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Abstract: Soil organic carbon (SOC) is heterogeneous, consisting of fractions with differing turnover
rates. Climate, vegetation, and soil properties can all affect the characteristics of these different soil
carbon fractions. However, there has been little investigation into the interactive effects of biotic
and abiotic drivers on a large spatial scale. In this study, we utilized data from the international
soil radiocarbon database (ISRaD) to investigate the radiocarbon abundance (an indicator of carbon
persistence) in soil fractions from several different biomes. Bulk SOC was categorized into three
fractions according to the density fractionation method: a free light fraction (fLF), an occluded
light fraction (oLF) and a heavy fraction (HF). In addition to the impacts of significant factors
such as depth and climate, interactive effects between soil fractions and environmental factors on
radiocarbon abundance were prevalent. Specifically, there were significant interactions between
climate, vegetation types, soil properties, and soil fractions affecting ∆14C levels. The difference in
∆14C of the shallow depth fractions was significant in the temperate forest, and was not significant
in the boreal and tropical forests. The interactive effect between mean annual temperature (MAT)
and mean annual precipitation (MAP) on ∆14C was significant in the shallower depth (i.e., 0–30 cm
and 30–60 cm) of the oLF and in the deeper soils (i.e., 30–60 cm and 60–100 cm) of the HF. Soil
properties also interact with soil fractions in determining ∆14C. After accounting for depth effect,
oxalate-extractable aluminum (Alo) accounted for 63.5% of the remaining ∆14C variation in the fLF
and accounted for 35.9% of the remaining ∆14C variation in the oLF. Rather than Alo, cation exchange
capacity (CEC) accounted for 46.1% of the remaining ∆14C variation in the HF. These findings suggest
that the way the interactions between climate, vegetation, and soil properties affect soil carbon
persistence at various fractional depths is critical for the accurate prediction of soil carbon dynamics.

Keywords: soil organic carbon (SOC); radiocarbon; ∆14C; soil fractions; soil formation factors; climate
change; soil depth

1. Introduction

Soil organic carbon (SOC) is the largest carbon pool in terrestrial ecosystems [1]. As a
source and sink of atmospheric CO2, it plays a critical role in global carbon cycling [2,3].
Changes in SOC can significantly impact the climate system by regulating atmospheric
CO2 concentration. Previous studies have extensively examined soil carbon dynamics in
response to climate change. For example, Crowther et al. (2016) predicted a significant loss
of soil carbon due to global warming based on data from climate change experiments, but
this conclusion was challenged by van Gestel et al. (2018) who added more data points and
reported a net neutral change in soil carbon [4]. Global warming can increase vegetation
productivity, promoting plant carbon input, but it also enhances microbial activity and
accelerates organic matter decomposition. However, it remains controversial whether the
increase in vegetation productivity can offset the potential loss of soil carbon [5,6].
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In addition, the sensitivity of soil organic carbon to temperature change is a combi-
nation of the sensitivity of the various carbon pools [7]. According to Arrhenius theory,
the rate of decomposition is inversely proportional to the activation energy of organic
matter [8,9]. The active carbon pool has low activation energy, and therefore it has a fast
turnover rate [10]. In contrast, the inert carbon pool contains a higher proportion of sub-
stances with high activation energy, resulting in slower turnover rates [5,9]. According
to the Arrhenius formula, higher activation energy corresponds to greater temperature
sensitivity, implying that inert carbon pools have higher temperature sensitivity than active
carbon pools. However, the studies by Chen et al. (2021) and Heckman et al. (2022) show
that the protective effect of minerals hinders the sensitivity of organic matter to tempera-
ture, and the easy-to-decompose carbon pool has higher temperature sensitivity, whereas
temperature has a limited effect on the recalcitrant carbon pool [11,12]. Consequently, com-
prehending the impact of temperature change on soil carbon pools is essential to resolving
this debate.

Previous studies have often assumed soil to be a homogeneous and stable bulk.
However, bulk soil is not homogeneous, but rather a mixture of multiple pools with
different functions. The main determinants affecting soil carbon persistence vary across
pools [13]. Therefore, in order to fully understand soil carbon dynamics, it is necessary to
investigate the nature of several pool functions. Soil carbon fractionation generally aims to
separate fractions according to differences in soil organic matter protection mechanisms [14].
For example, the density fractionation method categorizes the bulk soil organic carbon as
three common fractions: a free light fraction (fLF), an occluded light fraction (oLF) and a
heavy fraction (HF).

