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Abstract: Afforestation or abandonment of agricultural fields to forest regeneration is a method of
sequestering carbon to offset the increasing atmospheric concentration of CO2. We selected 11 sites
with altitudes ranging from 14 to 2056 m and with paired forest regenerated and adjacent agricultural
fields. Our objectives were to (1) examine the changes in soil organic carbon (SOC) concentration and
stock after forest regeneration of agricultural fields and (2) identify the factors related to elevation
and adjacent agricultural practices that affect the SOC accumulation rate. Our results demonstrated
overall increases in both SOC concentrations and stocks after forest regeneration of the abandoned
agricultural fields. The average increase rates of SOC concentrations in the forest regenerated
soil samples were 1.65 and 0.95 g C kg−1 at 0–10 and 10–20 cm depths, respectively, representing
101% and 65% increases relative to those in the soil samples from agricultural fields. The average
accumulation rates of SOC stocks in the regenerated forests were 13.0 and 6.7 ton C ha−1 at the
0–10 and 10–20 cm depths, respectively, representing 96% and 62% increases relative to those in the
agricultural soil samples. The average annual sequestration rate was 1.03 Mg C ha−1 year−1 for the
top 0–20 cm soils, which is greater than that observed by previous reviews and meta-analyses. The
tropical/subtropical climate, sampling soil depth, forest regeneration period, and tree species in this
study are likely to have contributed to the high average SOC accumulation levels. In addition, the
SOC stock accumulation rates were higher at low-elevation sites than at middle-elevation sites, which
could also be attributed to the favorable climatic conditions at the low-elevation sites. Along with the
build-up of carbon sequestration in the forest floor and tree biomass, the afforestation/abandonment
of agricultural fields to forest regeneration appears to be a promising carbon offset mechanism.

Keywords: afforestation; abandonment; soil organic carbon; sequestration potential

1. Introduction

Because of the increase in global warming and the frequency of extreme climate events,
our attention to the development of approaches for mitigating climate change has increased.
Afforestation or abandonment of surplus arable lands contributes to the mitigation of the
increasing atmospheric CO2 concentration [1]. Changing land use from agriculture to forest
regeneration triggers a series of differences in soil carbon fluxes. Consequently, soil organic
carbon (SOC) concentrations and stocks can be enhanced through increased biomass input
and minor soil disturbance under forest regeneration [2,3].

Several reviews and meta-analyses have demonstrated the SOC sequestration po-
tential after forest regeneration of agricultural fields in tropical zones [4,5], in temperate
regions [6–9], and worldwide [2,3,10–12]. However, estimates of the SOC sequestration
potential have varied considerably between studies. Some studies have demonstrated that
forest regeneration could produce a decrease [13] or a minor change [14] in the soil C pool.
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Differences in climate, soil types, tree species, management practices, and forest regen-
eration durations influence the SOC sequestration potential. Thus, estimates of the SOC
sequestration potential in previous studies may be limited to the extent of SOC changes in
specific regions. Accordingly, a practical measurement approach is required for areas that
are still misrepresented.

The precise estimation of SOC sequestration is essential in many aspects of soil
management. For example, in the IPCC Good Practice Guidance for LULUCF, changes
in SOC stock constitute one of five carbon pools identified as accounting for greenhouse
gas emissions and removals on forest and agricultural lands converted to forest [1]. The
annual changes in SOC stock are also integral to the “4 per 1000” initiative, which aims
to increase SOC stocks to aid in halting the annual increase of CO2 in the atmosphere
(http://4p1000.org, accessed on 5 September 2021). Moreover, determining the changes
in SOC stock is crucial to strengthening soil management. Increasing SOC stocks can
positively affect soil health, water retention, nutrient supply, and ecosystem services [15,16].

The connection between SOC changes and land-use change from agricultural fields to
forest regeneration is still poorly quantified in Taiwan. The study by Lin et al. [17] is among
the few studies reporting changes in SOC after land-use change from agricultural fields;
nevertheless, the study by Lin et al. focused on sites confined to the lowlands. Examining
possible SOC enhancement at a national scale requires the use of an extensive data set
to estimate the SOC sequestration potential and reduce possible uncertainties robustly.
Accordingly, this study selected 11 pairwise sites with forest regenerated and adjacent
agricultural fields whose elevation gradient ranged from lowlands to montane areas. The
wide geographic coverage of the study sites offered an ideal opportunity to examine
changes in SOC concentration and stock after the forest regeneration of agricultural fields.
Our objectives were to (1) examine the changes in SOC concentration and stock after forest
regeneration of agricultural fields and (2) identify the factors related to elevation and
adjacent agricultural practices that affect the SOC accumulation rate.

