transformation into shrublands or grasslands,
depending on the fire’s frequency and intensity (Lloret et al., 2002;
Acacio et al., 2009). Overall, it seems there are two potential scenarios:
(i) climate shifts influencing vegetation, thereby regulating wildfire
activity (Jolly et al., 2015; Potera, 2009), and (ii) wildfires altering the
vegetation type by disrupting forested areas (Certini, 2005; Walker
et al., 2018). However, investigating this relationship on a longer time
scale is quite challenging due to the limited availability of information
regarding vegetation and wildfires.

Paleoecological studies endeavor to unravel the interaction between
wildfire, vegetation, climate, and humans over extended time periods
(Lin et al., 2023; Wang, 2021, 2024; Wang et al., 2020). Various proxies
of vegetation (pollen and sedimentary DNA) and indicators of wildfires
(charcoal, black carbon, polycyclic aromatic hydrocarbons) are utilized
for this purpose (Rahman et al., 2021; Gliickler et al., 2022; Remy et al.,
2023; Verma et al., 2023). An investigation in the boreal forest of
northern Fennoscandia exemplified the impact of climate on fire pat-
terns (Remy et al., 2023). This study demonstrated that warm and dry
periods were conducive to significant forest fires, while cool and wet
periods were linked to smaller fires throughout the Holocene. In Central
Yakutia, Siberia, a study utilizing charcoal and sedimentary DNA met-
abarcoding projected an increase in forest disturbances like wildfires
and droughts, potentially leading to higher tree mortality and a shift in
the modern forest towards an open woodland state similar to the con-
ditions during early Holocene (Gliickler et al., 2022). Many studies have
endeavored to explore the interaction among wildfire, vegetation,
climate, and humans in the Asian regions (Tan et al., 2013, 2015; Pang
et al., 2021; Verma et al., 2023). Human-induced wildfires were wide-
spread during the Holocene in Asia (Tan et al., 2013, 2015; Verma et al.,
2023). Nonetheless, our comprehension of the relationship between
vegetation and wildfires in the context of climate change is limited due
to an insufficient amount of data. Consequently, conducting more
in-depth studies over longer time periods is necessary to address this
knowledge gap.
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Taiwan, an island in the subtropical region, experiences a climate
influenced by the East Asian Monsoon. It is characterized by warm and
wet summers, coupled with cool and dry winters. Generally, Taiwan is
known for its humid climate, which contributes to the island being
covered by approximately 58% forested land. The present vegetation of
Taiwan is dominated by subtropical evergreen forests. Studies classified
the variety of vegetation types in the mountains of central Taiwan and
identified different altitudinal zones along with their respective annual
temperature ranges (Table S1). Taiwan has been thoroughly investi-
gated in terms of pollen stratigraphy, shedding light on its paleo-
vegetation diversity (Huang et al., 2020; Wang et al., 2019, 2020;
Wang, 2021, 2024). In a recent study utilizing pollen and charcoal
analysis, it was found that wildfires in central Taiwan were probably
influenced by fluctuations in precipitation, driven by the East Asia
Summer Monsoon and El-Nino-Southern Oscillation (Huang et al.,
2020). Specifically, it has been mentioned that Toushe Basin experi-
enced drought conditions and frequent wildfires during the El-Nino
years throughout the mid to late Holocene. Furthermore, previous paleo
wildfire studies in Taiwan have mainly focused on the mid to late Ho-
locene period, emphasizing the relationship between wildfires and
human activity (Wenske et al., 2011; Huang et al., 2020; Wang, 2021,
2024). In contrast, our study expands the scope to encompass the
interaction between wildfires, vegetation, climate, and humans, beyond
the late Holocene. We utilized charcoal, magnetic susceptibility and
stable isotopes of total organic carbon in sediment from the Toushe
Basin. Additionally, we incorporated the published pollen data from the
same basin, provided by Liew et al. (2006), covering a similar timeframe
to examine vegetation patterns and its relation with wildfires.

2. Material and methods

The Toushe Basin (23° 49' N, 120° 53’ E), located in central Taiwan,
is situated at an elevation of 642 m above sea level and covers an area of
approximately 1.75 km? (Fig. 1). The watershed upstream of the Toushe
Basin encompasses about 495 ha (Chen et al., 2009). No local meteo-
rological data are available for the basin; however, data from the nearby
Sun-Moon Lake station show that the mean annual rainfall and tem-
perature of the area is 2300 mm and 21 °C, respectively. Overall, the
area experiences a humid, subtropical, monsoonal climate with average
temperatures in the warmest and coldest months of 25 °C and 14 °C,
respectively. A 27-year timeline of monthly average temperature and
precipitation is shown in Fig. 1d. The contemporary vegetation in the
study area consists of subtropical evergreen forests dominated by the
Lauro-Fagaceae family (Liew et al., 2006).

