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Abstract 16 

The balance between the burial of biospheric organic carbon (OCbio) in the ocean and the oxidation 17 
of rock-derived organic carbon across landscapes (OCpetro) helps to regulate atmospheric CO2 and 18 
O2 over geological time. However, we lack reconstructions of these processes over the timescales 19 
necessary to properly understand the drivers and feedbacks operating.  Here we use a sediment 20 
core from the Zhuoshui River delta in Taiwan, which receives sediments from a rapidly uplifting 21 
and eroding catchment, to reconstruct the variations in OC content and radiocarbon composition 22 
since the Last Glacial Maximum (LGM). We find that the export of OCbio and the oxidation of 23 
OCpetro are both modulated by climate-driven changes in physical erosion and temperature. During 24 
cold and dry periods, such as the LGM and the Younger Dryas (YD), shallow erosion and low 25 
temperature enhanced the preservation of OCbio in the biosphere in catchment, while deep erosion 26 
and high temperature during warm and wet periods, such as the Holocene, favored the dilution and 27 
degradation of OCbio. The weathering intensity of OCpetro (ω) was inversely related to physical 28 
erosion, suggesting a lower intensity of oxidation during the Holocene period while the overall 29 
oxidation flux was enhanced. This suggests that the degree of weathering was primarily controlled 30 
by physical erosion. We propose a proxy to estimate the ratio of fluxes of OCbio export and OCpetro 31 
oxidation, and show that the net balance between these two processes shifted from a carbon sink 32 
during the late deglacial period to a carbon source during the mid-late Holocene. Our study reveals 33 
that with CO2 rise, a warmer and wetter climate would promote the exposure and oxidation of 34 
OCpetro by erosion in this mountain range, leading the organic carbon balance towards a CO2 35 
source to the atmosphere. 36 
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1 Introduction 37 

The amount of organic carbon (OC) stored in rocks, soil, and vegetation are orders of 38 
magnitude higher than the stock of carbon in the atmosphere (Sundquist and Visser, 2004), thus, 39 
the atmospheric carbon inventory is sensitive to small imbalances between these large reservoirs. 40 
The erosion of the continents and accompanied export of particulate organic carbon (POC) by 41 
rivers from land to the ocean is an important component of global carbon cycle (Sarmiento and 42 
Sundquist, 1992; Stallard, 1998; Galy et al., 2015). The particulate OC exported by rivers can be 43 
conceptualized as a mixture of recently photosynthesized, biospheric carbon (OCbio) from plants 44 
and soils (Kao and Liu, 1996; Hilton et al., 2008); and  rock–derived, or petrogenic OC (OCpetro) 45 
from sedimentary rocks.  46 

From the perspective of the global carbon balance prior to anthropogenic perturbation, the 47 
OCbio  exported from continents by rivers (0.11 - 0.23 Pg yr-1, Galy et al., 2015) is comparable to 48 
the amount of OC burial in marine sediments (0.2 Pg yr-1, Hedges and Keil, 1995). Yet, the overall 49 
transfer by rivers and (re-) burial of OCpetro is disconnected from the atmosphere having no impact 50 
on atmospheric CO2 (Galy et al., 2008), unless the oxidation of OCpetro in the landscape occurs 51 
during its exhumation, releasing carbon dioxide (Bouchez et al., 2010; Hilton et al., 2014; 52 
Hemingway et al., 2018; Blattmann, 2018; Lyons et al., 2018; Horan et al., 2017, 2019). Over 53 
geological timescales, atmospheric carbon dioxide and oxygen concentrations are, in part, 54 
regulated by the relative fluxes of OCpetro oxidation and sedimentary burial of OCbio from terrestrial 55 
biosphere (Berner, 1982; Galy et al., 2008; Lyons et al., 2018; Horan et al., 2019; Derry and 56 
France-Lanord, 1996). Understanding the factors that control the export of OCbio and OCpetro 57 
during transfer is therefore crucial. 58 

Physical erosion plays a crucial role in controlling the riverine export of both OCbio and 59 
OCpetro to the oceans on a global scale (Galy et al., 2015, Hilton, 2016). However, the oxidation of 60 
OCpetro may be supply-limited and able to keep pace with increasing physical erosion (Hilton et 61 
al., 2014, Hemingway et al., 2018). As atmospheric CO2 concentrations continue to rise, warmer 62 
and more humid climate condition are expected (O’Gorman et al., 2012) which may promote 63 
physical erosion rates in some settings (Lee et al., 2015). However, the extent to which climate 64 
change may tilt the balance between the export of OCbio and the oxidation of OCpetro in erosive 65 
settings remains poorly constrained (Hilton and West, 2020).  66 

Globally, temperature and precipitation exert primary control on the residence time of 67 
OCbio within river catchments (Eglinton and Galy, 2021). The Ganges–Brahmaputra basin 68 
illustrates this dynamic on millennial timescales, where the residence time of soil carbon decreased 69 
across the deglaciation period due to increased rainfall and enhanced soil respiration rates (Hein 70 
et al., 2020). Similarly, the oxidation of OCpetro in river catchments is also found to be temperature-71 
dependent (Roylands et al., 2022; Soulet et al., 2021), underscoring the significant influence of 72 
climatic factors on weathering processes. Examining the records across periods of significant 73 
climatic shifts, such as the last deglaciation, can help us better understand the relationship between 74 
climate change and the carbon cycle. 75 

Taiwan, a mountainous subtropic island located in an orogenic belt with rapid uplift and 76 
denudation rates (3-6 mm yr-1, Dadson et al., 2003), provides an opportunity to study the evolution 77 
of OCbio and OCpetro export. Palynological and sedimentary organic geochemistry evidence has 78 
suggested the climate in Taiwan was influenced by the variation in the strength of the East Asian 79 
summer monsoon (EASM). During the Last Glacial Maximum (LGM, 22 - 18 cal ka BP) and the 80 
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deglaciation (18 - 11.6cal ka BP), the climate was cold and dry, while during the Holocene to the 81 
present day the climate was humid and warm (e.g. Liew et al., 1998, 2006; Yang et al., 2011, Ding 82 
et al., 2016a, 2020). In addition to the strengthening of the EASM from the LGM to the Holocene, 83 
the frequency of tropical cyclones (typhoons) had also increased, evidenced by records of ancient 84 
landslides (Hsieh et al., 2012, 2014), sea spray signal in lake sediments (Ding et al., 2016b), and 85 
turbitide layers in marine sediment cores offshore of Taiwan (Yu et al., 2017). Collectively, the 86 
geomorphic setting and climatic change experienced by Taiwan provide a case to shed new light 87 
on how the net carbon balances during erosion and weathering may have changed over millennial 88 
timescales. To achieve this goal, it is necessary to track the erosion and export of OCbio and OCpetro 89 
(Kao et al., 2008), while also being able to assess OCpetro oxidation in the past, which to date has 90 
proved challenging.  91 