Each of the three carbon fractions has different preservation mechanics, and therefore
a different decomposition rate. The fLF is composed of mineral-free particulate organic
matter with a high average decomposition rate. It usually contains fresh or mildly decayed
plant debris and charcoal [15,16]. The fLF contains repositories of unstable carbon that
are important to the terrestrial ecosystem. The oLF has a greater amount of decomposed
organic matter than the fLF [17]. It is mainly composed of humified organic matter, charred
particulate organic matter, fungal spores and pollen [17–19]. The oLF is thought to turnover
at intermediate rates, possibly due to the preservation of complex biomolecules, which
are resistant and tightly bound to soil minerals [20]. For example, studies have shown
that charcoal is easily encapsulated by mineral particles [21,22]. In addition to charcoal,
the oLF also contains a high proportion of Alkyl C and aromatic C, which are resistant to
chemical oxidation and have a long duration [23]. The HF is composed of organic matter
strongly combined with clay minerals and microbes [15,16]. This fraction mainly consists of
nitrogen-containing substances and polysaccharides such as proteins and nucleic acids [18].

Radiocarbon (14C) measurement is a common method used to study soil carbon
turnover [23]. Radiocarbon is a radioactive isotope, and its measurement can facilitate the
evaluation of the turnover rates of long-term stable carbon pools on different timescales
based on natural decay rates [24]. As early nuclear weapons tests injected a large amount of
14C into the atmosphere, the tests were subsequently suspended in order to limit radioactive
fallout [23]. The 14C produced by the nuclear explosions was assimilated into the carbon
reservoir. Due to the influence of various biological, physical and chemical processes, 14C
levels vary in carbon pools with different turnover rates. Soil radiocarbon measurement
has been widely used to characterize the stability and turnover rate of SOC. In general, the
higher the 14C, the faster the turnover rate of the soil carbon pool.

The persistence of carbon in soil is determined by several factors [18,25,26]. Previous
research indicates that the molecular structure of organic matter has a secondary role in
regulating carbon persistence, while organisms and the environment play a more significant
role [5,23]. A study by Chen et al. (2021) showed that the primary factors regulating soil
∆14C are related to depth. Carbon persistence in surface soil can be affected by various
factors and mechanisms, with plant carbon input and climatic factors being the main
reasons for the instability of soil organic matter. On the one hand, the input of vegetation
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litter and roots include simulating the activity of microorganisms, thus accelerating the
turnover of SOC. On the other hand, newly grown plant roots secrete organic acids such
as oxalic acid, which break down mineral-protected aggregates, thus accelerating the
decomposition of old carbon [11]. The above mechanisms have a limited impact on deep
soil. The carbon persistence of deep soil is mainly regulated by mineral protection, and the
mineral–organic combination reduces the decomposition rate of soil organic matter [27].

An exceptional study by Heckman and Hicks Pries et al. (2022) has revealed the
∆14C levels in the different carbon fractions and their regulators. Heckman and Hicks
Pries et al. (2022) reported a higher amount of ∆14C in the fLF than in the oLF and the
HF, and the ∆14C in all the three fractions decreased with soil depth. What remains to be
investigated is the difference in soil radiocarbon among the three fractions by depth, and
how the differences vary according to differences in climate, biomes and soil properties.
In order to achieve this goal, we categorized the soil depth as three discrete layers and
investigated the interactive effects of climate, biomes, and soil type on radiocarbon in each
of the three layers. Building upon the study of Heckman et al. and Hicks Pries (2022), we
further explored the interaction between depth, climate, vegetation, and soil properties in
influencing radiocarbon abundance. In our study, the following questions are explicitly
addressed: (1) how vegetation, soil depth (three discrete layers) and fractions interact with
each other to determine 14C abundance; (2) how temperature and precipitation interact and
affect 14C abundance in each fraction along the depths; and (3) how soil properties interact
with vegetation and soil fraction in affecting 14C abundance.

2. Methods

A dataset from the International Soil Radiocarbon Database (ISRaD has been de-
veloped as a collaboration between the U.S. Geological Survey Powell Center and the
Max Planck Institute for Biogeochemistry; www.soilradiocarbon.org (accessed on 16 April
2021) [28] was used to assess the relationship between the persistence of SOC (i.e., ∆14C)
and climate, according to the factors of mean annual temperature (MAT) (n = 425) and mean
annual precipitation (MAP) (n = 425), soil depths (n = 1300), vegetation types (n = 672)
and soil properties (oxalate-extractable Al (Alo), oxalate-extractable Fe (Feo), and cation
exchange capacity (CEC)) in the fLF (n = 109), oLF (n = 68) and HF (n = 114).

2.1. Data Source and Processing

The ISRaD is an online repository of environmental radiocarbon data, covering a wide
range of spatial scales, with an emphasis on soil radiocarbon, soil fractions and various
environmental factors. The dataset used in this study consisted of 1300 ∆14C data points
from 295 soil profiles in 113 sampling sites, covering eight major vegetation types from
around the world.

