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Abstract: A well-dated soil chronosequence may allow exploration of the accumulation of soil carbon
over time. There are multiple levels of river terraces on the Pakua tableland in Central Taiwan. Unlike
many of the reddish or lateritic soils in Taiwan, these soils were recently dated, with absolute ages
in the range of 19400 kyr. This information allowed us to develop an ideal soil chronosequence,
with time constraints, through which it is possible to explore soil organic carbon (SOC) storage and
its changes over time. In this study, we attempted to establish an SOC time series, and to give an
estimate of long-term accumulation of the SOC storage in the red soils of Taiwan. The data on these
soils used in this study were taken from the soil profiles presented in our previous studies. Two
additional soil profiles were sampled for those soils for which data were not available from the
previous studies. The total carbon stock (TCS) for each soil profile was measured and assessed based
on the depth categories of 0-30, 30-50, and 50-100 cm. Weighted carbon stock (WCS) measurements
were further derived by the total thickness of the soil profile, for better comparison. The overall
carbon stocks of the soils in the Pakua tableland were in the range of 2.8-3.2 Tg for TCS and WCS,
respectively. In addition, the SOC tended to be highest in the surface soil horizons and decreased with
the soil depth. The continuous pattern of the carbon content, in terms of its vertical distribution, was
considered in terms of a negative exponential function, which showed that the SOC was highest in the
shallowest soil layers and decreased rapidly with the soil depth. This trend was mitigated at a depth
of 50-100 cm, which approached a fixed value, denoted as the carbon sequestration value (CSV),
below a certain depth. We show here that the values of the CSV, as approximated by exponential
fitting, are closely related to soil age. The CSV linearly decreases with age. These findings point to
the potential of using carbon storage for chronometric applications.
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1. Introduction

Soil is the largest active terrestrial reservoir in the global carbon cycle. Unfortunately,
this system is affected and can be interfered with by human activities. The amount of
organic carbon in soil is approximately three times that in the atmosphere [1,2]. Lal [3]
estimated that the potential soil organic carbon (hereafter, SOC) sequestration that could
occur globally, through proper management or restoration of land use, may offset one third
of the annual increase in atmospheric CO,. The content of SOC and its stability depends
on factors, e.g., climate, topography, vegetation, and farming, as well as soil texture, depth,
drainage, and soil horizons [4-7].

Most studies on carbon storage in soil have considered the SOC at a shallow depth
and compared changes that have occurred in recent decades [8]. Studies of the stability
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and the long-term changes of SOC are rare, and further study is needed. In fact, SOC
has a long turnover period of decades to thousands of years, resulting in its prolonged
presence in soil [7,9,10]. In addition, it is stable in soils deeper than 50 cm, highlighting a
depth-dependent process which couples soil development with long-term C cycling [7].
The positive relationship between non-crystalline minerals and organic carbon in soils,
evidenced by the climate gradient, indicates that the accumulation and subsequent loss
of organic matter are largely driven by changes in the millennial-scale cycling of mineral-
stabilized carbon, rather than changes in the amount of fast-cycling organic matter or the
net primary productivity [11]. Records of progressive changes in SOC over longer time
scales would thus facilitate a better understanding of long-term carbon storage.

Soils developed on river terraces, which form a soil chronosequence, may represent
a solution to this challenge. For instance, there are well-developed river terraces with
multiple levels of surfaces on the Pakua tableland in Central Taiwan. Their surfaces are
covered with lateritic soils, whose ages range from 19 to 400 kyr [12,13]. This provides a
suitable time scale for analysis of SOC storage and soil depth, thereby enabling researchers
to establish an SOC time series and to explore the long-term accumulation and storage
rates of SOC. Unfortunately, the existing studies on soil carbon stocks in Taiwan have
mainly focused on estimating carbon stocks in different woodlands or for land use in
alpine regions [14,15]. These studies have shown that more than two thirds of the SOC is
localized at the surface layers, within a depth of 30 cm, and that the SOC decreases with
depth [15-17]. This pattern is commonly observed in soils [18]. The SOC concentrations
of shallow topsoil do not indicate this and cannot be used to estimate the actual carbon
mass of a given area [19], and neither are they indicative of the SOC’s stability or retention.
Lawrence et al. [7] analyzed the SOC of shallow soil (<50 cm) and deep soil (>50 cm) and
found that the shallow horizon of relatively young soil (11-60 kyr) had relatively high
carbon concentrations, whereas the SOC of older soil (150-500 kyr) was concentrated at
deeper soil horizons. In fact, the SOC content changes as soil ages. Quantification of the
patterns and thresholds in soil development should improve our understanding of SOC
cycling with depth and/or time, laying the foundation for models that accurately represent
deep- and slow-cycling SOC.