Here we address these issues by synthesizing and re-analyzing modern field-based 92 
observations from the mountains of Taiwan (e.g. Hilton et al., 2010, 2011, 2012, 2014; Kao et al., 93 
2014; Hemingway et al., 2018) to address the impact of physical erosion, temperature effects on 94 
OC content (including OCbio and OCpetro) and its 14C activity in soil and river suspended particles, 95 
and extrapolate these relationships to the past. We then assess changes in the erosion and delivery 96 
of OCbio and OCpetro during the last deglaciation by using a sediment core in a river delta receiving 97 
sediments from the Central Range, Taiwan. Using radiocarbon to establish the difference between 98 
the timing of sediment deposition (determined from calcareous microfossils and woody debris) 99 
and the 14C of the bulk OC, we explore variations in the sedimentary burial of OCpetro and OCbio 100 
over time. Linking the modern and sedimentary datasets, we propose a new proxy to quantify past 101 
variations in the relative rates of OCbio export and OCpetro oxidation, and assess the net CO2 balance 102 
during erosion of a mountain range since the last deglaciation. 103 

 104 

 105 

2 Materials and Methods 106 

2.1 Study area and sampling 107 

The collision of the Eurasia and Philippine Sea Plate drives the uplift of Taiwan since 108 
approximately 6 million years ago (Ma), with a denudation rate of ~ 3-6 mm yr-1 (Dadson et al., 109 
2003). The Zhuoshui (also referred to the Jhoushui and Choshui River due to different 110 
Romanization schemes) River drains the western flank of the Central Range of Taiwan. The 111 
bedrock in the river basin consists of Miocene and Pliocene metasedimentary, low-grade 112 
metamorphic, and sedimentary rocks (Ho, 1988) (Figure 1). The frequent impact of tropical 113 
cyclones delivers intense precipitation, and this combines with the high uplift rates to drive 114 
remarkably high sediment yields (Dadson et al., 2003; Kao and Milliman, 2008) where rivers often 115 
carry suspended sediments at hyperpycnal concentrations (turbidity > 40g L-1) (Goldsmith et al., 116 
2008). The Zhuoshui River is the largest river in Taiwan in terms of sediment discharge (Kao and 117 
Milliman, 2008). Such high turbidity results in rapid accumulation of sediment offshore, reducing 118 
the oxygen exposure time of organic matter (Blair and Aller, 2012). As such, the preservation 119 
efficiency of riverine OC is  > 80% (Kao et al., 2014), which is higher than the global average (20-120 
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30%, Burdige, 2005). Therefore, the OC preserved in the offshore sediments might reflect the 121 
erosion dynamic in the river catchment with limited influence by the post-diagenesis processes. 122 

 123 

Figure 1 The geology map of Taiwan (Ho, 1986). (a) The purple star indicate the location of core 124 
JRD-S retrieved fromthe Zhuoshui River mouth; the green circles are the sites of river sediments (Lin et al., 125 
2020), the black circles are the sites of chemimal index of alteration (CIA) data for river sediment (Garzanti 126 
and Resentini, 2016; Bi et al., 2015), the black circles are the gauging stations approaching the CIA data 127 
(Dadson et al., 2003).(b) The relationship between CIA and decadal erosion rate. CIA data from Garzanti 128 
and Resentini (2016) and Bi et al. (2015), and erosion rate data are from Dadson et al. (2003). (c) the 129 
temporal variation of CIA (blue curve, data from Zhao et al. (2017)), CIA-derived erosion rate (ice blue 130 
curve)(based on correlationship in b, shade is the 95% confidence interval), and sedimentation rate of JRD-131 
S (purple curve). 132 

The sediment core JRD-S, 104 m long, was taken from the south bank at the mouth of the 133 
Zhuoshui River delta (Latitude: 23.849 N, Longitude: 120.241 E; 4 m above sea level) (Figure 1). 134 
The details of sediment splitting, photographs, and description can be found in Yang et al. (2017). 135 
A high-resolution age model was established by ~40 radiocarbon measurements on tree branches, 136 
peat, and shell debris picked from different sediment depths (for details see Yang et al., 2017). The 137 
bayesian age–depth model for the JRD-S core was established using the BACON software package 138 
(Blaauw and Christen, 2011) based on radiocarbon data originally presented in Yang et al. (2017). 139 
Positioned at the mouth of the Zhuoshui River, an area known for its high physical erosion, we 140 
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anticipated that this core may hold a record of carbon source-sink dynamics. In light of this, we 141 
collected a total of 200 subsamples from the uppermost 60 m of the sediment core, at intervals of 142 
approximately 10-30 cm, for the purpose of conducting comprehensive geochemical analysis.  143 

To assess how the effects of physical erosion and temperature influence TOC and radiocarbon 144 
(14C) activity within Taiwan's contemporary landscape, we combine a number of published 145 
datasets. These included observations of TOC variations with altitude across 60 Taiwanese soil 146 
pedons (from Tsai et al., 2010; Tsui et al., 2013), vertical profiles of soil TOC and 14C (Hemingway 147 
et al., 2018), 14C compositions of river sediments (Lin et al., 2020), and erosion rate data for the 148 
watersheds (Dadson et al., 2003). 149 

2.2 Geochemical analyses 150 

2.2.1 Total organic carbon measurement. 151 

For each sample, approximately 0.5 g of freeze-dried sediments were pre-treated with 2 N 152 
HCl to remove the calcium carbonate to obtain the total organic carbon content (TOC). The TOC 153 
was measured using an elemental analyzer (Flash 2000; Thermo Fisher Scientific) at a combustion 154 
temperature of 1020°C for a few seconds, at the National Taiwan Ocean University. Repeated 155 
analyses of a certified soil standard (certificate number 133317; Thermo Fisher Scientific) yielded 156 
a precision of 3% for TOC.  157 