2. Materials and Methods
2.1. Study Sites and Sampling

The study was conducted in Taiwan, an island located at the subtropical and tropical
climate zone boundary. The history of agriculture in Taiwan spans more than 250 years.
Agricultural lands were initially developed in flat lowland plains and then gradually
migrated to hillside and mountainous farming. The major framing systems involve the
cultivation of rice and mixed vegetables in lowland plains, tea and fruits on hillslopes, and
alpine orchards and vegetables in mountainous areas. Arable lands in Taiwan reached
their maximum area size of 1.23 million ha in the 1980s, representing 34% of the total
extent of agricultural land [18]. However, with socioeconomic changes and the evolution of
attitudes toward forest conservation, some agricultural fields were abandoned or afforested
afterward. For example, the dwindling numbers of farmers and other agricultural workers
due to advancing age have stimulated the relinquishment of farming lands. Agricultural
fields in mountainous areas may also be afforested/abandoned through conservation
policy. These land-use conversions occurred across the island from low elevation fields to
mountainous fields.

This study selected 11 study sites with elevations ranging from 14 to 2056 m (Figure 1).
Each of the selected sites had paired land uses: agricultural fields and forest regenerated
fields that were previously agricultural fields. We chose the study sites on the basis of the
following criteria: (i) the site must contain both forest regenerated fields and nearby old
agricultural fields, and both fields must exhibit similar soil and landscape characteristics; (ii)
both fields must have available information on the conversion time and recent management
practices; and (iii) the fields must be larger than 0.5 ha. Except for those at the Wuling
(WL) site, the forest regenerated and old agricultural fields at all selected sites were next to
each other or less than 100 m apart. At the WL site, the regenerated and agricultural fields
were 2 km apart. However, we retained the WL site because it is an instructive example of
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the ecological value of the government policy of abandoning agricultural fields to reduce
nutrient pollution and protect endangered fish species [19].
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Figure 1. Locations of the study sites and their corresponding elevations.

Table 1 presents the locations, climate characteristics, forest regeneration period (years),
and vegetation/crop types of the selected study sites. The average forest regeneration
period for the 11 sites was 21.1 years (range: 17–33 years). The mean annual temperature
at the study sites ranged from 12.3 ◦C to 24.3 ◦C and decreased with elevation. The mean
annual precipitation increased slightly from 1700 to 3200 mm with elevation due to the
orographic effect. On the basis of elevation related to climate and agricultural background,
the sites can be roughly classified as the low-elevation fields with altitudes below 1000 m
above sea level and the middle-elevation fields with altitudes above 1000 m.

Table 1. Site and climate characteristics of the study sites with paired forest regenerated (F) and adjacent agricultural (A)
fields in Taiwan.

Site Elevation Precipitation Temperature Regeneration Age Vegetation/Crop Types

(m) (mm) (◦C) (Years) Forest Regenerated (F) Fields Agricultural (A) Fields

Meifeng (MF) 2056 3200 12.3 19 Metasequoia glyptostroboides High altitude cabbage/flower garden
Wuling (WL) 1840 3271 13.1 20 Chamaecyparis formosensis High altitude cabbage
Chinjing (CJ) 1545 2857 13.5 19 Calocedrus formosana High altitude cabbage
Lishan (LS) 1535 2564 12.5 18 Chamaecyparis formosensis Orchard (persimmon)

Xibao (XB) 1015 2100 16.5 18 Secondary broadleaf forest with
bamboo (Phyllostachys makinoi) High altitude vegetables

Hsinshe (HS) 480 2250 20.9 17 Secondary broadleaf forest
(Scattered trees and dense bushes) Orchard (loquat)

Mingjian (MJ) 375 2043 21.5 27 Fraxinus formosana
Cinnamomum camphora Pineapple/Ginger/Yam

Rueisui (RS) 236 1725 22.3 19 Cinnamomum camphora Miscellaneous vegetables
Guanxi (GX) 192 2263 23.0 22 Secondary broadleaf forest Tea/Miscellaneous vegetables