In this study, we not only explore long-term stable carbon retention at deep soil
horizons but also discuss the relationship between the soil pedogenesis and soil carbon
sequestration of the surface deposits of a river terrace. It may provide an alternate scheme
of relative dating for geomorphic correlation purposes.

2. Study Area and Site
2.1. Geology and Topography

The Pakua tableland is located in Central Taiwan. It is bordered to the south by the
Jwoshoei River, to the north by the Wu River, to the west by the Changhua coastal plain,
and to the east by the Taichung Basin. The tableland is 100-450 m above sea level and
stretches from the northwest to the southeast (Figure 1). The Pakua tableland belongs to the
deformation zone at the forefront of Taiwan’s western orogenic belt. A series of east-facing
faults are arranged in a tiling pattern, with the Shuilikeng, Shuangtung, Chelungpu, and
Changhua Faults arranged from east to west. The Changhua Fault is located at the western
edge of the Pakua tableland, which is located on the hanging wall of the fault [20,21]. The
main strata that form the Pakua tableland are the Pleistocene Toukoshan formation and
the Quaternary lateritic fluvial gravel deposits (Supplementary Materials Figure S1). On
the Toukoshan formation, in the northern part of the plateau, layers of sandstone can
be observed, and a few of these contain conglomerate interlayers. In the south-central
part of the plateau, there are thick layers of conglomerate, and a few of these contain thin
sandstone interlayers [20,22].
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Figure 1. (a) Pakua tableland topographic map and sampling point, and (b) topographical profile (A-B) and soil age distribution.

The Pakua tableland was originally an alluvial fan that was formed by the western
foothills in the western upthrust fault mountains. Seismic activity in the Changhua Fault
caused the plateau to rise, and while it was rising, the plateau experienced erosion and
accumulation due to the influence of the Wu River, Jwoshoei River, and other local trib-
utaries, resulting in the development of the river terrace [23]. The highest terrace on the
river terrace is Henshan, which is located in the center of the plateau (Figure 1). The terrace
developed in the northern part of the plateau (north of Henshan) and suffered intensive
erosion, with only a small part remaining along the hinge of the anticline today. There
are wide, relatively well-preserved, flat river terraces located in the southern area of the
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plateau, with height decreasing from south to north. This area can clearly be distinguished
as a six-step, asymmetrical river terrace topographical formation [23] (Table 1).

Table 1. Pakua tableland soil type distribution and age.

Age 3/Dating

. . 1 . 2
Location Pedon/Location Elevation < (m) Method ¢ (kyr)

Soil Types ° Land Use 2

NP1la
Yinhangshan 120.584022 E 243 340/a Typic Hapludox Fruit garden, mixed forest
24.041304 N

NP1b
Nanfengliao 120.593026 E 256 400/b Typic Hapludox Areca, chicken coop
24.016922 N

NP2
Touchouliao 120.603512 E 231 335/b Typic Hapludox  Fruit garden, mixed forest, areca
23.992218 N

CP1
Liufenliao 120.628242 E 426 400/b Typic Hapludox Fruit garden, areca, tea garden
23.943367 N

CP2
Shichopin 120.624465 E 419 335/b Typic Hapludox Fruit garden, areca, tea garden
23.910887 N

PK1
Henshan 120.6309 E 443 400 £50/c Typic Kandiudult Fruit garden, tea garden
23.8936 N

PK6
Dachuang 20.6253 E 320 19 +2/a Typic Dystrudepts Fruit garden, tea garden
123.8833 N