To explore the relative importance of different factors in regulating the prevalence of
SOC, the effects of climate, vegetation and soil properties were analyzed. The variables
included soil radiocarbon abundance (∆14C), soil density fractions, MAT, MAP, soil depths,
vegetation types, and physicochemical properties (Alo, Feo and CEC).

2.1.1. Soil Radiocarbon

1. Soil radiocarbon ∆14C
The radiocarbon data in the ISRaD were compared with accepted standard values

for known 14C content (
[
0.95

14C
12C

]
OX1,−19

). Radiocarbon content was reported as Fraction

Modern (Fm) [29].

Fraction Modern (FM) =


[

14C
12C

]
sample,−25[

0.95
14C
12C

]
OX1,−19

 (1)

www.soilradiocarbon.org


Land 2023, 12, 1072 4 of 17

The numerator is the ratio of 14C to 12C, reflecting the rate of decomposition and
radioactive decay of a given organic matter pool, corrected for mass-dependent isotope
fractionation to ∆13C value of −25‰. The denominator is an absolute equal to 95% of the
oxalic acid activity measured in 1950 [23].

∆14C =
[
Fm × e(1950−y)/8267 − 1

]
× 1000 (2)

Equation (2) is used to convert Fm into ∆14C (unit in ‰). The variable y represents the
measurement year. e(1950−y)/8267 is used to correct for the standard decay since 1950 [30].

2. The depth of the soil profile was the middle point between the top and the bottom of
the measured depth interval, and was divided into three layers: a shallow layer (0–30 cm),
a middle layer (30–60 cm) and a deep layer (60–100 cm).

3. The radiocarbon data were reported in three density fractions of soil carbon: a
free light fraction (fLF), an occluded light fraction (oLF) and a heavy fraction (HF). The
density fractionation was dependent on the density agent sodium polytungstate. The
fLF (<1.65 g cm−3) was the fraction floated in a dense liquid, composed of mineral-free
particulate organic matter. The oLF (1.60–2.0 g cm−3) was composed of particulate organic
matter released after 5 min of vigorous mixing and ultrasonic disruption. After the removal
of these two particulate fractions, the residual organic matter was the HF (>2.0 g cm−3)
composed of microbial products that strongly bind to soil minerals [1].

2.1.2. Climate

The climate data consisted of MAT and MAP and were obtained from the World
Climate Database (http://www.worldclim.org (accessed on 16 April 2021)) according to
the geographic coordinates of each sampling site. The MAT varied from −15 ◦C to 30 ◦C
and the MAP ranged between 0 and 4000 mm yr−1.

2.1.3. Vegetation Types

The sources of vegetation type factors were studies obtained from the MODIS land
cover database. In order to remain consistent with the reported observations, by combining
some vegetation types, we reduced the sixteen vegetation types from MODIS into eight.
All 1126 forests were reclassified based on latitude as boreal (>50◦ N), temperate (>23◦ and
<50◦ N and S) or tropical forests (<23◦ N and S). Cultivated winter wheat/soybean types
were combined as cropland, and the rest remained unchanged. The other vegetation types
were grassland, shrubland, savannas and tundra.

2.1.4. Soil Properties

The physical and chemical properties and weathering of rocks can strongly affect
soil properties. Several previous studies have shown that the persistence of C in soil is
associated with soil properties such as mineral types and surface charges. Three forms of
Fe and Al oxides, as well as cation contents, are indicators of the probability of substan-
tial amounts of SOC protected by minerals. These are oxalate-extractable Fe/Al oxides
(Feo + Alo), pyrophosphate-extractable Fe/Al oxides (Fep + Alp) and dithionite-extractable
Fe/Al oxides (Fed + Ald). Feo + Alo were mainly selected for analysis in this study
(nFeo = 385, nAlo = 385). Feo + Alo represent poorly crystalline oxy-hydroxides and organi-
cally complexed Fe/Al oxides, which have a large surface area and high surface activity,
promoting the formation and stability of large agglomerates through cementation [31]. CEC
(nCEC = 237) reflects the ability of the soil to adsorb positive charges at the negative charge
positions on the surface of soil minerals and organic matter, and to form loose electrostatic
bonds. It can affect the stability of soil structure and nutrient availability, affecting the
level of soil fertilizer retention [32]. It is an important soil property affecting the prevalence
of SOC.

http://www.worldclim.org
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2.2. Statistical Analyses

2.2.1. ∆14C in Different Depth Intervals, Density Fractions, and Biomes

First, an analysis of variance (ANOVA) [33] was used to assess differences in soil
radiocarbon abundance ∆14C in varying depth and density fractions (sample size n = 1300).
When the ANOVA test was significant (i.e., p < 0.05), we used multiple comparison (Tukey
test) [34] to determine the difference between any given pair of depth or density fractions.
Next, we followed the same procedure to compare ∆14C among differing soil fractions and
among three forest ecosystems (boreal, temperate, and tropical) in shallow depth (0–30 cm)
(n = 672). Only data from forest ecosystems in shallow depth were selected for the analysis,
due to the low sample size in other biomes and forest ecosystems of high depth.