A 776 cm-long core (TS 19) was extracted from peatland in the
Toushe Basin (23°49'41.5" N, 120°54'11.9" E) and subsampled at 2-cm
intervals for reconstructing high resolution paleoclimate records
(Fig. 1). Samples were oven-dried to remove moisture and then pul-
verized to a fine grain. Powdered samples of 0.1 g were put into
centrifuge tubes and then treated with HCI to remove the inorganic
fraction. The decarbonated samples were oven dried overnight. After
drying, samples were packed into tin capsules and combusted in an
Elemental Analyzer (EA, Flash, 2000; Thermo Fisher Scientific, Wal-
tham, MA, USA) at 1020 °C, converting the organic matter into CO2. The
produced CO, was transferred to an isotope ratio mass spectrometer
(Finnigan DELTAplus Advantage; Thermo Fisher Scientific) using He as
a carrier gas. The carbon isotopic ratio (5*>C, expressed in per mil; %o) of
the organic sample and its C content were then measured. USGS 40
(NIST 8573) L-glutamic acid (5'3C = —26.39 + 0.04%o and C content =
40.8%) was used to check instrument working conditions and precision.
The analytical precision of 8'3C and C content in repeated samples were
0.1%0 and <10%, respectively. The N contents were measured at the
same time as the C using the jump method in the EA.

The mass magnetic susceptibility (MS) of Toushe Basin sediments
was measured on dry sub-samples using a Kappa bridge (MFK2-FA) at
the Centre for Marine Magnetism (CM2), Southern University of Science
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Fig. 1. (a) Map of Taiwan with a white dot indicating the location of the study area, Toushe Basin, (b) location of Toushe Basin (study area) and Sun-Moon Lake with
approximate boundaries (white outlines), (¢) topographic map of the Toushe Basin (source: Get Maps | topoView (usgs.gov)) and blue dot represents the location of
core, and (d) Walter-Lieth climatic diagram of the 27-year monthly average of temperature and rainfall in the area of Sun-Moon Lake (obtained from the Central
Weather Bureau, Taiwan). Compiled using the R package ‘climatol’ (Guijarro, 2019). Images were captured from Google Earth.

and Technology (SUSTech), Shenzhen, China.

To construct the chronology of the core, 21 organic matter samples
from different depths were radiocarbon dated (Table 1). Radiocarbon
dating was performed in the NTU-AMS lab in Taiwan. An age-depth
model was constructed using Bayesian statistics and implemented
using the package “rbacon” in R with the IntCal20 calibration curve
(Blaauw et al., 2021; Reimer et al., 2020) (Fig. 2).

In the context of charcoal analysis, specimens measuring 2 cm® were
subjected to a treatment process with 12% sodium hypochlorite (NaClO)
for a period no less than two days. This procedure aimed at the elimi-
nation of organic constituents from the samples (Whitlock and Larsen,
2002). Following this initial treatment, the samples underwent a
wet-sieving method using a mesh with a pore size of 125 pm, which
facilitated the segregation of charcoal fragments. The marco-charcoal
particles (pieces/cm®) were counted under a stereomicroscope and the
charcoal surface area (cmz/cms) was calculated using the software
ImageJ.

Reconstruction of wildfire history was performed by analyzing the
charcoal data using Char-Analysis 1.1. code for MATLAB R2021
(Higuera et al., 2009). The charcoal counts data were interpolated to
achieve a median temporal resolution of 34 years. Following this, a
logarithmic transformation was applied to the interpolated data,
enabling the evaluation of the charcoal accumulation rate (CHAR,
delineated in pieces cm? yr’l) in consistent temporal intervals (Cipger)-
The low-frequency oscillation in CHAR (Cpqcx) Was interpreted through a
locally weighted regression encompassing a 1000-year duration. The
high-frequency CHAR (Cpeax) Was derived by subtracting Cpacx from
Cinter- Notably, Cpeax is an amalgamation of Cpoise (perturbations arising

from sediment amalgamation, sampling procedures, and analytical
processes) and Cge (actualized fire occurrences within a 1 km radius).
The distribution of Cyise Was discerned using a Gaussian mixture model,
and a 95% demarcation was employed to categorize samples into
distinct “fire” and “non-fire” classifications. To deduce local fire occur-
rences, the fire frequencies were subjected to a smoothing process over a
1000-year window, expressed as fires per 1000 years.

To explore the interaction of wildfire, climate, and vegetation, the
pollen richness index (PRI), and the pollen diversity index (PDI) were
estimated using the previously published pollen data from the same
region (Liew et al.,, 2006). Palynological richness can be assessed
through rarefaction analyses (Birks and Line, 1992). It is crucial to un-
derstand that the purpose of rarefaction is to standardize comparisons
by estimating the number of species in samples of equal size. However,
this method is limited to making predictions within the range of the
observed data. It cannot predict the species count for sample sizes larger
than those already collected. The pollen dataset from the previous
palynological study consists of 115 samples containing 89 pollen taxa
and with sample counts of 1522-390 grains. Thus, PRI was calculated
based on a rarefaction analysis of a pollen count of 390 grains. Matthias
et al. (2015) sampled the surface sediments of 50 lakes in NE Germany
and compared modern pollen deposition with vegetation abundance and
landscape patterns. They found that local vegetation diversity is closely
correlated to rarefaction to the number of pollen taxa in a theoretical
count of 10. Thus, PDI was calculated based on a rarefaction analysis of a
pollen count of 10 grains. For the correlation analysis, we resampled our
high-resolution records to fit the previous pollen records. The diversity
estimates of the previous pollen data, resampling data of this study, and
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Table 1
Lab codes, depth, 1*C ages, and associated errors of the peat samples.
Lab Code Depth ¢ Age error (ka Calibrated ages  error (ka
(cm) (kyr BP) BP, + 20) (kyr BP) BP, + 20)