PK5b
Chshuei 120.6190 E 330 31/d Typic Dystrudepts Tea garden
23.8595 N

PK4
Gungshie 120.6295 E 386 164 +48/e Typic Dystrudepts ~ Tea garden, pineapple garden
23.8555 N

PK3b
Sungbokang 120.6194 E 410 267 +65/e Typic Paleudult Tea garden, areca
23.8415 N

PK2
Pujung 120.6462 E 431 335+ 77/e Typic Paleudult Fruit garden, areca
23.8555 N

1 The codes NP1a, NP1b, NP2, CP1, and CP2 are identical to those from Huang et al. [19], while PKN-1a, PKN-1b, PKN-2a, PKN-1c,
and PKN-2b. PK1-PK6 are based on Tsai et al. [18]. 2 Based on Huang et al. [19]. 3 For the absolute ages of NPla and PK&, refer to
Simoes et al. [24]; for PK1, PK2, PK3b, PK4, and PK5b refer to Tsai et al. [18]. ¢ a: Optically stimulated luminescence (OSL); b: based
on the weighted mean of the profile development index (WPDI) compared to PK1 and PK2; c: Be'%; d: based on pedologic correlation;
and e: interpolated from relationships between WPDIs and soil ages. 5 For the soil types of NP1a, NP1b, NP2, CP1, and CP2 refer to
Huang et al. [19]; for PK1, PK2, PK3b PK4, PK5b, and PK6 refer to Tsai et al. [18].

2.2. Climate and Vegetation

According to the Central Meteorological Administration of Taiwan, the mean annual
temperature of the Pakua tableland from 2012 to 2017 was 23.3 °C, with the highest
temperatures recorded in July and August, and the lowest temperatures recorded in
January. The average monthly temperatures ranged from 16.4 °C (January) to 28.4 °C (July).
The current mean annual precipitation is 1892 mm, with the highest volume of rainfall
recorded during June and August, and the lowest volume of rainfall recorded in October.
Throughout the year, rainfall greatly exceeds evapotranspiration, thereby keeping the soil
moist all year round. Under these climatic conditions, the soil is hyperthermic and udic.
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The natural vegetation, covering about 58% of the tableland, has been greatly dis-
turbed by human activities in recent decades. The remaining natural vegetation, including
the primitive forests, accounts for less than 8% of the total vegetation [25]. The major
agricultural crops in the area include tea and pineapple, with bamboo and longan, lychee,
and areca trees sparsely distributed throughout the area.

2.3. Soil Distribution and Age

The Pakua tableland was originally an alluvial plain that was formed by the Wu and
Jwoshoei Rivers during the Pleistocene Epoch of the Quaternary Period [18,26,27]. The
subsequent uplift of the plateau by frontal thrusting of the Changhua Fault resulted in the
oscillations and incisions of the Jwoshoei River. The surface deposits of fluvial sediments
deposited at different times underwent various degrees of weathering [26,27]. As a result,
the soils developed from these weathering products differ in age. This is in agreement
with the post-incisive type of chronosequence defined by Vreeken [28]. It suggests a soil
chronosequence of Inceptisol (Cambisols) to Ultisol (Acrisol), and to Oxisols (Ferralsols),
in the order of increasing degree of pedogenesis [27]. For convenience, the soils and their
distribution are arbitrarily divided into three distinct sections: north, central, and south,
according to the topography of the plateau.

Although Liew [29] indicated that a lateritic weathering phase occurred in the most
recent Pleistocene period, approximately 140 kyr ago, given the major transgression associ-
ated with the last interglacial event, Simoes et al. [24] and Tsai et al. [18] have suggested that
the terraces of Henshan, Yinhangshan, and Pujung are >330,000 years old. The youngest
terrace, the Dachuang Step, was probably formed within the last 20,000 years (Table 1).
The age of the red soil on these terraces, as well as their developmental chronosequences,
serves as the supporting framework for research in the region. We applied these existing
data to areas of the river terrace where soil data were incomplete or lacking (PK3 and
PK5) and collected soil profiles from PK3b and PK5b (Figure 1), in order to conduct physi-
cal and chemical analyses to fully characterize the terrace soil (Supplementary Materials
Table S1) [30].