2.2.2. Relationships of ∆14C with Depth and Climate

We used a linear mixed-effect model (LMM) [35] to explore how soil density fractions
interact with depth and climate factors (MAT and MAP) and influence soil radiocarbon
abundance (n = 1246). In the LMM, the soil profile was used as random factor. When there
were significant interactions between MAT and MAP in determining ∆14C, we divided
MAP into two parts: MAP ≤ 1000 mm yr−1 (drier condition) and MAP > 1000 mm yr−1

(wetter condition). We then performed the LMMs analysis separately and fitted it according
to the results. Note that we did not include soil properties in this analysis, due to the
much smaller sample size of soil properties in the datasets. Rather, the primary aim was
to explore the effects of interactions among depth, fractions and climates on radiocarbon
abundance. Soil properties are included in the analysis below.

2.2.3. Relationships of ∆14C with Soil Properties

The role of soil properties in affecting radiocarbon abundance was then further ex-
plored, using a small subset of the database (n = 291), in the following section. First, forward
elimination was applied to select significant variables among depth, climate, and soil prop-
erties [36]. The threshold was chosen as 0.05, so only variables below that threshold were
selected. The potential predictors included depth, MAT, MAP, Alo, Feo and CEC.

Then, LMM was used to examine the relationships between predictors and radiocarbon
abundance, with biomes as the random factor. To illustrate the relationships, we fitted
a simple linear model to demonstrate the relationship between radiocarbon and the first
selected variable, depth. The selected predictors were then progressively added to the
LMMs, to fit the residuals of the response variable ∆14C after controlling for the depth
effect with the subsequent predictor variables.

3. Results

A total of 113 sampling sites were used in our study, covering eight major biomes
(Figure 1a). Most of the sampling sites (67 out of 113) were in the US and western Europe.
Forty-four sampling sites were temperate forest and nineteen were grassland. There
were only four sites in the tundra and six in boreal forest. The sampling sites spanned a
wide range of climatic conditions, with a MAT of −14–27 ◦C, and a MAP of 0–3800 mm
(Figure 1b). The temperate forest sites were distributed within a narrower range of climatic
conditions, with a MAT of 5–15 ◦C and a MAP of 0–2000 mm. Most of the tropical sites
were warm (MAT > 20 ◦C) and humid (MAP > 2000 mm). The two tropical sites with
the lowest MAT were in coastal regions. The four tundra sites were the coldest and the
driest. The boreal sites were warmer and more humid than the tundra sites. The two cool
grassland sites with the lowest MAT were at high elevation.
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etation types are temperate forest (n = 44), boreal forest (n = 6), tropical forest (n = 13), grassland (n 
= 19), cropland (n = 10), shrubland (n = 4), tundra (n = 4), and savanna (n = 13). The numbers in the 
brackets are sampling sites. In a few cases, there are two vegetation types in one sampling site. (b) 
The radiocarbon measurement points cover the major vegetation types and climatic zones. MAT 
and MAP varied greatly. 

The Δ14C decreased with depth in the three fractions (Figure 2). Δ14C decreased faster 
in the oLF (95%CI of the slope: [−6.91, −5.54]) and the HF (95%CI of the slope: [−5.14, −4.50]) 
than in the fLF (95%CI of the slope: [−3.67, −2.70]) (Figure S1). There were significant in-
teractions between depths and fractions in determining Δ14C. At the shallow depth (0–30 
cm), Δ14C was the largest in the fLF (mean: 49.14 ± 4.69‰) and the lowest in the HF (mean: 
−3.05 ± 4.64‰). The oLF contained 17.81 ± 6.49‰ Δ14C at the shallow depth. However, in 
the deeper soils (30–60 cm and 60–100 cm), Δ14C was the highest in the fLF (−104.79 ± 
21.04‰ at 30–60 cm and −168.44 ± 39.68‰ at 60–100 cm), but there was no difference be-
tween the oLF (−196.62 ± 28.58‰ at 30–60 cm and −429.14 ± 67.53‰ at 60–100 cm) and the 
HF (−168.03 ± 14.91‰ at 30–60 cm and −358.26 ± 29.06‰ at 60–100 cm).  