2.2.2  Radiocarbon measurements  158 

Here, 14 samples were selected for radiocarbon measurements of the TOC. The radiocarbon 159 
composition measurements were conducted at the Beta Analytic Radiocarbon Dating Laboratory. 160 
The 14C values have been corrected for δ13C fractionation and are expressed as the fraction of 161 
modern carbon (Fm), relative to 95% of the 14C activity of the NIST SRM-4990C (oxalic acid) 162 
standard. The measured Fm values and their associated uncertainties are detailed in Table 1.  163 

The 14C age of downcore TOC reflects a combination of the natural decay since the time of 164 
deposition and the ratio of the inputs of OCbio and OCpetro, the latter being 14C-depleted. The F14C 165 
difference between TOC and the sediment deposition can eliminate the effect of natural decay and 166 
indicates the 14C of TOC at deposition time, which can reflect the mixture of contemporary and 167 
aged OCbio with OCpetro. The fractional contribution of biospheric carbon (Fbio) was estimated using 168 
a binary mixing model (Equation 3). This model assumes that the OCbio pool has a 14C activity 169 
equivalent to the atmospheric 14C activity (F14Catm.) at the time of deposition, while the OCpetro 170 
pool contains no radiocarbon. The estimated Fbio values and their propagated uncertainties are 171 
presented in Table 1. However, considering that the residence time of soil OCbio in Taiwan ranges 172 
from 161 to 818 years (Hemingway et al., 2018; Lin et al., 2020), and the observed negative 173 
correlation between soil organic carbon residence time and both temperature and precipitation in 174 
worldwide soil ecosystems (Eglinton and Galy, 2021), it is implied that longer residence times 175 
occur during colder and dryer climates. Consequently, the assumption that the OCbio pool mirrors 176 
the 14C activity of the atmosphere at deposition could lead to an underestimation of Fbio and 177 
subsequently OCbio, especially during such climatic periods. However, this underestimation 178 
appears to be less severe in Taiwan. For example, during cold and dry periods such as the YD and 179 
LGM, the Fbio of TOC at deposition could be as high as 0.93-0.99, which reflects that F14CTOC can 180 
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achieve 93-99% of F14Catm.according to Equation (3).. Even if the TOC at these points consists 181 
entirely of OCbio without any OCpetro, the underestimation would not exceed 8%. Future studies 182 
employing compound-specific 14C analysis, such as 14C-lignin or 14C-plant wax, could further 183 
reduce uncertainties.  184 

The F14Catm. at the time of sediment deposition was obtained from the atmospheric Δ14C 185 
reconstruction of IntCal 13, then the fractional contribution of biospheric carbon to TOC (Fbio) was 186 
estimated by the following equations: 187 

𝑇𝑇𝑇𝑇𝑇𝑇% =   𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏% +  𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃% (1) 188 

         𝐹𝐹14𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇  ×  𝑇𝑇𝑇𝑇𝑇𝑇% =  𝐹𝐹14𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎. ×  𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏% +  𝐹𝐹14𝐶𝐶𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑂𝑂𝑂𝑂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 %  (2)  189 

Since the OCpetro has no radiocarbon activity, F14COCpetro = 0, the equation (2) can be rearranged as: 190 

    𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏
𝑇𝑇𝑇𝑇𝑇𝑇

 =  𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏 =  𝐹𝐹
14𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇

𝐹𝐹14𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎.
              (3)  191 

The F14CTOC denote the 14C activity of TOC at sediment deposition time (Table 1). 192 
Accordingly, OCbio is obtained by multiplying Fbio and TOC%, while OCpetro is gained by 193 
subtracting OCbio from TOC. 194 

 195 

 196 
Table 1 Radiocarbon data  of TOC for sediment core JRD-S 197 

 198 
Sample depth  

(cm below 
surface) 

Depositio
n age (cal 
ky BP)* 

F14CAtm. ± 1σ# Δ14CTOC ± 1σ 
(‰) F14CTOC ± σ Fbio at 

deposition  

Age of TOC 
at deposition 

(yr) 
1065-1066 1.61 0.8092 ± 0.0019 -901.24 ± 0.62 0.0996 ± 0.0006 0.1231 ± 0.0008 17714 ± 60 

1502-1503 2.39 0.7407 ± 0.0034 -857.6 ± 0.89 0.1436 ± 0.0009 0.1939 ± 0.0015 13694 ± 61 

1739-1740 2.85 0.7104 ± 0.0019 -890.36 ± 0.96 0.1106 ± 0.001 0.1557 ± 0.0015 14505 ± 79 

2611-2612 3.47 0.6668 ± 0.0016 -933.28 ± 0.67 0.0673 ± 0.0007 0.1009 ± 0.0011 17872 ± 96 

3266-3267 3.98 0.6369 ± 0.0017 -948.05 ± 0.52 0.0524 ± 0.0005 0.0823 ± 0.0008 19518 ± 91 

4156-4157 5.87 0.5324 ± 0.0015 -917.35 ± 0.93 0.0833 ± 0.0009 0.1565 ± 0.0017 14374 ± 99 

4580-4581 7.09 0.4637 ± 0.0014 -806.58 ± 0.97 0.195 ± 0.001 0.4205 ± 0.0025 6396 ± 59 

5025-5026 9.19 0.3562 ± 0.0019 -887.73 ± 0.7 0.1132 ± 0.0007 0.3178 ± 0.0026 9359 ± 71 

5162-5163 12.53 0.2747 ± 0.0011 -747.53 ± 0.95 0.2546 ± 0.001 0.9268 ± 0.0052 551 ± 64 

5367-5368 16.37 0.1836 ± 0.0015 -935 ± 0.73 0.0655 ± 0.0007 0.3567 ± 0.0048 7150 ± 247 

5536-5537 17.83 0.1595 ± 0.0021 -907.2 ± 0.68 0.0936 ± 0.0007 0.587 ± 0.0088 4361 ± 98 

5575-5577 18.03 0.1606 ± 0.0037 -918.17 ± 0.76 0.0826 ± 0.0006 0.5142 ± 0.0125 5219 ± 102 