3. Methods
3.1. Estimation of Carbon Storage

Representative soil profiles were sampled from each terrace pedon. Soils were sampled
from the horizons described in the fields. They were air-dried and sieved to <2 mm in the
laboratory for further analysis. Bulk density (BD), as presented in Table S1, was determined
using the paraffin block method [31]. The dried soil block was first weighted and fixed with
filament. A film covered the surface of the block after it was submerged in liquefied paraffin
at approximately 60 °C. It was weighted again before and after it was immersed in water
to measure the volume of the soil block. The mass of the soil block was further corrected by
removing the weights of coarse gravels larger than 2 mm in size. The measurement of the
organic carbon (OC) content followed the Walkley-Black wet oxidation process proposed
by Nelson and Sommers [32].

The carbon storage of the soil was estimated using the bulk density, content of organic
carbon, and horizon thickness in the following calculation [2,4,33,34]:

TCS =

k
Bdl' X OCZ‘ X Di X (1 — Sl) (1)

i=1

TCS represents the total carbon stocks with the unit of kg m~2. Bd; (Mg m~?) is the
bulk density of the i horizon of the soil profile. Oc; (g kg~ !) is the organic carbon in the
i horizon. D; (m) is the thickness of the i horizon. S; (%) is the proportion of gravel or
particles >2 mm in size in the i horizon, which was extremely low (<0.1%) and therefore
not considered in this study.
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Since the soil profiles vary with depth, the soil carbon storage was normalized by the
thickness of the soils in the assessment. As a result, weighted carbon stocks (WCS) were
calculated for better comparison, as follows:

WCS = TCS/D; )

where D; (m) is the total depth of the soil profile. WCS (kg m~3) refers to the average
amount of carbon stored in the volume of soil at a depth of 1 m.

In fact, the amount of carbon in the soil changes with depth. There are mathematic
approaches to approximating the pattern of the distribution [4,35,36], which, in general,
agree with the exponential relationship [34]. Here, we applied the negative exponential
function to consider the continuous change in carbon in the soil with depth, as follows:

ECS (z;) =C,EXP(—kz;) + G, ®)

where ECS (z;) (kg m~3) denotes the exponential function of carbon stocks in the i horizon.
z; (m) represents the thickness of i horizon. C, is the carbon stock of a given horizon. Cj is
the carbon stock of the bottom horizon of the profile. Both C, and C;, (kg m~3) are obtained
by multiplying the Bd (Mg m~3) and Oc (g kg~!), and k is the rate of carbon decrease
with depth.

3.2. Soil Quantification Indices

The soil quantification indices of the horizon index (HI) and profile development
index (PDI), which quantify the field properties of soils, have been proven to be an easy
and effective approach to study soil development rates and quantitatively compare the
soil development of different parent materials and in different climatic regimes [37]. The
weighted mean of the profile development index (WPDI), which provides a better compari-
son in terms of the degree of soil development, was applied to the regional correlation for
geomorphic surfaces in this paper [27].

The soil properties of rubification, lightening, total texture, dry consistency, moist
consistency, structure, and clay films were quantified by comparing to those of the parent
materials. The HI was obtained by the summation of the quantified value, divided by
the number of properties. The PDI is the sum of HI multiplied by soil depth of hori-
zons. The PDI values were divided by the depth of the described soil profile to produce
weighted mean PDI (WPDI) normalized values ranging between 0 (no development) and
1 (maximum development) [37,38].

3.3. Statistical Analysis

The statistical analyses of this study included the Pearson correlation coefficient,
which measures the linear correlation between two sets of data. The results were based on
calculations from the SPSS (IBM Corporation, New York, NY, USA) package. The variables
used in the analyses included the CSV, TCS, WCS, CAR, and soil age.