Ershui (ES) 120 2055 23.7 21 Heritiera littoralis
Dillenia indica Miscellaneous vegetables

Tainan (TN) 14 1698 24.3 33 Secondary broadleaf forest Sugarcane

Vegetation present in the forest regenerated fields comprised afforested plantations
(e.g., Meifeng site) or abandoned secondary forests (e.g., Xibao and Guanxi sites). All forest
regenerated fields were composed of closed-canopy vegetation, except for the HS site,
which maintained vegetation of scattered pioneer trees and dense bush. The agricultural
fields included annual and perennial crops (e.g., tea field at Guanxi or orchards at Lushan).
Historical aerial photos and interviews with the landowners indicated that the perennial
crop fields and the corresponding forest regenerated fields had previously been tilled for
row crops. We denote the afforested or naturally regenerated areas as “Forest regenerated
(F)” fields due to their forest regeneration, and we denote the adjacent agricultural areas as
“A” fields.
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2.2. Soil Sampling and Measurements

Three 20 × 20 m2 plots were randomly established in the F and A fields at each site.
In each plot, composite samples were collected from at least three sampling pits to reduce
spatial heterogeneity. We collected samples at two soil depths: 0–10 cm (surface) and
10–20 cm (subsurface). We used a stainless core tool to collect undisturbed soil samples
for determining the bulk density and percentage of rock fragments (particle size > 2 mm).
We dug the soil pits and collected approximately 2 kg of soil for chemical analyses. The
collected soil samples were packed in plastic zip-lock bags, transported to the laboratory,
air dried, and ground for soil analyses.

Soil pH was measured using a glass electrode pH meter at a 2.5 soil/water ratio.
Some soil samples were ball milled (MM 400, Retsch, Hann, Germany) and analyzed for
SOC concentration by using an elemental analyzer (2400 Series II, Perkin Elmer, Norwalk,
CT, USA). According to Thomas [20], inorganic carbon does not exist in soil with a pH
lower than 7.6; therefore, the total carbon concentration could be considered the organic
carbon concentration. Among the soil samples collected from the 11 study sites, only those
collected from the WL site had a pH value higher than 7.6. The WL samples were treated
with 1.2 M HCl to remove the inorganic carbon before the elemental analysis. The SOC
stocks (ton C ha−1), expressed on an area basis, were calculated as follows:

SOC stocksi = SOCi × BDi × (1 − Ri(%)/100) × di × 10 (1)

where SOC stocks represent the SOC storage (ton C ha−1) at the ith layer (0–10 or 10–20 cm),
SOCi represents SOC concentration (g kg−1), BDi represents the bulk density (g cm−3), Ri
represents the percentage of rock fragments (%), di represents the depth of the soil layer
(0.1 m), and 10 represents the unit conversion factor.

In F soil samples, the bulk density may substantially affect carbon balance calculation
because F soil samples collected at a certain depth would not be directly comparable to A
soil samples collected at the same depth [5,6]. Don et al. [5] suggested that land-use change
effects would be underestimated by 28% without soil mass correction. The thickness of the
F soil samples was adjusted to maintain the SOC stocks at an equivalent soil mass in both
land-use types. Figure 2 illustrates the depth correction for the F soil samples, which was
calculated as follows [21]:

SOC stocks (corrected) in F soils = SOC stocks (uncorrected) × (BDA/BDF) (2)

where BDA and BDF represent the bulk density for A and F soils, respectively. We used the
corrected SOC stocks to calculate the absolute changes in SOC stock between the F and A
soil samples. The bulk density and percentage of rock fragments used for the calculation
of SOC stocks are provided in Table S1 of the Supplementary Material. The SOC stocks
calculated for the F sites without bulk density correction are also presented in Tables S2
and S3 of the Supplementary Material.