5668-5669 18.38 0.1493 ± 0.0015 -853.1 ± 0.83 0.1481 ± 0.0009 0.9919 ± 0.0116 580 ± 97 

5854-5855 19.71 0.1296 ± 0.0017 -943.67 ± 0.57 0.0568 ± 0.0006 0.4381 ± 0.0073 5881 ± 123 

*Data from Yang et al. (2017). 199 
# Data obtained from IntCal 13. 200 

 201 
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2.2.3  Net OC budget  between the OCpetro oxidation and OCbio yield 202 

Under the influence of heavy rainfall-induced erosion, biospheric carbon from vegetation and 203 
soil enters rivers where it could be delivered to marine sediments, forming a carbon sink. At the 204 
same time, rock organic carbon exposed by deep erosion may be oxidized to a carbon source. We 205 
define the difference in yield per unit catchment area between these two processes as NETOC 206 
(Equation 4), indicating the evolution of the source-sink pattern of mountain river carbon erosion. 207 
Although biospheric carbon export from mountain rivers can be efficiently buried in the deep sea 208 
under high turbidity and steep terrain (Kao et al., 2014; Zheng et al., 2017), its ultimate fate after 209 
exiting the river system is beyond the scope of this study and warrants further investigation. 210 
Therefore, we restrict our discussion of NETOC to the relative changes in biogenic carbon export 211 
and fossil carbon oxidation within the catchment.  212 

The temporal variation of the net OC budget (NETOC) between the OCpetro oxidation (JOCpetro-213 
ox) and OCbio yield (JOCbio) can be expressed as: 214 

                                                  𝑁𝑁𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂 =  𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂−𝑜𝑜𝑜𝑜  −  𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂                    (4) 215 
The OCpetro component can be considered as either oxidized (JOCpetro-ox), or exported in the river 216 

solid load (JOCpetro). We collate data from 11 rivers in Taiwan which include measurements of solid 217 
JOCpetro that increases linearly with the suspended sediments yield (SSY, Hilton et al., 2011). 218 
Meanwhile, OCpetro oxidation rates, estimated using the trace element rhenium as a proxy, suggest 219 
that the JOCpetro-ox rate is also correlated with SSY (Hilton et al., 2014). For 10 catchments in Taiwan 220 
where JOCpetro-ox and JOCpetro were synchronously measured, we found a statistically significant linear 221 
correlation between JOCpetro-ox and JOCpetro (Figure 2a). This correlation combined with CIA-derived 222 
erosion rate (Figure 1b) enables us to infer the historical changes of JOCpetro-ox and subsequently, the 223 
NETOC.  224 

This relationship appears robust for Taiwan as it is based on the observations across 10 225 
different catchments, despite large differences in suspended loading (ranging from 2000 to 30,000 226 
t km-2 yr-1), catchment area (150 to 1500 km2), bedrock type and erodibility, and vegetation cover.  227 
Given that physical erosion primary controls both OCpetro export and oxidation (Hilton et al., 2014; 228 
Hilton, 2016), changes within the same river during millennial timescales are unlikely to exceed 229 
this observed range. However, we also acknowledge that the empirical relationship used in Figure 230 
2 is based on decadal-scale modern observations, and its applicability on centennial or millennial 231 
timescales requires further investigation. Furthermore, the recently proposed 10Be/9Be ratio 232 
presents a promising tool for reconstructing millennial-scale erosion rates (Deng et al., 2019,2020), 233 
which could complement our current approach. 234 
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 235 

Figure 2 Physical erosion control the OCpetro oxidation and export. (a) An empirical relationship between 236 
the flux of petrogenic OC oxidation (JOCpetro-ox) and petrogenic OC yield (JOCpetro). (b) the relation between 237 
erosion rate and weathering intensity of OCpetro. The OCpetro oxidation data of different rivers is from Hilton 238 
et al. (2014), while the OCpetro yield data of the same rivers was derived from Hilton et al. (2011).The 239 
erosion rate is obtained from Dadson et al. (2003). The solid lines in the figures indicate the regression, 240 
while the dashed lines representing the 95% confidence interval of the regression.  241 

 242 
To evaluate the oxidation of OCpetro, we calculate the ratio of OCpetro oxidation flux to total 243 

OCpetro initially available, representing a metric of weathering intensity of OCpetro, denoted as ω: 244 
 245 
The ω can be written as: 246 

𝜔𝜔 =
𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂−𝑜𝑜𝑜𝑜

𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂−𝑜𝑜𝑜𝑜 + 𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
(5) 247 

 248 
So: 249 

𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂−𝑜𝑜𝑜𝑜 =
𝜔𝜔

(1 − 𝜔𝜔)
× 𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  (6) 250 

 251 
The JOCpetro and JOCbio can be calculated using: 252 
 253 

   𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =  𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝% × 𝑆𝑆𝑆𝑆𝑆𝑆  (7) 254 
 255 

   𝐽𝐽𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏 =  𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏% × 𝑆𝑆𝑆𝑆𝑆𝑆        (8) 256 
 257 
In a carbon-neutral state where NETOC = 0,  Equation (4) can be rearranged to: 258 

𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝜔𝜔

(1 − 𝜔𝜔)
× 𝐽𝐽𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  (9) 259 

 260 
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Then, by substituting the equation (1), (7), and (8) into Equation (9), we can further rearrange 261 
it as: 262 

 263 

𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏% =
𝜔𝜔

(1 − 𝜔𝜔)
× 𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 % (10) 264 

 265 

𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏% =
𝜔𝜔

(1 − 𝜔𝜔) × (𝑇𝑇𝑇𝑇𝑇𝑇%− 𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏%)      (11) 266 

 267 
This now allows us to consider a OCbio/TOC ratio for which the net CO2 balance will be 0 for 268 

a given intensity of OCpetro oxidation (𝜔𝜔). We define this as a critical value of Fbio, Fbio-critical: 269 
 270 

𝑂𝑂𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏%
𝑇𝑇𝑇𝑇𝑇𝑇%

= 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜔𝜔                     (12) 271 