4. Results
4.1. Carbon Stocks and Vertical Distribution

The bulk densities of the soils were within the range of 1.25-1.6 Mg m 2 (Supplemen-
tary Materials Figure S52); however, the content of organic carbon decreased rapidly from
the surface horizon. There were sharp transitions toward a gentle slope in the pattern at a
depth of approximately 50-100 cm. The total carbon stock (TCS) was calculated at three
different depths: 0-30, 30-50, and 50-100 cm, based on Equation (1) (Table 2).
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Table 2. Pakua tableland carbon stock calculation and estimation values for each pedon.
( 3) ) « 3) Carbon Stock (kg m~2) ( -
P CSV (kg m— TCS (kg m— WCS - CAR =3 yr—
edon sm (kg m™) gm 0-30 (cm)  0-50 (cm)  0-100 (cm) gm " yr)
NP1la 5.04 21.24 6.25 1.34 3.51 4.84 0.018
NP1b 6.57 16.77 9.87 6.28 7.93 11.66 0.020
NP2 10.57 29.39 14.70 6.80 9.70 17.01 0.036
CP1 3.89 11.85 5.93 2.16 2.64 4.55 0.020
CP2 7.19 17.54 11.31 3.88 6.28 12.61 0.036
PK1 2.80 15.17 7.59 6.91 8.35 11.23 0.019
PK2 8.96 19.69 13.58 6.55 8.84 15.05 0.041
PK3b 9.99 33.73 21.07 9.21 15.00 25.64 0.079
PK4 11.71 15.96 15.96 6.93 10.19 15.96 0.097
PK5b 12.99 23.37 16.69 6.21 9.41 17.49 0.539
PK6 14.40 16.73 14.67 4.99 8.18 14.71 0.772

CSV: carbon sequestration value; TCS: total carbon stock; WCS: weighted carbon stock; CAR: carbon accumulation rate.

The sampling depth of each soil profile was different (NP1la was the deepest, at 310 cm,
and PK4 was the shallowest, at 100 cm), with a mean thickness of 172 cm across 11 profiles
(Supplementary Materials Table S1). It was difficult to compare differences in carbon
storage patterns across the different fluvial terraces. Therefore, when calculating carbon
storage, the effects of soil depth were considered by using the average depth for the WCS
(Equation (2)). The trends in the TCS and WCS (Table 2) distributions were similar: PK3b
and CP1, respectively, contained the largest and the smallest amounts of carbon stock. The
TCS and WCS at different soil depths were compared to calculate the total carbon stock
of the entire Pakua tableland, based on a total area of 221.56 km?. The TCS gives a larger
estimate of the total carbon stock of the overall Pakua tableland than the WCS. For instance,
the average values of the TCS (0-100 cm) and WCS, respectively, from the 11 profiles, were
14.28 kg m 2 and 12.51 kg m 3, giving a total carbon storage of 3.2 and 2.8 Tg for the study
area (Table 3). The WCS, however, gives a larger estimate of the total carbon stock when
the average values of the TCS and WCS refer to the full thickness of the profile (Table 3).
This result was expected, since the majority of the SOC is naturally confined to shallow soil
layers [10,11,36]. For the top layers of the soil (0-100 cm), this estimate only represents the
average carbon storage of the top layers of soil in the area that was investigated, not the
average carbon storage throughout the entire study area.

Table 3. Comparison of different calculation methods for the Pakua tableland carbon stocks.

TCS/WCS Average of Carbon Stock (kg m~2)  Pakua Tableland Carbon Storage (Tg)

TCS
0-100 cm 14.28 3.164
full profile 20.13 4.460
WCS
0-100 cm 12.51 2.772
full profile 21.52 4.767

4.2. Carbon Accumulation Rate

The bedrocks or the soils of the C horizon were not able to be collected for some
soil profiles, because the profiles were sampled to the available depth without augering
(Table S1). As a result, the TCS was calculated from the data of the soils from the surface
to the available depth. The organic carbons in the deeper soils were ignored. The carbon
accumulation rate (CAR) was derived by dividing the WCS value by the soil age, giving an
average value of the carbon storage for a soil profile. For instance, PK6 yielded the greatest
CAR value, with an average value of 0.772 ¢ m~2 yr~!, and NP1a yielded the lowest
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CAR value, with an average value of 0.018 g m~3 yr~—! (Table 2), suggesting a negative
relationship between soil age (kyr) and the CAR shown in Figure 2, as follows:

CAR (gm3 yr1)

09 -

08 -

0.7 -

0.6 -

05 -

04

03 -

0.2 -

01 -

0.0

CAR = 0.7368¢ ~0-009(Age) (4)

+ PKG

y = 0.7368e70-00%%
PK5h R?=0.9498

T T TNPia |
100 200 300 400 500

Age (kyr)

Figure 2. The Pakua tableland carbon accumulation rate (CAR) versus time for each pedon.