NTUAMS- 40 2.08 0.07 2.03 0.14
6106-1

NTUAMS- 60 2.35 0.07 2.42 0.12
6107

NTUAMS- 90 3.26 0.07 3.5 0.14
6108

NTUAMS- 120 4.1 0.07 4.67 0.16
6109-1

NTUAMS- 150 4.9 0.07 5.67 0.09
6110-1

NTUAMS- 168 4.91 0.07 5.67 0.09
6111-1

NTUAMS- 168 5.23 0.08 6.05 0.17
6089-1

NTUAMS- 173 5.17 0.08 5.94 0.2
6090

NTUAMS- 208 5.56 0.09 6.37 0.19
6091-1

NTUAMS- 253 5.71 0.09 6.49 0.19
6092-1

NTUAMS- 268 6.14 0.08 7.05 0.21
6093

NTUAMS- 308 7.04 0.08 7.84 0.15
6094-1

NTUAMS- 358 7.32 0.08 8.15 0.17
6095-1

NTUAMS- 399 7.91 0.09 8.76 0.22
6096-1

NTUAMS- 458 8.75 0.1 9.76 0.21
6097-1

NTUAMS- 503 9.29 0.11 10.49 0.27
6098-1

NTUAMS- 558 9.64 0.12 10.96 0.29
6099-1

NTUAMS- 608 10.51 0.1 12.39 0.28
6100 b

NTUAMS- 658 12.17 0.1 14.04 0.28
6101-1

NTUAMS- 708 13.25 0.09 15.93 0.25
6102-1

NTUAMS- 758 14.28 0.21 17.36 0.54
6103-1

»

correlation analysis were carried out in R using the “vegan”, “prospectr”,
“Hmisc”, and “corrplot” packages (Wei et al., 2021; McGlinn et al.,
2021; Oksanen et al., 2022; Stevens et al., 2022; Harrell and Dupont,
2023).

3. Results
3.1. Elemental concentrations of C-N and carbon isotopic composition

The temporal profile of carbon isotopic composition of total organic
carbon (613CT0C), total organic carbon (TOC), total nitrogen (TN) con-
tents, and their elemental ratios (TOC/TN) in the Toushe Basin sediment
core are shown in Fig. 3. The 8'3Croc varied greatly from —29.45 to
—16.68%0 with an average of —25.33 + 2.57%o. The §'3Croc showed
very high values, greater than —20.00%0 between 17.3 and 15.6 cal kyr
BP. The average value of 8'3Croc was —18.67 + 1.45%o during that
period. The 613CT0C values mostly varied from —29.45 to —22.23%o
during 15.6-2.0 cal kyr BP. The 8'3Cro¢ showed a trend of higher values
from 17.3 to 14.5 cal kyr BP, followed by a decrease during 14.5-12.8
cal kyr BP. Between 12.8 and 2.0 cal kyr BP, peaks of higher 613CT0C
were noticed during 12.8-11.8, 11.0-9.0, 8.5-7.0, 6.5-4.0, and 2.8-2.0
cal kyr BP, while peaks of lower 613CT0C were observed during
11.8-11.0, 9.0-8.5, 7.0-6.5, and 4.0-2.8 cal kyr BP.

The TOC and TN contents in the Toushe Basin peatland samples
varied from 2.64 to 57.92% and 0.17 to 2.32%, respectively (Fig. 3). The
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average TOC and TN contents were 34.57 & 10.12% and 1.23 + 0.32%,
respectively. The TOC and TN content profiles followed the trend of
613CT0C (Fig. 3). All phases with high 613CT0C showed high TOC and TN
contents, and phases with low 5'3Croc showed low TOC and TN con-
tents. The TOC and TN showed a decreasing trends during 17.3-12.8 cal
kyr BP. Peaks of higher TOC and TN were observed during 12.8-11.8,
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11.0-9.0, 8.5-7.0, 6.5-4.0, and 2.8-2.0 cal kyr BP and lower peaks were
noticed 11.8-11.0, 9.0-8.5, 7.0-6.5, and 4.0-2.8 cal kyr BP.