 272 
These equations reveal that if the 𝜔𝜔 value is 0.9 (intense weathering of OCpetro), the Fbio value 273 

of the sediment being exported would need to be >0.9 to result in a sink of CO2 by the organic 274 
carbon cycle. Contrary, if the 𝜔𝜔 value is 0.1 (less intense weathering of OCpetro, the Fbio value 275 
would have to be >0.1 for the erosional system to be a CO2 sink. 276 

We have direct measurement of Fbio in the core using bulk radiocarbon and the chronology 277 
(Table 1), and we can estimate 𝜔𝜔 using empirical equation in Figure 2b. This allows us to explore 278 
the offsets between 𝜔𝜔 and Fbio through time, and assess the net balance between OCpetro oxidation 279 
and OCbio export. If Fbio > 𝜔𝜔 at a point in the record, the system is acting as a CO2 sink, whereas 280 
if Fbio < 𝜔𝜔, there is a net CO2 source. It is important to note that this metric reflects a net balance, 281 
and does not reconstruct the magnitude of fluxes. For instance, decling Fbio values could be 282 
occurring in a backdrop of increasing OCbio fluxes, but the shift results from OCpetro fluxes that are 283 
increasing more rapidly. Similarly, the decline in ω signifies a decrease in oxidation weathering 284 
intensity but does not necessarily imply a decrease in oxidation flux. Modern observations also 285 
show that ω decreases with increasing physical erosion (Figure 2b), while the oxidation flux of 286 
OCpetro is positively correlated with physical erosion (Hilton et al., 2014). 287 

3 Results and Disussion 288 

3.1 Assessing Past Variability in Erosion using Sediment Geochemistry 289 

The age model suggests a high sedimentation rate during the Holocene with a sediment 290 
thickness of ~43m deposited within 11.6 kyr (~0.37cm yr-1), and a ~5x lower deposition rate during 291 
the deglacial period(~0.07cm yr-1) (Figure 1c).  292 

 However, a sedimentary unconformity is observed in the early Holocene of the JRD-S core, 293 
which may be linked to an intensified hydrodynamic setting that hindered sediment deposition at 294 
this location (Yang et al., 2017). This contrasts with sedimentary records from lakes in Taiwan 295 
and offshore areas during the early Holocene, which indicate high deposition rates under warm 296 
and humid climatic conditions (Yang et al., 2011). Thus, assessing changes in physical erosion 297 
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based solely on variations in deposition rates during the deglacial and Holocene periods may 298 
introduce uncertainties. 299 

Previous research has indicated that under conditions of heightened physical erosion, 300 
minerals may not undergo sufficient chemical weathering, resulting in a decline in the Chemical 301 
Index of Alteration (CIA) (Zhao et al., 2017; McLennan, 1993). To address this, we compiled CIA 302 
data from river sands at 22 major river mouths in Taiwan (Garzanti and Resentini, 2016), and 303 
paired it with decadal physical erosion rate data from gauging stations closest to the CIA sampling 304 
points following the dataset provided by Dadson et al. (2003) (see Figure 1a). Our analysis 305 
revealed a negative correlation between CIA values and erosion rates (Figure 1b). 306 

Within the JRD-S core, during the Holocene period, the mean CIA value averaged 62 ± 2, 307 
whereas during the deglacial period, it was 71 ± 3 (Zhao et al., 2017). This shift in CIA values 308 
between the deglacial and Holocene periods suggests that the erosion rate during the deglacial 309 
period was approximately 4 times lower (ranging from 0 to 4 mm) compared to the Holocene 310 
period (ranging from 4 to 10 mm), in accordance with the established correlation between CIA 311 
values and erosion rates (Figure 1b). 312 

Furthermore, the CIA-derived erosion rate indicates higher values during the early Holocene 313 
period (from 11.6 to 8 cal ka BP, Figure 1c). This observation aligns with previous studies that 314 
have documented an increase in the frequency of tropical cyclones (typhoons) during the early 315 
Holocene, substantiated by the presence of ancient landslide records (Hsieh et al., 2012, 2014), 316 
elevated sea spray signals recorded in Taiwan's lake sediments (Ding et al., 2016b), and a high 317 
frequency of turbidite records offshore Taiwan (Yu et al., 2017). Consequently, it is reasonable to 318 
posit that the CIA-derived erosion rate may provide a more representative indicator of changes in 319 
physical erosion since the last glacial period. 320 

3.2 The Influence of Precipitation and Temperature on Radiocarbon Composition of Soil 321 
and River Suspended OC in modern Taiwan 322 

Soil profiles in Taiwan exhibit a logarithmic decrease in TOC and Fbio of TOC with depth 323 
(Figure 3a, b). The decrease in Fbio with depth in the soil profile is associated with the combined 324 
effects of biomass-derived OCbio incorporation, aging of OCbio, and degradation of organic carbon 325 
during soil formation processes (Hemingway et al., 2018). Consequently, we hypothesize that 326 
intense erosion, induced by heavy rainfall, might unearth more particles with lower TOC% and 327 
Fbio, hence diluting these values in suspended and river sediment loads. This process would be 328 
reversed during periods of lower physical erosion. The Fbio of TOC in river sediments near major 329 
river mouths in Taiwan (Lin et al., 2020) displays a negative trend with decadal suspended 330 
sediment yield (SSY, from Dadson et al., 2003) (Figure 3c). Furthermore, contemporary 331 
observations document decreasing TOC% values with increasing physical erosion (Figure 3d) 332 
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(Milliman et al., 2017; Hilton et al., 2012; Kao and Milliman, 2008), substantiating the 333 
aforementioned hypothesis. 334 

.  335 

 336 

Figure 3. Impact of Physical Erosion and Temperature on Radiocarbon Composition of Soil and Suspended 337 
Organic Carbon in Modern Taiwan. (a) Vertical depth profile of total organic carbon (TOC) in Taiwan soils 338 
(Hemingway et al., 2018); (b) Soil profiles of Fbio (fraction modern) in Taiwan (Hemingway et al., 2018). 339 
Solid lines in (a) and (b) represent logarithmic regressions of TOC and Fbio with depth, respectively, while 340 
dashed lines illustrate the characteristics of TOC and Fbio at different erosion depths. (c) Particulate organic 341 
carbon (POC) content versus total suspended material in the Zhuoshui River (Milliman et al., 2017). The 342 
arrow indicates a decrease in POC% with increasing erosion. (d) Fbio of river sediments around Taiwan (Lin 343 
et al., 2020) versus decadal suspended sediment yield (Dadson et al., 2003). The arrow shows a decrease in 344 
Fbio with increasing erosion. (e) TOC versus Fbio (dots represent Taiwan soil data from (a) and (b), diamonds 345 
represent data from JRD-S). The dashed line indicates the natural logarithmic regression of TOC and Fbio, 346 
with the gray shade representing the 95% confidence interval of the regression. (f) Elevational variation of 347 
soil carbon stock (0-100cm) and shallow soil TOC% (data from Tsui et al., 2013). Solid lines in (f) indicate 348 
the linear regression between soil carbon stock (0-100cm) and elevation. 349 