In addition to calculating the absolute changes in SOC concentration and stock, we
determined the relative changes in SOC concentration and stock and the annual accumula-
tion rates at each site. The relative changes in SOC in the F soil samples were calculated as
follows [5]:

Relative change (%) = (SOCF − SOCA)/SOCA × 100% (3)

where SOCA denotes the SOC concentrations or stocks in the A fields and SOCF denotes
the SOC concentrations or stocks in the F fields. The annual SOC accumulation rate in the
F soil samples was calculated as follows:

Annual SOC accumulation rate = (SOCF − SOCA)/t (4)

where t represents the afforestation/abandonment period at each site (Table 1).
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Figure 2. Changes in soil horizonation, bulk density (BD), and mass after forest regeneration of
agricultural soils (A soils). The additions of fresh soil organic matter from litter and dead roots in
the forest regenerated soils (F soils) caused decreases in the changes in both bulk density and soil
mass below a certain depth. The corrected soil organic carbon (SOC) stocks in F soils were calculated
as follows: SOC stocks(corrected) = SOC stocks(uncorrected) × (BDA/BDF). BDA and BDF are the bulk
density for A and F soils, respectively.

2.3. Statistical Analysis

We used one-way analysis of variance (ANOVA) to determine the differences in soil
properties between the forest regenerated and adjacent agricultural fields (p < 0.05). To test
the overall changes across sites, a paired t test was applied to compare forest regenerated
and adjacent agricultural fields. In addition, the differences between the low- and middle-
elevation sites and those between the annual and perennial crop (e.g., LS, HS, and GX)
sites were tested using one-way ANOVA by grouping the sites with the same subject. All
statistical analyses were performed using SAS software.

3. Results

The SOC concentrations and stocks varied between the study sites. At the 0–10 cm
depth, the SOC concentrations ranged from 7.9 to 37.2 g kg−1 in the A soil samples and
from 21.7 to 69.2 g kg−1 in the F soil samples (Table 2). The SOC stocks ranged from 10.1 to
24.3 Mg C ha−1 in the A soil samples and from 18.5 to 34.9 Mg C ha−1 in the F soil samples.
The SOC concentration and stocks at the 10–20 cm depth were lower than those at the
0–10 cm depth (Table 2). Figure 3 illustrates the relationships of SOC concentrations and
stocks with elevation. The SOC concentrations increased with elevation in both the F and
A soil samples collected at the 0–10 and 10–20 cm depths. However, no significant linear
relationship was observed between the SOC stocks and elevation. The SOC stocks were
more site specific rather than being related to elevation (Figure 3).

After 17–33 years of forest regeneration of agricultural fields, the F soil samples showed
higher SOC concentrations and stocks than did the A soil samples (Table 2). At most of
the study sites, the SOC concentrations and stocks were significantly greater in the F soil
samples, particularly at the 0–10 cm depth. The paired t test indicated an overall significant
increase in both SOC concentrations and stocks in the F soil samples. The average absolute
change in SOC concentration in the F soil samples was 16.5 g C kg−1 at the 0–10 cm depth
and 9.5 g C kg−1 at the 10–20 cm depth, accounting for 101% and 65% increases relative to
those observed for the A soil samples, respectively (Table 3). The average accumulation
rates of SOC stocks in the F soil samples were 13.0 and 6.7 ton C ha−1 at the 0–10 and
10–20 cm depths, respectively, accounting for 96% and 62% increases relative to those
observed for the A soil samples. The annual increase rates of SOC concentrations were 0.81
and 0.48 g C kg−1 year−1 at the 0–10 and 10–20 cm depths, respectively, and the annual
accumulation rates of SOC stocks were 0.68 and 0.35 ton C ha−1 year−1 at the 0–10 and
10–20 cm depths, respectively (Table 3).
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Figure 3. Relationships of soil organic carbon (SOC) concentrations and stocks with elevation in
forest regenerated (F) and adjacent agricultural (A) fields at 0–10 cm (surface; a,b) and 10–20 cm
(subsurface; c,d). Red circles and red lines represent the data obtained from F soil samples. Black
circles and black lines represent the data obtained from A soil samples.

Furthermore, the SOC stock accumulation rates were higher at the low-elevation sites
than those at the middle-elevation sites (Table 4). The difference became more significant
once the outlying WL site was excluded (Table 4). Except for the WL site, the average
absolute SOC stock accumulation, relative change, and annual accumulation rates at the
0–20 cm depth were 12.6 ton C ha−1, 43%, and 0.66 ton C ha−1 year−1, respectively, at the
middle-elevation sites and 25.7 ton C ha−1, 110%, and 1.35 ton C ha−1 year−1, respectively,
at the low-elevation sites. In general, existing agricultural practices in A fields may affect
their SOC sequestration potential, where the forest regeneration of less disturbed no-
tilled agricultural fields may engender less C sequestration potential due to the relatively
low disturbance of these fields [4,22]. However, we found no significant difference in
SOC sequestration potential between the F sites and the adjacent A fields with annual or
perennial crops (p > 0.05; Table 4).
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Table 2. Soil organic carbon (SOC) concentrations and stocks in forest regenerated (F) and adjacent agricultural (A) fields at 0–10 cm (surface) and 10–20 cm (subsurface) in Taiwan.