Unlike TOC and TN contents, the profile of TOC/TN produced an
irregular pattern and did not follow the 613CT0C trend (Fig. 3). The TOC/
TN ratio of samples varied from 11.76 to 52.54, with an average of 28.18
+ 6.09. The TOC/TN ratios follow the patterns of TOC and TN, showing
higher values at 12.8-11.8, 11.0-9.0, 8.5-7.0, 6.5-4.0, and 2.8-2.0 cal
kyr BP, and lower values at 11.8-11.0, 9.0-8.5, 7.0-6.5, and 4.0-2.8 cal
kyr BP, except for the period from 17.3 to 12.8 cal kyr BP, which shows
lower values.

3.2. Magnetic susceptibility

In the current study, the magnetic susceptibility (MS) of Toushe
Basin sediments exhibited large fluctuations, representing changes in
terrigenous influx into the Toushe Basin during 17.3-2.0 cal kyr BP
(Fig. 3c). The MS showed an increasing trend from 17.3 to 12.8 cal kyr
BP, followed by a gentle decline during 12.8 to 11.8 cal kyr BP. Subse-
quently, there was a sudden rise in MS during 11.8 to 11.0 cal kyr BP.
Similarly, higher MS values were observed during 9.0-8.5, 7.0-6.5, and
4.0-2.8 cal kyr BP. Low MS values occurred intermittently during
11.0-9.0, 8.5-7.0, 6.5-4.0, and 2.8-2.0 cal kyr BP.
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3.3. CHAR and fire frequency

CHAR was estimated to reconstruct the wildfire history and fire
frequency per 1000 years in the Toushe Basin (Figs. 4 and 5). The CHAR
record showed higher values during 17.3-14.5 cal kyr BP. The fire fre-
quency ranged between 1 and 3 during the same time period. CHAR
showed relatively low values during 14.5-11.5 cal kyr BP, with a slight
increasing trend towards 11.5 cal kyr BP. The fire frequency varied
between 1 and 2 during this period. Low values of CHAR were noticed
during 11.5-7.0 cal kyr BP, along with a fire frequency of 2-4 peaks per
1000 years. Subsequently, an increasing trend of CHAR was observed
during 7.0-5.0 cal kyr BP. The fire frequencies were lower during this
time frame, varying between 0 and 3. The increasing trend of CHAR
continued towards 2.0 cal kyr BP. The fire frequencies during this period
were much higher, with variation from 1 to 5.

4. Discussion
4.1. Climate reconstruction

A previous study by Huang et al. (2020) reported that the Toushe
peatland basin underwent periods of elevated water levels, transitioning

into an open-water lacustrine environment, indicating oscillations in
water levels in its distant past. These changes in water level governed
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Fig. 5. (a) Fire frequency and CHAR records of Toushe Basin, (b) number of archeological sites in the western Taiwan (Leipe et al., 2023), (c) micro-charcoal flux in
Qinling Mountains of east-Central China (Zhang et al., 2023), (d) Z-scores of the BC (black carbon) from Changjiang (Yangtze River) Basin, northern China (Hao
et al., 2024), and (e) the population change (red line) (Li et al., 2009) and number of archeological sites (blue bars) in China (Hosner et al., 2016).

the dynamics of vegetation in the peatland region (Laiho et al., 2003;
Kokkonen et al., 2019; Zhong et al., 2020). Under high water levels and
waterlogged conditions, wetland plants, such as Cyperaceae, flourished
(Wang and Kemball, 2005; Liu et al., 2020). Conversely, during low
water levels, when the surface is exposed to the atmosphere, herbaceous
plants and large trees dominate the region (Pezeshki, 2001; Touchette
etal., 2008). These different plants type have distinct 5'°C signature, for
example, Cyperaceae and tree are generally C3 plants and exhibited 5'3C
values ranges between —32 and —20 %o, on the other hand, herbaceous
plants are largely C4 plants, having 5'C values range from —16 to —9 %o
(Carmo-Silva et al., 2008; Wu, 2009; Kohn, 2010; Ellsworth and Cousins,
2016). A previous study also showed a positive correlation between 5'3C
of Toushe Basin organic matter and change in vegetation dynamics;
suggested 5!3C of Toushe Basin organic matter is a robust indicator of
inferring about past vegetation (C3 and C4) changes (Meyers, 2003; Li
et al., 2013). This point towards the change in climatic conditions; the
C3 plants are an indicator of wetter climate and C4 plants are for the
drier climate (Meyers, 2003; Liew et al., 2014; Rahman et al., 2020;
Shah et al, 2022, 2023). In addition, TOC/TN ratios provide

information about changes in climate conditions by inferring changes in
the source of organic matter (Meyers, 1997, 2003). In general, in-situ
production exhibits low TOC/TN ratios (<10), while land plants have
high TOC/TN ratios (>20) (Meyers, 2003). In the current scenario,
increasing water levels support wetland species in the region, resulting
in lower TOC/TN ratios (Janyszek-Soltysiak et al., 2021; Larson, 1995;
H. Lietal., 2019). On the other hand, during low water levels caused by
drier climate, herbaceous plants and trees will dominate the basin,
resulting in higher TOC/TN ratios (Cheng et al., 2006; Hudon et al.,
2005).