4.3. Exponential Function of the Carbon Sequestration Value

A negative exponential function (Equation (3)) was applied to fit the data of Supple-
mentary Materials Table S1, which yielded a simulation of the vertical distribution of the
organic carbon stock along the soil profiles. Observing the continuous variations in the
vertical distribution of the SOC in the soil profiles (Figure 3) revealed that the SOC was
highest in the shallowest soil layers and sharply decreased with soil depth. There was a
sharp transition in the curve of SOC at 50-100 cm, and it reached a fixed value below a
certain depth. The fixed value is termed the “carbon sequestration value” (CSV).

350

400

Soil Organic Carbon (kg m—3)
5 10 15 20 25 30 35 40 45

CP1
NP2
PK1

NPla

Figure 3. Pakua tableland SOC negative exponential function value variation with depth.
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The soil CSV values (Table 2) calculated in the present study decreased in the following
order: PK6 > PK5b > PK4 > NP2 > PK3b > PK2 > CP2 > NP1b > NP1a > CP1 > PK1. The
soil chronosequence based on the soil ages, from high to low, had the following order: PK1
> NP1la > PK2 > PK3b > PK4 > PK5b > PK6 (Table 2). The order of the sequence is the
opposite of that observed from the CSV values, which indicates that the two parameters
are negatively correlated (Table 4).

Table 4. Pearson correlation analysis of the Pakua tableland data.

CSV TCS WCS Age CAR TCS0-30 TCS 0-50
TCS 0.377
WCS 0.814 ** 0.682 *
Age —0.915 ** 0.021 —0.532
CAR 0.758 * —0.121 0.309 —0.900 **
TCS 0-30 0.411 0.519 0.759 ** —0.032 —0.091
TCS 0-50 0.549 0.682 * 0.893 ** —0.158 —0.008 0.949 **
TCS 0-100 0.661 * 0.727 * 0.960 ** —0.320 0.158 0.878 ** 0.969 **

*p <0.05, ** p < 0.01; statistical analysis using SPSS (version 17.0).

Tsai et al. [27] analyzed the weighted mean PDI (or WPDI) and the amounts of Fe
and Al in soils and compared them with those obtained from other studies to estimate soil
and/or river terrace ages in the Pakua tableland. Soils with similar degrees of soil develop-
ment were considered to be of a similar age. The soils of NP1a, NP1b, and CP1 appear to be
correlated with PK1 in terms of soil age. In addition, NP2 and CP2 are equivalent to PK2 in
terms of the degree of soil development and are correlated as geomorphic surfaces [18,19].
These results suggest that the soils of NP1b, CP1, and PK1 are older than those of NP2,
CP2, and PK2, in terms of soil formation. As seen in Figure 2, the CSV values of CP1, NP1a,
and NP1b were close to that of PK1, and those of CP2 and NP2 were close to that of PK2.
These results demonstrate that CSV values can be used to determine the ages of fluvial
terraces on the Pakua tableland, as well as for relevant comparisons among said terraces.

The equivalent soil development of NP1b and CP1 to PK1 provides an approximate
age for the former soils. Similarly, the ages of NP2 and CP2 can be approximated from
PK2 [18,19,27]. Using a curve-fitting formula (Equation (4)) to calculate the CAR values for
NP1b and CP1 yielded an accumulation rate of 0.0201 g m~3 yr~!, and for NP2 and CP2
yielded an accumulation rate of 0.0361 g m~3 yr~! (Table 5).

Table 5. Accumulation rate curve-fitting formula to provide a comparison between WCS-predicted values and measured values.