The positive correlation between Fbio and TOC% is evident in both Taiwan soils and the 350 
sediment core JRD-S (Figure 3e). This correlation suggests that a higher TOC% comprises a 351 
greater proportion of OCbio as opposed to OCpetro. 352 

Moreover, previous studies have revealed a positive correlation between soil organic carbon 353 
inventory (0-100 cm) and elevation, as well as between shallow TOC% (0-30 cm) and elevation, 354 
across Taiwan based on data from 60 soil pedons (Tsai et al., 2010; Tsui et al., 2013) (Figure 3f). 355 
The soil organic carbon inventory represents the net effect of accumulation (e.g., litterfall input, 356 
root input) and degradation processes. Notably, litterfall, which plays a crucial role in recycling 357 
dead organic matter and nutrients back into the soil organic carbon pool, exhibits a negative 358 
correlation with elevation (Wang et al., 2016). This trend is attributed to the elevation effect on air 359 
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temperature and vegetation types; higher elevations typically support biomes with lower biomass 360 
density, resulting in reduced litterfall and live carbon storage (Brown and Lugo, 1982; Chiu et al., 361 
2014). Consequently, our results suggest that temperature induced degradation, rather than the 362 
accumulation process, is the dominant factor influencing the positive relationship between soil 363 
carbon storage and elevation (Tsui et al., 2013). This observation aligns with broader research 364 
indicating that temperature plays a crucial role in controlling soil carbon stocks in mid to high 365 
latitude regions (Melillo et al., 2002; Lloyd and Taylor, 1994). In Taiwan, temperature exhibits a 366 
decrease of approximately 0.6 - 0.7 ℃ per 100 meters of increased altitude, creating cooler 367 
conditions that inhibit soil respiration rates (Huang et al., 2017). Consequently, these conditions 368 
favor the preservation of TOC%.  369 

In contrast, lower elevation sites experience higher temperatures, which intensify organic 370 
carbon degradation, resulting in lower observed TOC% and Fbio. The positive relationship between 371 
elevation, TOC%, and Fbio collectively suggests that the degradation of OCbio is more sensitive to 372 
temperature fluctuations than that of OCpetro. 373 

Measurements of OCpetro oxidation at rock outcrops in New Zealand and France suggest a 374 
temperature control on oxidation rate (Roylands et al., 2022), confirming labatorary incubations 375 
(Chang and Berner, 1999; Tune et al., 2023). However, OCpetro, primarily composed of kerogen 376 
from geological sources, displays minimal biological activity after being exposed to high 377 
temperatures and pressures during mountain-building processes (Blair and Aller, 2012). In contrast, 378 
OCbio, originating from terrestrial ecosystem productivity, is more labile in nature than OCpetro 379 
(Blair and Aller, 2012). This difference in resistance might potentially explain the higher 380 
temperature sensitivity of OCbio degradation compared to OCpetro oxidation.  381 

In summary, both climatic warming and increased physical erosion in a catchment could lead 382 
to a reduction in suspended particulate organic carbon Fbio through i) an increased erosion depth; 383 
ii) preferential degradation of soil OCbio over OCpetro as climate warms.  384 

Temperature and rainfall have varied over the past 20 kyr in the Taiwan region (Liew et al., 385 
1998, 2006; Li et al., 2013). This provides an opportunity to examine the primary driver for 386 
particulate organic carbon and its Fbio in the past. It is also worth mentioning that previous studies 387 
have shown that in high-erosion and rapid-deposition systems like Taiwan, the preservation 388 
efficiency of organic carbon in coastal sediments is remarkably high (Kao et al., 2014). There is 389 
almost no post-depositional diagenetic influence (Kao et al., 2014). Hence, the TOC and Fbio of 390 
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estuarine sediments reflect the influence of climate change on the catchment's organic carbon and 391 
radiocarbon composition. 392 

3.3 Climate regulation of TOC and Fbio since the Last Glacial Maximum 393 

 394 

Figure 4 Temporal variations of (a) stalagmite oxygen isotope from Hulu Cave and Dongge Cave (Wang 395 
et al., 2001; Dykoski et al., 2005), (b) spore contents in Toushe peat bog in central Taiwan (blue curve) 396 
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(Liew et al., 2006); CIA-derived erosion rate (yellow curve, shading indicates propagated uncertainties), 397 
(c) proportion of arboreal pollen families favoring colder conditions (AP cold%) from the Toushe peat 398 

bog (Li et al., 2013),the blue curve indicates the 9 points running average (d) total organic carbon 399 
(TOC%) the pink curve indicates the 9 points running average, (e) fraction of biospheric OC (Fbio), and (f) 400 

the biospheric organic carbon content (OCbio%). 401 

The East Asian Summer Monsoon, as denoted by the δ18O of stalagmites from the Dongge 402 
and Hulu caves, has generally strengthened from the Last Glacial Maximum (LGM) to the 403 
Holocene (Wang et al., 2001; Dykoski et al., 2005) (Figure 4a). However, there were intermittent 404 
periods of weakened monsoon activity, most notably during the Heinrich Stadial 1 (HS1) and 405 
Younger Dryas event (YD). The monsoon reached its peak in the early Holocene (11.6-8 cal ka 406 
BP), experienced a weakening phase during the mid-to-late Holocene (6-2 cal ka BP), and has 407 
been strengthening again since the late Holocene  (since 2 cal ka BP). 408 