SOC Concentration (g C kg−1) SOC Stocks (Mg C ha−1)

0–10 cm 10–20 cm 0–10 cm 10–20 cm

F A F A F A F A

MF 58.5 ± 13.6 1 a 2 37.2 ± 2.6 b 42.8 ± 0.4 30.8 ± 8.1 19.6 ± 3.4 15.5 ± 0.6 13.5 ± 3.6 15.5 ± 1.9
WL 69.2 ± 6.0 a 28.2 ± 3.3 b 48.3 ± 2.0 a 24.2 ± 5.6 b 42.4 ± 7.3 a 18.3 ± 3.2 b 29.8 ± 3.3 16.6 ± 5.8
CJ 40.6 ± 7.3 a 34.2 ± 6.1 b 40.8 ± 1.5 a 31.1 ± 5.9 b 20.3 ± 0.9 17.4 ± 2.7 17.7 ± 4.4 21.1 ± 2.5
LS 51.1 ± 6.2 31.6 ± 6.4 33.3 ± 12.9 18.4 ± 1.4 17.0 ± 1.4 12.6 ± 2.7 23.6 ± 5.1 7.8 ± 2.9
XB 35.3 ± 4.7 26.3 ± 3.3 21.6 ± 2.4 15.0 ± 4.5 22.7 ± 4.3 a 13.2 ± 1.9 b 15.4 ± 1.5 a 8.4 ± 2.6 b
HS 28.8 ± 2.6 a 19.8 ± 2.6 b 19.5 ± 2.7 a 14.8 ± 0.4 b 32.4 ± 7.2 24.4 ± 1.2 26.0 ± 2.9 19.1 ± 1.7
MJ 21.9 ± 2.7 a 8.7 ± 0.5 b 14.2 ± 1.3 a 8.6 ± 0.6 b 25.5 ± 2.9 a 10.1 ± 0.7 b 18.8 ± 2.5 a 8.9 ± 1.4 b
RS 22.6 ± 1.4 a 8.0 ± 1.0 b 16.4 ± 2.7 a 8.2 ± 0.8 b 24.4 ± 2.4 a 8.7 ± 1.7 b 21.1 ± 0.8 a 10.9 ± 0.7 b
GX 34.0 ± 10.8 a 15.0 ± 1.7 b 20.4 ± 5.7 a 8.3 ± 0.9 b 36.1 ± 5.6 a 16.4 ± 1.8 b 25.0 ± 6.3 a 9.5 ± 0.9 b
ES 28.4 ± 6.3 a 13.3 ± 1.6 b 12.6 ± 1.0 10.0 ± 1.8 40.3 ± 7.9 a 18.4 ± 2.1 b 10.7 ± 2.0 a 13.5 ± 2.5 b
TN 21.7 ± 3.3 a 7.9 ± 1.7 b 10.4 ± 1.8 a 6.7 ± 1.2 b 27.8 ± 3.2 a 10.2 ± 2.3 b 16.1 ± 1.3 a 9.0 ± 1.7 b

Mean 37.5 ± 15.9 20.9 ± 11.1 25.5 ± 13.4 16.0 ± 9.1 28.1 ± 8.6 15.0 ± 4.6 20.6 ± 5.0 12.8 ± 4.7
Pair t test p < 0.01 p < 0.01 p < 0.01 p < 0.01

1 Mean ± standard deviation; 2 Different letters indicate differences between F and A fields at each soil depth (p < 0.05).

Table 3. Absolute change, relative change, and annual accumulation rate of soil organic carbon (SOC) concentrations and stocks after forest regeneration of agricultural fields in Taiwan.