Figure 1. Global distribution and climatic conditions of the soil sampling sites. (a) The map shows the
geographic location of the soil sampling sites. Vegetation types are color-coded. The eight vegetation
types are temperate forest (n = 44), boreal forest (n = 6), tropical forest (n = 13), grassland (n = 19),
cropland (n = 10), shrubland (n = 4), tundra (n = 4), and savanna (n = 13). The numbers in the brackets
are sampling sites. In a few cases, there are two vegetation types in one sampling site. (b) The
radiocarbon measurement points cover the major vegetation types and climatic zones. MAT and
MAP varied greatly.

The ∆14C decreased with depth in the three fractions (Figure 2). ∆14C decreased
faster in the oLF (95%CI of the slope: [−6.91, −5.54]) and the HF (95%CI of the slope:
[−5.14, −4.50]) than in the fLF (95%CI of the slope: [−3.67, −2.70]). There were significant
interactions between depths and fractions in determining ∆14C. At the shallow depth
(0–30 cm), ∆14C was the largest in the fLF (mean: 49.14 ± 4.69‰) and the lowest in the
HF (mean: −3.05 ± 4.64‰). The oLF contained 17.81 ± 6.49‰ ∆14C at the shallow depth.
However, in the deeper soils (30–60 cm and 60–100 cm), ∆14C was the highest in the fLF
(−104.79 ± 21.04‰ at 30–60 cm and −168.44 ± 39.68‰ at 60–100 cm), but there was
no difference between the oLF (−196.62 ± 28.58‰ at 30–60 cm and −429.14 ± 67.53‰
at 60–100 cm) and the HF (−168.03 ± 14.91‰ at 30–60 cm and −358.26 ± 29.06‰ at
60–100 cm).
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Figure 2. Depth distribution of ∆14C in different carbon fractions. Blue lines indicate the median
values, boxes indicate 1st and 3rd quartiles, whiskers represent 5 and 95% confidence intervals, open
dots are outliers and n represents the sample size for each group. Different letters indicate significant
differences (p < 0.05) between groups. Capital letters indicate the differences between the different
depths of the same fraction. Lowercase letters indicate the differences between different fractions of
the same depth.

There were significant interactions between vegetation types and fractions in determin-
ing ∆14C values at the shallow depth (Figure 3). The difference in ∆14C between fractions
was only significant in the temperate forest, not significant in the boreal and tropical forests.
In the temperate forest, the ∆14C level was higher in the fLF (mean: 58.67 ± 4.66‰) and
lower in the oLF (mean: 23.26 ± 6.25‰) and the HF (mean: 17.65 ± 4.63‰), but showed no
difference between the oLF and the HF. ∆14C in the boreal forests was −28.12 ± 26.43‰ in
the fLF, −67.48 ± 17.26‰ in the oLF and −76.78 ± 22.18‰ in the HF, and ∆14C in the trop-
ical forest was 28.62 ± 35.47‰ in the fLF, 26.84 ± 37.67‰ in the oLF and 24.36 ± 14.68‰
in the HF. In all fractions, ∆14C in the temperate and tropical forest ecosystems was consis-
tently greater than in the boreal forest. However, there was no difference in ∆14C between
temperate and tropical forest.

In addition to soil depth, climatic conditions (i.e., MAT and MAP) also influenced
the variation in ∆14C between the three fractions. The three factors were all important for
interpreting ∆14C while considering the whole soil depth down to one meter (and Table 1).
Together, the three factors accounted for 65.1%, 75.9% and 61.9% of the ∆14C variation in
the fLF, oLF and HF. Soil ∆14C strongly increased with MAT in the three fractions (Table 1),
and ∆14C increased faster in the oLF (95%CI: [6.76, 17.31]) than that in the fLF (95%CI: [7.15,
12.06]) and the HF (95%CI: [5.05, 10.91]). Although MAP showed no significant relationship
with ∆14C in the fLF and oLF, there were significant interactions between MAT and MAP
in determining ∆14C in the HF.
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Figure 3. Comparison of soil ∆14C in the three fractions at 0–30 cm under the three vegetation
types. The vegetation types were boreal forest, temperate forest, and tropical forest. Blue lines
indicate the median values, boxes indicate the 1st and 3rd quartiles, whiskers represent 5% and
95% confidence intervals, open dots are outliers and n represents the sample size for each group.
Different letters indicate significant differences in ∆14C between groups (p < 0.05), and capital letters
indicate differences between different fractions of the same vegetation type. Lowercase letters indicate
differences between different vegetation types of the same fraction. We did not conduct the same
analyses in other biomes and depths due to low sample size.

Table 1. Results of liner mixed-effect model regression for effects of the fractions, depths, and climates
(MAT and MAP) on soil radiocarbon abundance (∆14C). MAT is mean annual temperature. MAP is
mean annual precipitation.