Compared  Compared Equivalent Predicted Predicted Observed o
Pedon Pedon (Age) CAR WCS Observed WCS Average WCS Error (%)
NP1b 9.867

CP1 PK1 (400) 0.0201 8.040 5926 7.897 1.9
NP2 14.694
cP2 PK2 (335) 0.0361 12.094 11.314 13.004 74

Unit: age (kyr), CAR (g m~3 yr—1), WCS (kg m~3).

The SOC stocks at deep and shallow horizons were considered separately (Figure 4).
The deep horizon was found to retain more carbon than the surface or shallow horizons
for soils of a greater age in the study area.
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Figure 4. Data from the Pakua tableland were integrated with soil depth intervals from 0 to 50 cm
depth (gray) and >50 cm depth (black). Variables plotted include soil age and soil carbon stock.

5. Discussion

As a result that the study area was small, but the parent materials, vegetation, average
climate, and other variables were similar in the study area, and because these variables
remained fairly constant during the Pleistocene Epoch of the Quaternary Period, the soil of
the terraces formed a time series that is well suited to researching long-term changes in the
SOC over time. Indeed, SOC concentrations are susceptible to environmental factors, such
as the climate, vegetation, time, and land use [5], with precipitation and temperature being
the most influential factors [39]. Therefore, even though climate factors may influence
the soil carbon sequestration rate, SOC decomposition capacities differ over time and
at different soil depths. Organic matter in the subsurface horizon is characterized not
only by very long turnover times but also by increasing amounts with increasing depth.
Microbial activity may be reduced due to suboptimal environmental conditions, causing
the microbial biomass to decrease with soil depth [14]. The present study demonstrated
that the degree to which carbon decomposes in the soil differs among layers as well, and the
largest discrepancies were seen in the TCS values (Table 2). The relationships between the
TCS values and other variables, listed in Table 4, were insignificant. Inert organic carbon
physically combines with soil matter to form red soil. Therefore, highly developed red soil
in pedogenesis, which stores carbon for long periods of time (in stable quantities), can help
to elucidate historical carbon-storage-related changes in the soil. The relationship between
CAR values and the ages of respective Pakua tableland terraces (Figure 3) indicated that
soil age is negatively correlated with the rate of carbon accumulation. In other words,
CAR decreases with the soil age. This supports the notion that the decline in the quantity
of soil C stored in older substrates could result from a decline in productivity and/or an
increase in turnover [17]. This is especially true for shallow soil layers, which are more
easily affected by the environmental factors that decompose SOC [40]. Eventually, the soil
reaches an equilibrium, where the rates of carbon storage and decomposition are equal [41].

Bai et al. [34] simulated the depth distribution patterns of the SOC per volume (SOCyv,
kg m~%) and SOC per unit area (SOCc, kg m~2) using three mathematical functions (the
exponential function, allometric function, and logistic function) and indicated that the
exponential function was best suited to the analysis of the SOCv depth distribution. The
present study utilized the same concept in regard to the WCS (kg m~3), taking into account
depth distribution and using average values to depict the average carbon storage values
across different soil profiles, and identified similar trends in both the WCS and TCS
(0-100 cm), with PK3b yielding the greatest values and CP1 yielding the lowest (Table 2).
Pearson’s correlation analysis (Table 4) also revealed that the WCS and TCS (0-100 cm)
were very highly correlated, which indicates that the WCS represents the average carbon
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storage value of one profile, as well as the majority of SOC storage trends. Therefore, the
carbon stocks estimated by the TCS for the Pakua tableland, within a depth of 1 m, were
greater than those estimated by the WCS (Table 3). This finding is supported by the fact
that more carbon is concentrated at the surface horizons [9].

The WCS predicted from the accumulation rate multiplied by age agrees well with
the actual measured average WCS (R? = 0.957). The average relative error between the
predicted value and the average value of the observed value is <4.7% (Table 5). Although
the ages of the soils of some of the terraces on the Pakua tableland are not known, the com-
parison of the WPDI for the soils was used as an indicator of relative dating. Similarly, the
average carbon stock of the terraces, estimated by curve-fitting equations, is an alternative
method by which to date these soils. Toma et al. [42], in the same manner, found an SOC
accumulation rate of 3.2 g m~2 yr~! over the past 7300 years, allowing them to determine
the SOC accumulated in periods of 34, 50, and 100 years, respectively. The curve-fitting to
estimate the WCS may provide age information for the soils, especially for those with the
same parental material.