Absolute SOC
Concentration Change

Relative SOC Concentration
Change

Annual SOC Concentration
Increasing Rate

Absolute SOC Stocks
Change

Relative SOC Stocks
Change

Annual SOC Stocks
Accumulation Rate

(g C kg−1) (%) (g C kg−1 Year−1) (ton C ha−1) (%) (ton C ha−1 Year−1)

0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm

MF 21.3 12.0 57 39 1.1 0.6 4.1 −1.9 26 −13 0.22 −0.10
WL 41.1 24.1 146 100 2.1 1.2 24.1 13.2 131 80 1.27 0.70
CJ 6.4 9.6 19 31 0.3 0.5 2.9 −3.4 17 −16 0.15 −0.18
LS 19.3 14.9 61 81 1.1 0.8 4.1 2.9 32 14 0.22 0.15
XB 8.9 6.6 34 44 0.5 0.4 9.6 7.0 72 83 0.50 0.37
HS 9.0 4.7 46 32 0.5 0.3 8.0 6.8 33 36 0.42 0.36
MJ 13.3 5.6 153 64 0.5 0.2 15.4 9.9 152 111 0.81 0.52
RS 14.6 8.2 182 100 0.8 0.4 15.7 10.2 181 94 0.83 0.54
GX 19.0 12.1 127 145 0.9 0.5 19.7 15.6 120 164 1.04 0.82
ES 15.1 2.6 114 26 0.7 0.1 21.9 6.3 119 47 1.15 0.33
TN 13.8 3.7 175 54 0.4 0.1 17.6 7.1 173 79 0.93 0.38

Mean 16.5 9.5 101 65 0.81 0.48 13.0 6.7 96 62 0.68 0.35
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Table 4. Differences in absolute change, relative change, and annual accumulation rate of soil organic carbon (SOC) concentrations and stocks between low-elevation and middle-elevation
sites and between annual crop and perennial crop sites.

Absolute SOC
Concentration Change

Relative SOC
Concentration Change

Annual SOC
Concentration

Increasing Rate

Absolute SOC Stocks
Change

Relative SOC Stocks
Change

Annual SOC Stock
Accumulation Rate

(g C kg−1) (%) (g C kg−1 Year−1) (ton C ha−1) (%) (ton C ha−1 Year−1)

0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm

Middle-elevation 20.0 13.4 66 62 1.04 0.71 9.0 3.6 56 30 0.47 0.19
Low-elevation 14.1 6.1 133 71 0.63 0.28 16.4 9.3 130 89 0.86 0.49

p = 0.15 p = 0.06 p = 0.02 p = 0.38 p = 0.07 p = 0.04 p = 0.11 p = 0.10 p = 0.07 p = 0.04 p = 0.11 p = 0.10
Middle-elevation 1 14.7 10.8 46 53 0.79 0.58 5.2 1.1 37 17 0.27 0.06
(exclude WL site)

Low-elevation 14.1 6.1 133 71 0.63 0.28 16.4 9.3 130 89 0.86 0.49
p = 0.41 p = 0.13 p = 0.01 p = 0.28 p = 0.14 p = 0.09 p < 0.01 p = 0.01 p < 0.01 p = 0.04 p < 0.01 p = 0.01

Annual crops 16.8 9.0 110 57 0.80 0.45 13.9 6.1 109 58 0.73 0.32
Perennial crops 15.7 1.1 78 86 0.82 0.55 10.6 8.4 61 71 0.56 0.44

p = 0.88 p = 0.74 p = 0.45 p = 0.28 p = 0.95 p = 0.67 p = 0.54 p = 0.57 p = 0.27 p = 0.74 p = 0.55 p = 0.57
1 The outlying WL is excluded from this row.
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4. Discussion
4.1. Forest Regeneration of Agricultural Fields

Our results reveal a clear increase in SOC concentrations and stocks after the forest re-
generation of agricultural fields, confirming most of the findings of relevant studies [2–12].
We observed that the average SOC sequestration potential was 13.0 ton C ha−1 at the
0–10 cm depth and 6.7 ton C ha−1 at the 10–20 cm depth. Thus, the average absolute SOC
sequestration potential was 19.7 (−0.48 to 25.39) ton C ha−1 in the soils within the 0–20 cm
depth. The average annual sequestration rate was 1.03 Mg C ha−1 year−1 in the soils within
the 0–20 cm depth. These results are consistent with those reported by Silver et al. [4],
who conducted their study in the tropical region and proposed that soil C accumulated
at a rate of 1.3 ton C ha−1 year−1. Nevertheless, the results are slightly higher than those
reported by other reviews and meta-analyses [2,5,9,12]. For example, Post and Kwon [2],
Li et al. [12], and Kampf et al. [9] reported that the average rate of soil C accumulation
after afforesting was at 0.34–0.72 Mg C ha−1 year−1 in temperate regions and worldwide.
Our results also indicate 96% and 62% increases in SOC stocks in the F soils at the 0–10
and 10–20 cm depths, respectively, after forest regeneration. These changing ratios are
higher than those of other studies, where the worldwide SOC stocks increased by 18–53%,
on average, after land-use conversion from crop production to secondary forestation or
plantation [3,5,11].