Fraction Property Intercept Coef p

Free light

Depth −2.77 0.00
MAT 9.60 0.00
MAP 0.04 0.06
MAT × MAP 0.00 0.00

Occluded light

Depth −5.00 0.00
MAT 12.04 0.00
MAP 0.04 0.26
MAT × MAP −0.01 0.02

Heavy fraction

Depth −1.46 0.00
MAT 8.00 0.00
MAP 0.07 0.00
MAT × MAP 0.00 0.00

Next, a mixed-effect linear model was used to investigate the climatic regulating
effects on ∆14C in the three fractions at three different depths (Table 2). Depth became a less
important factor for the oLF ∆14C in deep soil (60–100 cm). MAT was a significant factor
accounting for the variation of ∆14C in the fLF and oLF in the shallower depth (0–30 cm
and 30–60 cm), but not in greater depth (60–100 cm). However, MAT was a significant
factor accounting for the variation of ∆14C in the HF at all depths. The interactive effect
between MAT and MAP was significant in the shallower depth (i.e., 0–30 cm and 30–60 cm)
for explaining ∆14C in the oLF, but was always more significant in the deeper soils (i.e.,
30–60 cm and 60–100 cm) in the HF (Figure 4). Generally, we found that ∆14C increased
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with MAT under drier conditions but decreased with MAT under more humid conditions
(Figure 4).

Table 2. Results of linear mixed-effect model regression showing the effects of depths and climates
on the ∆14C level in three fractions at different depths.

Fraction Property Depth (cm) Intercept Coef p

Free light

0–30

Depth −5.00 0.00
MAT 4.93 0.02
MAP −0.01 0.55
MAT × MAP 0.00 0.28

30–60

Depth −4.08 0.03
MAT 14.95 0.00
MAP 0.13 0.10
MAT × MAP −0.01 0.06

60–100

Depth 0.18 0.92
MAT 5.94 0.54
MAP 0.11 0.70
MAT × MAP −0.01 0.77

Occluded light

0–30

Depth −6.81 0.00
MAT 10.80 0.00
MAP 0.02 0.49
MAT × MAP 0.00 0.02

30–60

Depth −6.03 0.04
MAT 22.38 0.02
MAP 0.19 0.18
MAT × MAP −0.03 0.02

60–100

Depth −7.09 0.00
MAT 57.47 0.22
MAP 1.71 0.17
MAT × MAP −0.14 0.18

Heavy fraction

0–30

Depth −5.88 0.00
MAT 5.25 0.00
MAP 0.02 0.30
MAT × MAP 0.00 0.24

30–60

Depth −4.19 0.01
MAT 7.86 0.00
MAP 0.04 0.38
MAT × MAP −0.01 0.01

60–100

Depth −2.60 0.10
MAT 16.29 0.00
MAP 0.23 0.01
MAT × MAP −0.02 0.00

Lastly, LMM was used to investigate the relationships between soil properties and
∆14C in the three fractions, with a much smaller sample size than the above analyses due
to a low availability of data on properties (Figures 5–7). A stepwise regression was used
to reveal that climate was not a significant factor in the analyses. As expected, soil depth
was consistently the dominant factor for interpreting the variation in ∆14C. Soil properties.
rather than climate conditions, were the secondary factors accounting for the remaining
variation in ∆14C. After depth, Alo accounted for 63.5% of the rest of the ∆14C variation
in the fLF (Figure 5) and 35.9% of the remaining ∆14C variation in the oLF (Figure 6), and
CEC accounted for 46.1% of the remaining ∆14C variation in the HF (Figure 7).
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The red and blue solid lines indicate an interaction between MAT and MAP and correspond to the
regression fitting line at MAP ≤ 1000 mm yr−1 and MAP > 1000 mm yr−1.
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4. Discussion

In addition to a depth-dependent decrease in ∆14C, we found that soil carbon fractions
were related with both depths and vegetation types in determining ∆14C in this study. We
also found significant interactions between the two climatic factors, MAT and MAP, in
regulating ∆14C in different soil carbon fractions. Lastly, we showed that soil properties
outweighed climate as factors accounting for the spatial variation of ∆14C in all soil carbon
fractions, using a smaller dataset. Moreover, our analyses suggest that the depth-dependent
decrease in bulk soil ∆14C [30] was at least partly caused by the ∆14C in each of the soil
carbon fractions.