Between 17.3 and 12.8 cal kyr BP, a decreasing trend in 613CT0C,
TOC, and TN were observed, along with consistently low TOC/TN ratios
(Fig. 3). The decreasing trend of §'%Croc suggested an increase in
dominance of C3 plants from 17.3 to 12.8 cal kyr BP, indicating tran-
sitioning of climate from drier to wetter. During the same timeframe, the
previous records indicated lower wetlands, a moderate decrease in
herbaceous plants, and an increase in tree species, supporting the cur-
rent interpretation. The change in climate from dry to wet, can also
influence the runoff conditions of the region. The TOC/TN, which is an
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indicator of runoff (Meyers, 2003; Rahman et al., 2020), did not show
any significant change. However, the MS, an indicator of magnetic
minerals inputs (Thompson et al., 1975; Demory et al., 2005), showed a
gradual increase during this time interval, suggesting an increase in
terrigenous sediments to the Toushe Basin, which indicated an increase
in runoff conditions. This increase in runoff also diluted organic matter,
represented by the decreasing trends of TOC and TN, in the Toushe Basin
during 17.5-12.8 cal kyr BP. The organic matter dilution through higher
sedimentary flux has been previously reported from the Dream Lake,
Taiwan, and Wular Lake, Kashmir Himalaya, India (Shah et al., 2020;
Rahman et al., 2024).

The 8'3Croc showed slightly higher values between 12.8 and 11.8
cal kyr BP, suggesting an increase in C4 vegetation cover, which is also
supported by a high population of herbaceous plants in the region
(Fig. 3). In addition, trees also showed slightly higher values, while the
wetlands were lower. This indicates a decrease in runoff and a domi-
nance of terrestrial plants in the region, which is reflected in higher
TOC/TN ratios between 12.8 and 11.8 cal kyr BP (Fig. 4). Concurrently,
lower MS indicated reduced runoff conditions, leading to a lower water
table and the flourishing of herbaceous C4 plants in the region, signaling
drier climate conditions. The observed peaks in TOC and TN contents
suggest increased organic matter deposition during this period, likely
due to reduced sediment dilution of organic matter. The previous pollen
and isotope studies from the Toushe Basin have also indicated drier
climate condition during this interval, aligning with the globally
recognized Younger Dryas event (Li et al., 2013; Liew et al., 2006).
Similar situations were noticed during 11.0-9.0 cal kyr BP, 8.5-7.0,
6.5-4.0, and 2.8-2.0 cal kyr BP which indicated drier climate
conditions.

Low 8'3Croc, TOC, TN, and TOC/TN were observed, along with high
MS during 11.8-11.0, 9.0-8.5, 7.0-6.5, and 4.0-2.8 cal kyr BP. Inter-
estingly, during these time intervals, pollen data showed high wetland
plants, indicating a rise in the water table. A previous study showed
Cyperaceae were one of the dominant wetland plants in the study region
and generally exhibited TOC/TN ratios within a narrow range of
10.3-16.3 (Janyszek-Soltysiak et al., 2021). Although the sedge family
(Cyperaceae) can contain both C3 and C4 plants, Wu (2009) investigated
the species of Cyperaceae in Taiwan and found that C4 plants accounted
for only 35%. Previous studies reported the dominance of C3-type
Cyperaceae in mountainous aquatic environments, comparable to our
study region (Tieszen et al., 1979; Chmura and Aharon, 1995; Rajago-
palan et al., 1999; Malamud-Roam and Ingram, 2004; Larridon et al.,
2011). Moreover, a comprehensive review reveals that the §!3C values of
C3 Cyperaceae species are varied from —34 to —25 %o (Larridon et al.,
2011). Furthermore, the periods of low 613CTOC were associated with
increased tree coverage in the catchment area. Concurrently, elevated
MS levels that indicated enhanced runoff, likely transported C3 plants
derived organic matter into the lake. This increased runoff, a result of
larger sedimentary fluxes in the basin, also led to the dilution of organic
matter, as evidenced by reduced TOC and TN contents. Overall, it
appeared that climate conditions were wetter during the time intervals
of 11.8-11.0, 9.0-8.5, 7.0-6.5, and 4.0-2.8 cal kyr BP.