The rates of SOC sequestration after forest regeneration depend on climate, length of
land-use conversion, prior land use, soil clay content, sampling depth, and tree species;
thus, such rates differ among sites and studies [3,5,6,10–12]. Nevertheless, the average
SOC sequestration rate observed in this study is markedly higher than those reported by
previous studies. Several mechanisms might explain this. First, the climatic conditions
in the subtropical zone in Taiwan are favorable for plant growth; therefore, high carbon
input rates enhance SOC accumulation [4,12]. Paul et al. [10], Laganiere et al. [11], and
Li et al. [12] have reported a similar trend; that is, the rate of SOC accumulation increased
to a greater extent in the tropical and subtropical climatic regions than in temperate areas.
Second, our sampling depths were at 20 cm; soils at this depth are more prone to land-use
change than those at greater depths. The higher SOC sequestration rates at the 0–10 cm
depth in this study confirm the notion that soil carbon accumulation initially occurs in
surface soils. Third, the average period of forest regeneration was 21 years in this study,
which may reflect a fast sequestration rate during the aggrading stage of afforestation in
tropical or subtropical regions [4]. Silver et al. [4] reported that the maximum rates of C
accumulation were observed approximately 20 years after afforestation and slowed over
time because of a limit on the amount of C that can accumulate per unit area. Fourth, the
forest regenerated tree species involved in this study, particularly at the low-elevation sites,
were broadleaf trees. Broadleaf forests were reported to accumulate more SOC stocks than
do coniferous forests [11,16].

The change in SOC concentration was also significant after the forest regeneration of
agricultural fields. The average increase in SOC concentrations in the F soil samples was
16.5 g C kg−1 at the 0–10 cm depth and 9.5 g C kg−1 at the 10–20 cm depth, accounting
for annual increase rates of 0.81 and 0.48 g C kg−1 year−1 or 100% and 60%, respectively,
relative to those in the A soil samples. These findings indicate a rapid enhancement of
SOC concentrations after forest regeneration. As mentioned, the climate, sampling soil
depth, forest regeneration period, and tree species may contribute to these high average
levels. Therefore, understanding the corresponding changes in soil physical, chemical,
and nutritional properties related to the increase of SOC concentration [16,23] warrants
further research.

SOC concentration was linearly correlated with elevation in both the F and A fields.
A similar linear correlation has been reported by other studies [24,25]. The decreasing
temperatures that accompany increasing elevation reduce the decomposition rates of SOC
and consequently increase the SOC concentration. In this study, we determined that
elevation (natural factor) and land-use practices (human activities factor) were dominant
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factors influencing SOC concentrations in the F and A soil samples. The SOC concentrations
increased by 19 and 17 g C kg−1 at the 0–10 and 10–20 cm depths, respectively, for every
1000-m increase in elevation in the F soil samples and by 13 and 11 g C kg−1 at the 0–10
and 10–20 cm depths, respectively, for every 1000-m increase in elevation in the A soil
samples (Figure 3). The average differences in SOC concentration between the F and A soil
samples were 16.5 and 9.5 g C kg−1 at the 0–10 and 10–20 cm depths, respectively, at all
paired sites (Table 3). However, the SOC stocks did not correlate with elevation because
the bulk density and percentage of rock fragments varied among sites and compensated
for the increasing altitudinal trend of SOC concentration.

4.2. Elevation and Agricultural Practice Effects on SOC Stock Sequestration

Our results indicate overall increases in both SOC concentration and stock after the
forest regeneration of agricultural fields. The results further reveal that differences in
elevation significantly influenced the changes in SOC stock after the forest regeneration of
agricultural fields. Higher SOC accumulation existed at the low-elevation sites compared
with those at the middle-elevation sites. This tendency corresponds with previous research
observations that SOC sequestration rates were higher in the tropical and subtropical
regions than those in the temperate areas [10–12]. Broadleaf trees at the low-elevation sites
were considered to be partially responsible for the higher SOC accumulation potential
(Table 1). Hence, the high SOM accumulation at the low-elevation sites may be attributed
to their favorable climate and broadleaf trees that lead to greater vegetation productivity
and a faster carbon mineralization rate from litter [26].