4.1. Interactive Effect of Depth and Soil Carbon Fractions

Depth and soil fractions are important determinants of soil carbon abundance and
persistence [12,30]. In this study, we observed significant interactions between depths
and fractions in determining ∆14C. ∆14C decreased faster in the oLF and the HF than that
in the fLF. In soil profiles, the topsoil is an open system with constant fresh litter inputs.
The fLF has rapid turnover rates due to a lack of mineral protection. This explains why
the oLF and the HF show sharp decreases in soil ∆14C level, with increases of soil depth
compared to the fLF. Furthermore, the input of fresh organic matter decreases with soil
depth, which most strongly affects the fLF [37]. Secondly, as the soil depth increases, the
microbial biomass and the sensitivity of carbon decomposition to temperature gradually
decrease [38], impeding the decomposition processes. This process probably affects the fLF
the most. Thirdly, aggregation and mineral content increase with depth, which provides
strong protection to the oLF and the HF, but not to the fLF [39].

Previous studies have shown that soil radiocarbon abundance decreases with depth,
and different soil fractions have different levels of radiocarbon content [40]. However,
none of the studies have specifically assessed what determines the depth-dependency. Is it
caused by a higher proportion of aggregate and mineral protected carbon at greater depth,
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or because the radiocarbon content also decreases with depth in each soil fraction? Our
results show that radiocarbon depleted with depth in each of the soil fractions, but to a
greater degree in the oLF and the HF. The difference in the ∆14C values of the soil density
fraction suggests that the protective mechanism determines the turnover time. Globally, the
fLF consists of mineral-free particulate organic matters with low to average decomposition
rates [15,16]. This fraction has the highest ∆14C value and the fastest turnover rate, and
climate variables and vegetation types play key roles. The oLF consists of organic matter,
microbes, and mineral particles [25,41]. A lower ∆14C value of this fraction indicates a
longer duration of the organic carbon. This may be due to mineral protection, as the
reduced accessibility of microorganisms and their extracellular enzymes leads to organic
matter retention [42]. The continuous existence of complex and/or condensed aromatic
biomolecules such as charcoal in the oLF makes the fraction of organic carbon more
stable [43,44]. The organic carbon in the HF is derived from microorganisms and adsorbed
on clay minerals to form a mineral–organic complex [45]. Chemical forces such as hydrogen
bonds, intermolecular force and ionic bonds prevent organic carbon decomposition [18],
causing the turnover of this fraction to be slow and the ∆14C value to be low. Therefore, the
oLF and the HF may be more heavily influenced by soil mineral properties.

4.2. Interactive Effect of Vegetation Types and Fractions

In this study, it was observed that the ∆14C value varied among different soil fractions
in temperate forests, with the fLF having the highest value and the oLF and HF having the
lowest values. with no difference shown between the oLF and the HF. It has been found
that in topsoil (0–30 cm), plant carbon input plays a dominant role in ∆14C variation. The
fLF is mainly composed of mineral particle-free organic matter, which has a faster turnover
rate than the other two fractions, resulting in a higher ∆14C value. Additionally, it was
found that the ∆14C value was consistently greater in temperate and tropical forests than in
boreal forests, which may be due to the low plant carbon input in boreal forest ecosystems
and the cold and dry climate that favors the long-term preservation of soil organic matter.
These findings suggest that climatic variables play a critical role in determining the soil
carbon persistence in the topsoil.

4.3. Interactive Effect of MAT and MAP

Globally, climate change determines carbon abundance by affecting its input and
output [46]. This is because climate affects vegetation productivity, driving root growth
and litter production. Temperature and moisture can also influence the catabolic effect of
microorganisms on organic carbon, thus affecting carbon distribution and turnover [23].
In addition, climate factors are also closely related to soil mineral characteristics. Climate
factors can indirectly influence organic carbon dynamics by interacting with soil factors. All
of these interactions can lead to dramatic changes in the soil radiocarbon content [47]. In
conclusion, climate factors and their interactions can have strong effects on the distribution,
turnover, and stability of soil organic carbon [48].

4.3.1. Temperature

Temperature is widely considered to be an important influence on soil carbon persis-
tence. Previous studies have viewed the soil as a whole, noting that short-term temperature
increases promote an exponential increase in microbial enzymatic activity, thus directly
accelerating organic carbon decomposition and mineralization [49]. However, there have
been few studies on how carbon pools respond to temperature changes. We found that soil
∆14C strongly increased with MAT in all three fractions. However, when the temperature
increased, ∆14C increased faster in the oLF than that in the fLF and the HF. This may be
because the increase in temperature causes increased microbial activity inside the aggregate
structure, activating some of the protective mechanisms in the oLF, and the organic carbon
decomposes more easily. When consumed by decomposers, it transforms into a microbial
product and merges into the HF. It also may be the case that recalcitrant substrates have
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a higher sensitivity to temperature, with increased temperatures facilitating the decom-
position of organic matter. Therefore, decomposition in the oLF accelerates faster with
increasing temperature than in the fLF [5].