4.2. Reconstructed wildfire activity

Macro-charcoal (>125 pm) analysis suggests a pronounced shift in
the local fire regime around the Toushe Basin from 17.5 to 2.0 cal kyr BP
(Fig. 4). The high CHAR data represents a high-severity fire regime
during 17.3-14.5 cal kyr BP and 5.0-2.0 cal kyr BP. Low CHAR indicates
a low-severity fire regime during 14.5-5.0 cal kyr BP. Fire severity is
defined as the extent of above and below-ground biomass consumed by a
fire, which is reflected in the overall quantity of charcoal deposited in
the lake. Whereas, the fire intensity serves as a gauge of energy output
(Keeley, 2009). Elevated fire intensities typically result in greater fire
severity, leading to distinct effects on vegetation and recovery when
compared to low-intensity fires (Rogers et al., 2015).
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A high abundance of charcoal in lake sediments suggests an
increased amount of biomass burned in each fire, more intense fires,
more frequent fires, or a combination of all three factors. However, the
temporal resolution of the charcoal records is too low to apply common
peak detection methods to identify individual fire events, however,
magnitude of CHAR peaks suggest the amount of biomass burning
(Whitlock and Larsen, 2001). The relative comparison of CHAR peaks
during the current study revealed higher values during 17.3-14.5 cal kyr
BP and 5.0-2.0 cal kyr BP and lower values during 14.5-5.0 cal kyr BP.
This suggests high-severity fires during the 17.3-14.5 cal kyr BP and
5.0-2.0 cal kyr BP and low-severity fires during 14.5-5.0 cal kyr BP. As
the severity was also measured through loss of organic matter through
wildfire, a negative correlation was noticed between TOC in the sedi-
ments and charcoal during the current study (Table S1). It reflected the
loss of organic matter from the region due to high severity wildfire.

The high surface area of charcoal, indicating larger particles, in the
prominent CHAR peaks suggests a higher fire intensity during the
studied period (Duffin et al., 2008; Hennebelle et al., 2020). Typically,
high-intensity fires produce large flames capable of scorching trees and
producing larger, more robust charcoal particles (Clark, 1988; Vachula
and Richter, 2018). Furthermore, high-intensity fires allow for large
charcoal particles to be ejected into the atmosphere within stronger
plumes, and these particles are subsequently better preserved during
deposition (Clark, 1988; Ward and Hardy, 1991). Conversely, during
low-intensity fires, the canopy remains mostly undisturbed, and the
lower fire intensities generally do not generate strong convection
(Gliickler et al., 2022). These two factors restrict the height at which
plumes eject and the subsequent dispersion of charcoal particles,
resulting in lower CHAR levels (Clark, 1988; Vachula and Richter,
2018). In this study, high charcoal areas during 17.3-14.5 cal kyr BP and
5.0-2.0 cal kyr BP suggested high-intensity fires in the region. On the
other hand, low charcoal area points towards low-intensity fire during
14.5-5.0 cal kyr BP.

The increasing wildfire trend observed in the present study aligns
with the wildfire patterns documented in north-eastern and central
China during the Holocene (Hao et al., 2024; Zhang et al., 2023) (Fig. 5).
In China, this increasing trend was attributed to human activities, which
were documented as increase in number of archeological sites as well as
the population (Hosner et al., 2016; Li et al., 2009). However, the
increasing trend of wildfires in Taiwan were attributed to the climate till
5.0 cal kyr BP, and then by the human activities (Leipe et al., 2023). As
the human began to settle in the western Taiwan around 5.0 cal kyr BP
(Fig. 5). The increasing trend of number of archeological sites in western
Taiwan suggesting that high intensity fires were dominantly
human-induced.

4.3. Wildfire-vegetation-climate-human interaction

The intricate relationships among wildfires, vegetation, climate, and
human activity make it difficult to isolate distinct causes purely through
statistical analysis in paleoenvironmental research. In this study, we
conducted a comparative analysis of peak occurrences in wildfires,
climate proxies, and changes in vegetation within the Toushe Basin
(Fig. 6). In the Toushe Basin, the combination of two pollen-based
studies revealed that during 17.3-2.0 cal kyr BP, temperate deciduous
forests and mixed coniferous forests were the prevailing vegetation
types (Li et al., 2013). The time frame from 11.5 to 7.0 cal kyr BP marked
a transitional phase, shifting from deciduous and mixed coniferous
forests to warm-temperate forests. Subsequently, there was a trans-
formation to subtropical evergreen forests during 7.0-2.0 cal kyr BP.

The observed high intensity fire during 17.3 to 14.5 cal kyr BP,
appeared to be due to drier climate conditions in the region (Fig. 6). It is
believed that the drier climate is one of major cause of high intensity fire
globally (Greisman and Gaillard, 2009; Stephens et al., 2018; Zum-
brunnen et al., 2009). This time frame of high intensity fire character-
ized by low population of wetlands in Toushe Basin, suggesting the
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Fig. 6. (a) 613CTOC and TOC/TN ratios, (b) fire frequency and CHAR records of Toushe Basin, (c) Tree, herb, and wetland plant percentages in the Toushe Basin
during the studied period (Li et al., 2013), (d) number of archeological sites in Taiwan (Leipe et al., 2023), and (e) pollen diversity index (PDI) and pollen richness
index (PRI), represent the vegetation diversity, in the Toushe Basin. PDI and PRI were estimated using published pollen data (Liew et al., 2006).

burning of wetland plants. Wetland plants typically inhabit more moist,
less fire-prone environments; however, prolonged periods of dry climate
can lower the water level in wetlands, leaving organic matter such as
peat and plant biomass dry and susceptible to burning (Blake et al.,
2021; Zhong et al., 2020). A slight decrease in the populations of trees
was observed during periods of high intensity fire, implying that,
beyond wetlands, trees also functioned as biofuel sources. The previous
studies have shown that stronger winds and a drier climate allowed fires
in lower altitude to spread into adjacent forest regions, burning woody
vegetation and resulting in high-severity fires (McCutchan and Fox,
1986; Maynard, 2013; Meigs et al., 2020). The modern climate obser-
vations clearly suggest high wind speed during the winter season, from
November to March, in Taiwan (Kuo and Ho, 2004; Ren et al., 2022).
The drier climates and strong wind conditions were responsible for
increased vegetation dryness, rendering it more susceptible to
high-intensity fires during 17.3-15.8 cal kyr BP. Consequently, the fire
in wetland and trees caused a decline of the ecological heterogeneity of
the region, as evidenced by the decrease in PDI and PRI.