Agricultural practices applied before or after abandonment have been reported to af-
fect the SOC sequestration potential [4,9]. However, we found a similar SOC sequestration
potential at the sites with adjacent A fields with annual or perennial crops. As mentioned,
the perennial A fields had previously been tilled for row crops. The disturbances en-
gendered by tillage may be sufficiently severe to obscure the effects of the relatively few
disturbances engendered by perennial practices [4,22].

4.3. Implications of Afforestation/Abandonment of Agricultural Fields

In addition to forest regeneration of agricultural fields, management options available
to sequester C in soils include the implementation of reduced and zero tillage, planting
of perennial crops, and more efficient use of organic amendment [27–29]. In all types of
agricultural management, the accumulation of agricultural fields after forest regeneration
may represent the upper limits of mitigation potential [27]. The average annual SOC
accumulation rate from forest regeneration of 3.7% (79% for a 21.1-year forest regeneration
period) observed in the top 20 cm soil samples sufficiently surpasses the “4 per 1000”
initiative [29,30]. Along with the build-up of ample carbon sequestration in forest floors
and tree biomass [4,31,32], the afforestation/abandonment of agricultural fields should be
considered a promising carbon offset mechanism. Moreover, forest regeneration provides
multiple economic and ecological benefits.

At a national scale, the carbon sequestration potential in soils in Taiwan may represent
only a fraction of the total quantity of carbon emissions from fossil fuel combustion [32,33].
If 10% of surplus agricultural fields, equivalent to 80,000 ha, were converted to forest
regeneration, the total amount of C sequestration would be 80 × 103 ton C year−1, which
could counteract less than 0.1% of total fossil fuel consumption. The low proportion is
attributed to the substantial amounts of fossil fuels used for combustion in Taiwan [32].
Similarly, Smith et al. [27] proposed that afforestation of 30% of arable land in Europe
would sequester only 0.8% of annual anthropogenic CO2. Considering the relatively minor
portion from forest regeneration, comprehensive management practices to enhance CO2
sequestration or reduce CO2 emission are essential to mitigate the rising atmospheric
CO2 concentration.
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5. Conclusions

Our results demonstrate overall increases in both SOC concentrations and stocks after
the abandonment/afforestation of agricultural fields. The average increase rates of SOC
concentrations in F soil samples were 1.65 and 0.95 g C kg−1 at 0–10 and 10–20 cm depths,
respectively, accounting for 101% and 65% increases relative to those in the A soil samples.
The average accumulation rates of SOC stocks in the F soil samples were 13.0 and 6.7 ton
C ha−1 at the 0–10 and 10–20 cm depths, respectively, accounting for 96% and 62% increases
relative to those in the A soil samples. Thus, the annual accumulation rates of SOC stocks
were 0.68 and 0.35 ton C ha−1 year−1 at the 0–10 and 10–20 cm depths, respectively. The
average annual sequestration rate in the topsoil samples collected at the 0–20 cm depths
was 1.03 Mg C ha−1 year−1, which is greater than those reported by other reviews and
meta-analyses. We speculate that climate, sampling soil depth, afforestation/abandonment
period, and tree species contributed to the high average levels. Along with the ample
increase in carbon sequestration in the forest floor and tree biomass, the forest regeneration
of agricultural fields should be viewed as a promising carbon offset mechanism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12091222/s1, Table S1: Soil texture, pH, bulk density, and rock fragments in the study sites
with paired forest regenerated and adjacent agricultural fields in Taiwan. Table S2: Soil organic
carbon (SOC) concentration and stocks in forest regenerated (F) and adjacent agricultural (A) fields at
surface 0–10 cm and subsurface 10–20 cm in Taiwan. Note that the SOC stocks in the F soils were not
corrected with bulk density. Table S3: Absolute change, relative change, and annual accumulation
rate of SOC concentration and stocks after afforestation/abandonment of agricultural fields. Note
that the SOC stocks in the F soils were not corrected with bulk density.
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