The present study found that SOC has a negative exponential relationship with the
soil depth distribution (Figure 2) and that SOC decreases rapidly with increasing soil
depth. This trend in SOC begins to slow down at a depth of 50-100 cm and approaches a
fixed value below a certain depth. This suggests that the SOC at the deep horizon does
not decompose as easily as that of shallow soil layers, and it is difficult for new SOC to
accumulate at a deeper horizon. This is in line with the idea that deep SOC is recalcitrant
and/or inaccessible to microbial degradation [39]. Due to a variety of influences, including
the climate, temperature, and biological factors, SOC decomposes with time, leading to a
reduction in the remaining SOC in the soil [39].

The concentration of red soil clay particles in the study area was fairly high (>40%) [19,26,27],
which made it relatively easy for the SOC to bind to the soil and remain there in a stable
quantity [12]. Due to the pedogenesis of soil minerals over time, some minerals (e.g.,
halloysite) are easily bound to carbon and avoid further degradation [13]. The extent
to which carbon is retained in soil depends on amorphous minerals that stabilize large
amounts of organic carbon over thousands of years [17]. The SOC decreases as soil develops
because there are smaller quantities of amorphous minerals in older soil. In other words,
the most developed soils contain the least SOC and vice versa (Table 2). The soil’s SOC
accumulation rate continually decreasing with age forms a chronosequence (Figure 3).
Although the total amount of SOC stored in Pakua tableland soils varied with the age
of the soil, the patterns were different when SOC stocks at deep and shallow horizons
were considered separately (Figure 4). The deep horizons retain more carbon than the
surface or shallow horizons for the older soils in the study area, which is in line with the
observations made by Lawrence et al. [13]. In contrast, less carbon is stored in the deep
horizon of younger soils in the range of 19-31 kyr, which contradicts the conclusions made
by Lawrence et al. [13]. This discrepancy may be due to a loss of carbon in the shallow
horizons as a result of agriculture or land development [43].

In addition, the CSV is negatively correlated with soil age (Table 4). The CSV values
for the area investigated in the present study demonstrated a strong correlation between
the CSV and soil age, as previously reported by Lawrence et al. [13]. In order to estimate
CSV values, the present study only needed to sample basic data (e.g., bulk density, organic
carbon, and soil layer thickness) from the soil horizon. This method, which differs from
other common river terrace chronosequence comparison methods, is more convenient and
reliable. In the future, it should be possible to apply the CSV as a reference for a convenient
correlation or relative dating.

6. Conclusions

Taiwan is located at the junction of multiple tectonic plates and, as a result, has a
relatively unique topographical structure. Therefore, the study of fluvial terraces has
become one of the main research topics in the study of Taiwan’s environmental changes.
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Despite the fact that research technology and data have advanced substantially over the
years, there are still limitations and inconveniences. Within this field, some dating materials
remain difficult to obtain. The present study presents a reliable method for estimating
chronosequences, which in this case was utilized in order to determine the CAR and CSVs
for the study area in the Pakua tableland.

The total carbon storage calculated via total carbon stocks for the average soil profile
depth was 4.5 Tg, and the carbon storage value for shallow soil (0-100 cm) was 3.2 Tg.
The total carbon stocks calculated via weighted carbon stocks (average soil profile depth:
172 cm) amounted to 4.8 Tg. When investigating the carbon accumulation rate, the value
derived from weighted carbon stocks is more representative than the more commonly used
total carbon stocks and is consistent with the negative relationship between the carbon
accumulation rate and age for the Pakua tableland. The use of a predictive curve to estimate
the average carbon storage of other profiles with the same parental sources is satisfactory.
The soil organic carbon depth distribution model, based on a negative exponential function,
may approximate the carbon sequestration values of deeper soil layers. For the soils of
the Pakua tableland, the carbon sequestration values enabled the identification of the soil
carbon chronosequence.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1and10050447 /s1. Table S1. The properties of the soil in the Pakua tableland. Figure S1.
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carbon.
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