Additionally, the temperature sensitivity of the carbon pools is different at each depth
layer. When studying the temperature sensitivity of each fraction at differing depth layers,
we found that the regulating effect of MAT on soil ∆14C is associated with depth. Increased
MAT reduced ∆14C in all fractions, but in the topsoil the effect of MAT on ∆14C was most
significant. In contrast, organic carbon in the subsoil is less sensitive to warming, so MAT
has less impact on changes in subsoil ∆14C. Therefore, in the context of global warming,
the temperature increase may not strongly affect carbon reserves and their persistence in
the subsoil.

4.3.2. Moisture

MAP is an important driver of radiocarbon content. Similar to the effects of MAT, the
effects of MAP on ∆14C also varied by depth. Firstly, rainfall can contribute to increased
vegetation productivity, which explains why the topsoil ∆14C values increased with in-
creasing MAP. MAP is even more important for soil carbon persistence in subsoil than in
topsoil [12]. This is because rainfall can transfer young, fresh soluble organic carbon to
deep soil. Rainfall can also help increase the depth of plants’ roots, thus maintaining root
carbon in the subsoil [48]. All of these factors can facilitate the formation of new carbon
pools in the subsoil. Our findings show that in addition to these effects, a moderate increase
in humidity under warm conditions also increases microbial activity and promotes organic
carbon decomposition [3]. This is because water can increase the diffusion of microbial
enzymes and improve the availability of soil organic matter. This could explain why ∆14C
increases with increasing MAP in the case of MAP ≤ 1000 mm yr−1, when moisture is a
limiting factor.

However, greater water availability causes microbial hypoxia, which reduces the rate
of microbial decomposition [5]. Secondly, higher water levels will drive soil weathering
and increase surface area adsorption, and polyvalent cations can dissolve from the upper
soil, accelerating the combination of minerals and organic carbon in the deep soil [50,51].
Furthermore, higher moisture levels result in reduced iron and aluminum, as they cause
them to be oxidized and form a chelating complex of organic carbon with iron or aluminum
ions [52]. These chelating complexes are water-soluble and can move down in the topsoil
in the water and precipitate out into the deep soil. All these factors can improve the
persistence of SOC. This explains why ∆14C decreases with increasing MAP in the case of
MAP > 1000 mm yr−1.

4.4. Interactive Effect of Soil Properties

In addition to vegetation and climatic factors, mineral properties are also important
factors affecting soil carbon persistence [53]. We know that once the organic matter enters
the soil, it undergoes microbial decomposition and reaches a stable state by combining
with the soil mineral particles to form aggregates [54–56]. SOC can be physically protected
by becoming encapsulated in soil aggregates, and it can also be combined with minerals,
thereby increasing the energy required for microbial decomposition and reducing its
decomposition rate [51,54]. Our data show that the ∆14C values decreased with increasing
aluminum oxide content in both the fLF and the oLF. This may be because iron and
aluminum oxides are tightly bound to organic compounds through covalent bonds, forming
organic–mineral complexes, and reducing soil carbon effectiveness, which promotes their
conservation in the soil [57,58]. In addition, the ∆14C value decreased with increasing
polyvalent cation content in the HF. This may be because a polyvalent cation bridge is
formed on the negatively charged mineral surface by the adsorption of polyvalent cations
in the HF, which is critical to explaining the stability of SOC in the HF [18,59]. The strong
adsorption effect can stabilize the soil organic matter, preventing microbial degradation and
leaching [26,60]. However, it remains unknown why different soil properties determine
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radiocarbon abundance in different soil fractions. In summary, soil mineral properties
contribute to soil carbon persistence, significantly associated with the ∆14C values of
each fraction.

5. Conclusions

The determinants of soil carbon persistence vary among different soil density fractions,
and are not influenced by a single factor but co-regulated in different ways. In soil profiles,
soil depth was the primary factor driving ∆14C changes in all carbon pools, and soil carbon
persistence increased with depth. However, ∆14C in the oLF and the HF decreased faster
than in the fLF. This may be due to the effects associated with increased depth, including
the reduced accessibility of microorganisms and their extracellular enzymes to organic
matter with depth. Soil aggregates and mineral content increased with depth, providing
strong “protection” for organic matter in the oLF and the HF. In forest ecosystems, we
found that ∆14C levels varied among different soil fractions, and the ∆14C level in the
fLF was significantly greater than in the oLF and the HF. Moreover, climate variables are
significant determinants of soil carbon persistence. Specifically, MAT had a greater impact
on ∆14C change in topsoil than in the subsoil. There were significant interactions between
MAT and MAP in determining ∆14C. Our findings suggest that the interactive effects of
several factors are important in determining soil carbon persistence.
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