 Correspondingly, monsoon-driven rainfall intensity, indicated by spore content from the 409 
Toushe peat bog in central Taiwan (Liew et al., 2006), suggests that Holocene conditions were 410 
generally more humid than during the deglaciation period (Figure 4b). Consistent with the pattern 411 
of rainfall intensity, the physical erosion rate during the deglacial period remained relatively low, 412 
with values typically ranging from 0 to 4 mm yr-1. The erosion rate was exceptionally low during 413 
the YD and HS1. In contrast, during the Holocene period, which coincided with an intensified 414 
EASM and increased precipitation, physical erosion rates significantly increased, reaching values 415 
between 4 and 10 mm yr-1. 416 

Simultaneously, temperature variations, as indicated by the proportion of arboreal pollen 417 
families favoring colder conditions (AP cold%) derived from the Toushe peat bog in central 418 
Taiwan (Figure 4c), suggest that temperatures were higher during the Holocene compared to the 419 
deglaciation period (Li et al., 2013).  420 

The trends of TOC%, Fbio, and OCbio% over the past 20 kyr exhibit similar patterns, with 421 
generally higher values during the deglacial periods than during the Holocene (Figure 4d, 4e, 4f). 422 
These higher values during cold and dry periods, such as the LGM and the YD, can be attributed 423 
to shallow erosion and the enhanced preservation of TOC and OCbio under cold conditions. 424 
However, during the HS1 period, pollen records from Taiwan suggest that the climate was 425 
extremely dry but not as cold as during the YD period (Figure 3b, Li et al., 2013). This relatively 426 
warm condition favored the preferential degradation of OCbio, leading to lower values in TOC%, 427 
Fbio, and OCbio% compared to the YD period. 428 

Since the onset of Holocene (11.6 cal ka BP), increased precipitation and warming have 429 
resulted in lower values for TOC%, Fbio, and OCbio% (Figure 4d, 4e, 4f). This trend can be 430 
attributed to a combination of factors, including dilution due to deeper erosion and preferential 431 
degradation of OCbio under warm condition. During the early to mid-Holocene (11.6 to 6 cal ka 432 
BP), as the EASM gradually intensified, both rainfall and erosion gradually increased to their 433 
maximum levels. TOC, Fbio, and OCbio% consequently declined during this period. Notably, given 434 
the relatively constant temperature during this time (Figure 4c), this trend can be explained by the 435 
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deepening of physical erosion, resulting in lower TOC% and OCbio% content in the deeper soil 436 
layers. 437 

 In contrast, during the mid-to-late Holocene, the EASM weakened (Figure 4a), leading to a 438 
subsequent decrease in rainfall intensity and physical erosion. Simultaneously, the climate 439 
continued to warm (Figure 4c) when compared to the early to mid-Holocene period. During this 440 
period, TOC% increased and reached relatively high levels (ranging from 0.2% to 0.6%). However, 441 
Fbio and OCbio% exhibited their lowest values during this time, implying that the warming climate 442 
favored the preferential degradation of OCbio% over OCpetro%, nearly depleting OCbio%. 443 

In contrast to the variations observed in TOC% and OCbio%, OCpetro% content consistently 444 
showed lower values during the deglacial period compared to the Holocene (as depicted in Figure 445 
4f), with extremely low values (<0.1%) during the dry periods (LGM and HS1), indicating shallow 446 
erosion and intense oxidation in catchment. 447 

In summary, the elevated values of TOC%, Fbio, and OCbio% during deglacial cold and dry 448 
periods suggest weaker erosion and better organic matter preservation under such climatic 449 
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conditions. Conversely, during warmer and wetter periods such as the Holocene, increased rainfall 450 
led to deeper erosion and more pronounced organic matter oxidation. 451 

3.4 Carbon Balance Between OCpetro Oxidation and OCbio Export 452 

 453 

Figure 5. The temporal variations of (a) OCpetro (orange circles) and spore contents in Toushe peat bog in 454 
central Taiwan (blue curve) (Liew et al., 2006); (b) the weathering intensity of OCpetro (ω)(orange, with 455 
shading representing uncertainties), Fbio (green, the error bars smaller than symbols), (c) CIA-derived 456 
erosion rate (shading represents the 95% confidence interval), (d)  offsets between ω and Fbio (shading 457 
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indicates propagated uncertainties); (e) proportion of arboreal pollen families favoring colder conditions 458 
(AP cold%) from the Toushe peat bog (Li et al., 2013).  459 

As previously stated, although temperature modulates particulate organic carbon content and 460 
composition, physical erosion determines the export flux of OCbio and oxidation of OCpetro, thereby 461 
shaping the source-sink pattern of fluvial carbon erosion.  462 

As illustrated in Figure 5a, the variations in OCpetro exhibit synchronicity with rainfall 463 
intensity, while the weathering intensity of OCpetro, ω, demonstrates an inverse relationship with 464 
rainfall intensity. This observation suggests that the intensification of physical erosion diminishes 465 
the efficiency of OCpetro oxidation. Based on this core record, it appears that while weathering 466 
intensity of OCpetro declined by ~50% from the deglacial period into the Holocene (from ω ~ 0.38 467 
± 0.13 to ω ~ 0.18 ± 0.02), the overall sediment accumutation rate increased by ~5 times (erosion 468 
rate increased by ~4 times, Figure 1c), suggesting an overall increase in weathering fluxes. The 469 
greater fluxes of OCpetro oxidation are consistent with an overall supply-limited process, where 470 
increases in physical erosion can be accompanied by increased weathering rates (Hilton et al., 471 
2014). In addition, they are consistent with recent work showing warmer temperatures can increase 472 
OCpetro oxidation rates (Soulet et al., 2021; Roylands et al., 2022).  473 

Simultaneously, Fbio exhibits a similar variation pattern to ω (Figure 5b), with values 474 
declining by 69% from the deglacial period to the Holocene (from Fbio ~ 0.64 ± 0.24 to Fbio ~ 0.20 475 
± 0.11). Following the change of Fbio, we see a dramatic fall in the concentration of OCbio in 476 
sediments at the core site. A ~7x decline in OCbio from 0.6 ± 0.8% to 0.08 ± 0.07% from the 477 
deglacial to the Holocene (Figure 3f) happened while the physical erosion rates increased ~4 - 5 478 
times. This suggests the JOCbio did slightly decrease over this time period. As previously discussed, 479 
this could reflect lower OCbio stocks in soils of the landscape as the temperature warmed. It could 480 
also reflect an increase in erosion depth, meaning increased sediment export did not accompany 481 
any increased surface soil and vegetation erosion. This is seen in global river yield data, where the 482 
highest sediment yields have proportionally less OCbio export (Galy et al., 2015). 483 