At 15.0 cal kyr BP, high intensity fires were observed due to a drier

climate, corresponding to a decrease in wetlands population - suggest-
ing the burning of wetland plants. Trees and herbs showed relatively
high values during this time, indicating that wildfires shaped the land-
scape’s ecosystem, transitioning it from being dominated by wetlands to
being dominated by trees and herbaceous plants. This transformation
opened up habitats for trees and herbaceous plants to colonize, resulting
in an ecological diversification in the Toushe Basin, as shown by high
PDI and PRI

Low-intensity fire and relatively low fire frequencies were observed
during 14.5-11.5 cal kyr BP (Fig. 6). Previous records suggested a
temperate and less dry climate (Li et al., 2013), and the current 613CTOC
record indicates a wetter climate during this time interval. In addition,
high tree percentages (up to 85%) were noticed during this period, along
with the decrease in wetland taxa (Li et al., 2013). Low intensity fires
during this period were attributed to the low herbs and wetland plants in
the region, along with high trees, indicating the burning of herbaceous
and wetland plants in the region, with possibly fires mainly confined to
the basin. The high trees, during the time intervals of low intensity fires,
indicated that fire likely transformed the basin vegetation from
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herbaceous and wetland plants to forests. It has been reported that
increased moisture in a wetland region acted as a deterrent to fire spread
(Rossa et al., 2016). It has been well-documented in previous studies
that the presence of wet peat surface conditions effectively inhibits the
spread of fires into the surrounding forests (Page et al., 2009; Feurdean
et al., 2022). Furthermore, it is plausible that the wetter conditions
during this time period reduced the flammability of trees, as suggested
by several studies that have highlighted the pivotal role of plant mois-
ture content in determining their flammability (Kreye et al., 2020;
Varner et al., 2015). The widespread growth of various tree species
during this period likely enhanced pollen diversity, as indicated by a
higher PDI during 14.5-11.5 cal kyr BP. However, this shift likely
reduced habitat heterogeneity due to low-intensity fires, affecting the
variety of niches available for different species of herbaceous and
wetland plants, and leading to overall lower PRI.

Low-intensity fires continued during 11.5-5.0 cal kyr BP, along with
high fire frequencies, which appeared to be the cause of relatively drier
climate conditions in the region, represented by high §'3Croc (Fig. 6). In
addition, the majority of the low CHAR peaks coincided with diminished
wetlands, suggesting the burning of wetlands in the region. The tree
population also appeared to be smaller during periods of low-intensity
fires, indicating that the strong winds during these drier intervals
were moving toward the adjacent forests. Conversely, herbs exhibited
either an increasing trend or maintained high values during periods of
low-intensity fires burning between 11.5 and 5.0 cal kyr BP. This sug-
gested that low-intensity fires in the Toushe Basin were facilitating the
opening of the area, resulting in the predominance of herbaceous plants.
Fire increases in soil nutrient availability have been reported widely
(Anderson and Menges, 1997; Fuentes-Ramirez et al., 2015), which
likely enhanced the growth of herbaceous plants and transformed the
ecological landscape of the Toushe Basin towards a grassland. In addi-
tion, the decreasing trend of CHAR indicated a reduction in fire intensity
approaching 10.0 cal kyr BP, followed by an increase towards 6.0 cal kyr
BP. This trend covaried with the pattern of PDI. On the other hand, PRI
also covaried from 10.0 to 6.0 cal kyr BP with an increasing trend. This
indicated that an increase in fire intensity during this time period
controlled ecosystem diversity by increasing the abundance and
different species of herbaceous plants.