The temporal variations in the offsets between ω and Fbio qualitatively describe the evolution 484 
of NETOC (Figure 5d). We observe that during periods characterized by cold and dry conditions, 485 
such as the YD and LGM, despite the large uncertainties, the net balance shows a CO2 sink. This 486 
CO2 sink might be even higher than we show in the Figure 5d. As discussed above, the OCbio (and 487 
thus NETOC) might be underestimated by up to 8% due to the longer residence time of OCbio during 488 
cold and dry periods. In contrast, during warm and dry periods, like the mid-late Holocene, the 489 
balance shifts towards a CO2 source. This pattern is regulated by both temperature and erosion 490 
(Figure 5c, 5e). It is apparent that temperature plays a more pronounced role in this regulation. Our 491 
findings illustrate that NETOC follows a pattern closely aligned with temperature fluctuations, 492 
transitioning from warm to cold from the HS1 to the YD, and then from cold to warm during the 493 
early Holocene to the mid-Holocene periods. Notably, the conspicuous change in CIA-derived 494 
physical erosion, predominantly occurs in a brief period after the YD. Throughout the Holocene, 495 
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we do not observe a significant upward trend in erosion, though it broadly mirrors the NETOC trend 496 
from the deglacial to the Holocene period.  497 

Overall, the increased physical erosion and climate warming during the deglaciation into the 498 
Holocene appears to have pushed Taiwan towards a net source of CO2. This occurred through 499 
competing effects on OCbio stocks, OCbio erosion versus OCpetro oxidation.  500 

4. Conclusion 501 

Our study highlights the dynamic trade-off between biospheric and rock-derived carbon in 502 
the carbon cycle, during mountain erosion. In subtropical Taiwan, we synthesize modern field 503 
observations and sediment core analyses to provide novel insights into the carbon dynamics across 504 
significant climatic transitions, particularly the last deglaciation. We demonstrate that the riverine 505 
export of OCbio and the oxidation of OCpetro are heavily influenced by physical erosion, which itself 506 
is modulated by climatic factors such as precipitation and temperature. Our findings suggest that 507 
the global carbon balance is sensitive to these environmental changes, with varying impacts on 508 
different carbon sources. 509 

During the last deglaciation, the elevated TOC%, Fbio, and OCbio% values during colder and 510 
drier periods suggest more efficient organic matter preservation under these climatic conditions. 511 
Conversely, the warmer and wetter Holocene period saw increased rainfall, leading to more 512 
pronounced organic matter oxidation and a shift toward carbon source in the carbon balance.  513 

Our analysis of the OCpetro oxidation and OCbio export net balance reveals that during the 514 
deglaciation into the Holocene, Taiwan likely shifted towards being a net source of CO2. This shift 515 
was driven by the competing effects of OCbio erosion and OCpetro oxidation, exacerbated by 516 
increased physical erosion and climatic warming. 517 

In conclusion, this study underscores the critical role of environmental factors in shaping 518 
carbon dynamics in erosion-prone regions. It highlights the need for a deeper understanding of the 519 
interplay between biospheric and rock-derived carbon in the face of ongoing climatic changes. Our 520 
findings are particularly relevant for predicting how subtropical regions, like Taiwan, will respond 521 
to the continuous rise in atmospheric CO2 and the associated climatic shifts, potentially 522 
transforming these areas into significant carbon sources in the global carbon cycle. 523 
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	Figure 2 Physical erosion control the OCpetro oxidation and export. (a) An empirical relationship between the flux of petrogenic OC oxidation (JOCpetro-ox) and petrogenic OC yield (JOCpetro). (b) the relation between erosion rate and weathering intens...
	3 Results and Disussion
	3.1 Assessing Past Variability in Erosion using Sediment Geochemistry
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	The positive correlation between Fbio and TOC% is evident in both Taiwan soils and the sediment core JRD-S (Figure 3e). This correlation suggests that a higher TOC% comprises a greater proportion of OCbio as opposed to OCpetro.
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	In summary, both climatic warming and increased physical erosion in a catchment could lead to a reduction in suspended particulate organic carbon Fbio through i) an increased erosion depth; ii) preferential degradation of soil OCbio over OCpetro as cl...
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	3.3 Climate regulation of TOC and Fbio since the Last Glacial Maximum
	Figure 4 Temporal variations of (a) stalagmite oxygen isotope from Hulu Cave and Dongge Cave (Wang et al., 2001; Dykoski et al., 2005), (b) spore contents in Toushe peat bog in central Taiwan (blue curve) (Liew et al., 2006); CIA-derived erosion rate ...
	The East Asian Summer Monsoon, as denoted by the δ18O of stalagmites from the Dongge and Hulu caves, has generally strengthened from the Last Glacial Maximum (LGM) to the Holocene (Wang et al., 2001; Dykoski et al., 2005) (Figure 4a). However, there w...
	Correspondingly, monsoon-driven rainfall intensity, indicated by spore content from the Toushe peat bog in central Taiwan (Liew et al., 2006), suggests that Holocene conditions were generally more humid than during the deglaciation period (Figure 4b)...
	Simultaneously, temperature variations, as indicated by the proportion of arboreal pollen families favoring colder conditions (AP cold%) derived from the Toushe peat bog in central Taiwan (Figure 4c), suggest that temperatures were higher during the H...
	The trends of TOC%, Fbio, and OCbio% over the past 20 kyr exhibit similar patterns, with generally higher values during the deglacial periods than during the Holocene (Figure 4d, 4e, 4f). These higher values during cold and dry periods, such as the LG...
	Since the onset of Holocene (11.6 cal ka BP), increased precipitation and warming have resulted in lower values for TOC%, Fbio, and OCbio% (Figure 4d, 4e, 4f). This trend can be attributed to a combination of factors, including dilution due to deeper ...
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	As illustrated in Figure 5a, the variations in OCpetro exhibit synchronicity with rainfall intensity, while the weathering intensity of OCpetro, ω, demonstrates an inverse relationship with rainfall intensity. This observation suggests that the intens...
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