During 5.0-2.0 cal kyr BP, the escalation of high-intensity fires and a
notable increase in fire frequencies were noticed and appeared to be
linked with expanding human presence in the region (Figs. 5 and 6). A
recent study showed that humans began to settle down in Taiwan from
5.0 kyr BP (Leipe et al., 2023). They showed an increasing trend in the
number of sites per 100 years in western Taiwan during the last 5.0 cal
kyr BP. It pointed towards the change in the ignition source from natural
to anthropogenic. During this period, the overall climate conditions
were wetter. In general, the wetter climate enhances the tree moisture
condition, which possibly reduced tree flammability. However, in the
current study, during 5.0-2.0 cal kyr BP, a gradual decline in the pop-
ulations of trees and herbaceous plants was noticed, alongside an
expansion of wetlands. This decrease in tree population pointed towards
the possibility of land clearing using slash-and-burn methodology, and
the wetter climate conditions at this time led to waterlogged conditions
and a subsequent expansion of wetland areas. It suggested that
human-induced burning likely contributed as an additional factor to the
high intensity of fires during 5.0-2.0 cal kyr BP. Documentation of
increased human activity in western Taiwan by Leipe et al. (2023)
supports our hypothesis of human presence in the region during 5.0-2.0
cal kyr BP. In contrast, Huang et al. (2020) indicated that the region
began to be affected by human activities after 2.1 cal kyr BP, based on
the presence of Poaceae (>37 pm) and Typha. The absence of direct
evidence makes our interpretations uncertain, suggesting that addi-
tional studies, like archeological sites or analysis of fecal biomarkers
(which indicate past human and animal activity), are needed to confirm
our hypothesis.
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4.4. Possible causes of wildfires in central Taiwan and their connection to
El- Nino activity

Climate and wildfire collectively affected vegetation diversity in the
Toushe Basin over the long term. Additionally, it has been observed that
peaks of CHAR coincided with peaks in El-Nino like conditions, which
are characterized by low sea surface temperature differences between
the western Pacific warm pool and the eastern equatorial pool (WPWP-
EEP (ASST)) (Wara et al., 2005; Jia et al., 2018) (Fig. 7). El-Nino events
are associated with decreased rainfall in Taiwan, likely due to a weak-
ened East Asian Summer Monsoon EASM (Li et al., 2013; Wang et al.,
2015). A study has shown that Eastern Asia experiences a very high flash
rate of lightning during El-Nino events (Yoshida et al., 2007). Lightning,
along with biomass fuel, temperature, oxygen, and moisture, plays an
important role in severe wildfire activities worldwide (Johnson et al.,
2011; Krause et al., 2014; Yedinak et al., 2018). In the Taiwan region,
biomass and oxygen are sufficiently available, while temperature and
moisture vary with changes in Pacific Ocean sea surface temperatures
(Hsu et al., 2001). During El-Nino events, when humidity decreases, the
ignition temperature decreases, making it easier for wildfires to start and
spread (Chen et al., 2004; Demirbas, 2004; Vamvuka and Sfakiotakis,
2011; Littell et al., 2016). A previous study has also found a similar
relationship between wildfires and El-Nino like conditions in the Toushe
Basin during the mid to late Holocene (Huang et al., 2020). Therefore, it
appears that long periods of drought and El-Nino like conditions caused
extreme dryness in the region, leading to high-intensity fires. On the
other hand, long periods of wetter climate, characterized by shorter
intervals of weaker EI-Nino like conditions, likely caused the
low-severity wildfires in the region.

5. Conclusion

The current study has highlighted the wildfire, vegetation, climate,
and human interaction in the central Taiwan region from 17.3 to 2.0 cal
kyr BP.
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e The current study showed an improvement in climate conditions
from 17.3 to 12.8 cal kyr BP, followed by a drier period between 12.8
and 1L.8, coinciding with the Younger Dryas. Furthermore, the drier
climate conditions were recorded during 11.0-9.0 cal kyr BP,
8.5-7.0 cal kyr BP, 6.5-4.0 and 2.8-2.0 cal kyr BP with intermittent
wetter climate conditions during 11.8-11.0 cal kyr BP, 9.0-8.5 cal
kyr BP, 7.0-6.5 cal kyr BP, and 4.0-2.8 cal kyr BP.

The drier climate largely controlled the wildfires in the central
Taiwan region. The current study showed high-intensity fires were
observed during the 17.3-14.5 cal kyr BP, caused by a drier climate,
and during 5.0-2.0 cal kyr BP was due to human-induced burning.
The low intensity fire noticed from 14.5 to 5.0 cal kyr BP, due to
relatively humid conditions in the region.

In the Toushe Basin, from 17.5 to 5.0 cal kyr BP, frequent wildfires
predominantly affected wetlands and forested areas, facilitating a
shift in vegetation dynamics towards the dominance of herbaceous
species. Conversely, during the interval from 5.0 to 2.0 cal kyr BP,
the region experienced a marked shift in fire regimes, with an
increased incidence of fires affecting both arboreal and herbaceous
vegetation. The observed changes in the Toushe Basin’s vegetation
were predominantly driven by wildfire dynamics, underscoring the
profound impact of fire regimes on ecological transformations within
the region.

Additionally, it has been also noticed the wildfires in the Toushe
basin were the result of the El-Nino event that induced longer or
shorter drier climate conditions in the region.

The current study has discussed about the likelihood of humans-
induced wildfires between 5.0 and 2.0 cal kyr BP. This speculation is
based on the relationship observed amongst climate, vegetation, and fire
during the studied period. To further explore this possibility, a thorough
investigation of the area is required. This includes looking into
archeological evidence and analyzing fecal biomarkers to provide more
concrete answers regarding human involvement in past wildfires.
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