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Modeling the vertical distribution
of soil organic carbon in
temperate forest soils on the basis
of solute transport

Fang Yu, Qiang Liu, Chunnan Fan* and Shuang Li

College of Forestry, Beihua University, Jilin, China

Temperate forests are of pivotal importance in global carbon cycle, as they
currently act as a carbon sink. Moreover, the continued expansion of the forest
provides significant benefits in terms of mitigating climate change. Soil organic
carbon (SOC) constitutes a vital component of the carbon inventory harbored
within forest soils. Thus, understanding the dynamics and distribution of SOC
in temperate forest soils can be essential to better predict the forest SOC
inventories, and can help to provide theoretical basis for further studies in soil
carbon management technologies. Spatial variability of SOC has been studied
extensively, but the mechanism that regulates the vertical pattern of SOC is still
not clear. In the present study, we hypothesized that the vertical pattern of SOC
in temperate forest soils is dominated by the vertical transport of solute in soil,
and a theoretical vertical scaling of SOC was proposed based on percolation
theory. Theoretical range of SOC in the national forests in northeastern China
and the United States were also predicted. The agreement between the observed
SOC profiles and the theoretical scaling supported the hypothesis and suggested
that percolation theory can be applied to depict the vertical distribution of SOC,
while the application could be limited if vegetation cover and soil texture alter
the dominant controlling factor of SOC distribution. The concordance between
empirical data and the predicted range also showed significant potential of
integrating percolation theory into comprehensive models for carbon stock
estimation.
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1. Introduction

Forest soils plays an important and irreplaceable role in global carbon cycle, as soil is the
largest reservoir of terrestrial organic carbon, and more than 40% of soil organic carbon (SOC)
in the terrestrial ecosystem is stored in forest soils (IPCC, 2007). 25% of the world’s forest area
is covered by temperate forest (FAO, 2016), which currently act as a carbon sink of 0.8 Pg year™,
accounting for 34% of total carbon sink in world’s established forests (Pan et al., 2011). According
to the Food and Agriculture Organization, the forest area in temperate forest in north
hemisphere has been expanding (FAO, 2016), providing significant benefits to mitigate global
warming by increasing the uptake of CO,. Thus, understanding the quantity and dynamics of
carbon storage and carbon sequestration in temperate forest is of great importance for climate
change mitigation investigation. The amount of SOC in forest soils depends on the budget
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between the organic matter input from plant remains and the output
through carbon decomposition by soil microbes (Jenny, 1941;
Schlesinger, 1977). Due to the high heterogeneity of soil, there are
uncertainties in SOC stock estimation in forest soils, making it
difficult for quantifying the global carbon storage as well as making
policies to regulate green gas emission for countries. Recent studies
have revealed that the spatial variability of SOC in forest soils can
be affected by climate, vegetation cover, soil properties, and land use
(Jobbagy and Jackson, 2000; Rasmussen et al., 2005; Hao et al., 2015;
Wang et al., 2015), but the vertical distribution of SOC and its
controlling dynamics are still unclear (Jobbagy and Jackson, 2000;
Rumpel and Kogel-Knabner, 2011; Ota et al., 2013). Given the large
amount of SOC stored below the top layer of soil, understanding the
vertical distribution of SOC can be essential for predicting terrestrial
carbon cycling both in short and long-time scales, and for improving
the accuracy of estimating forest SOC inventories.

The vertical pattern of SOC usually demonstrates a strong
gradient. In general, most SOC is retained in topsoil (~20cm) and
declines with soil depth (Kramer et al.,, 2010; Tate et al,, 2011; Hao
et al, 2015). Several mathematical functions that relate to SOC
content (usually in mass percentage) or SOC density have been
proposed to describe the SOC depth profile, including cumulative
and non-cumulative log-log model (e.g., Jobbagy and Jackson, 2000;
Hiederer, 2009), polynomial and exponential-based functions (e.g.,
Hobley et al., 2015; Ottoy et al., 2016) and power-law model (e.g., Li
and Zhao, 2001; Robinson and Benke, 2023), which has been applied
to describe many ecological systems and fractal-like behaviors. The
vertical distribution of SOC is a result of long-term accumulation of
carbon in soil. The primary contributors to SOC are derived from
both above and below-ground biomass, encompassing leaf and root
litter, plant debris, as well as SOC delivered by solute from the upper
soil layers (Neff and Asner, 2001; Froberg et al., 2007; Rumpel and
Kogel-Knabner, 2011). Carbon originating from above-ground
biomass tends to accumulate mainly in the topsoil layer (Froberg
etal., 2007, 2009). SOC in this layer is heavily influenced by climate,
vegetation, and soil texture, resulting in regional disparities of the
overall amount of SOC (Jobbagy and Jackson, 2000). Conversely, in
the subsurface layer of soil, root-derived carbon, and the downward
movement of SOC from the overlying soil above can be significant
carbon sources (Leifeld and KoEgel-Knabner, 2001; Neff and Asner,
2001; Baisden and Parfitt, 2007), which play crucial roles in shaping
the vertical patterns of SOC. In temperate forests, the vertical
transport of solute may have a greater impact on the vertical
distribution of SOC than the influence of root distribution. Firstly, a
significant proportion of root (62% in deciduous and 55% in
evergreen forests) is concentrated in the upper 20 cm of soil (Jobbagy
and Jackson, 2000), and the fine root litter production decreases
dramatically with soil depth (Trumbore et al., 2006). Additionally, it
is suggested that root system in forest is typically constrained within
a two-dimensional network. Prior research has demonstrated that a
two-dimensional mass fractal dimensionality derived from
percolation theory was suitable to describe the relationship between
root biomass and the root radical extent (Hunt, 2017), and
two-dimensional models has proven to be more precise in simulating
the pattern of water uptake by roots compared with one-dimensional
2001). These
interconnected studies indicate that a significant portion of root-

and three-dimensional models (Vrugt et al,

derived carbon is retained in the topsoil. Furthermore, in temperate
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forests, the above-ground allocation of biomass is relatively high, with
a global average root-to-shoot ratio of 0.386 (Qi et al., 2019). As a
result, the carbon input from root litter below the topsoil layer is
likely to contribute only a small fraction to the SOC compared to the
carbon input by solute from above (Gill and Jackson, 2000; Joslin
et al., 2006). The discovery of deeper SOC profiles compared to the
distribution of living roots also emphasizes the utmost importance of
solute transport in the redistribution of SOC within the soil profile
(Jobbagy and Jackson, 2000; Neff and Asner, 2001; Baisden and
Parfitt, 2007; Ota et al., 2013).

Compared with other types of forests, temperate forests are
characterized by a moderate climatic regime that results in less
disturbance from soil frost and the significant soil leaching to the
vertical transport of SOC in soil. Moreover, in the context of the
vertical pattern of SOC, the influence of roots is less significant when
compared to the impact of solute transport (Gill and Jackson, 2000;
Joslin et al., 2006). Therefore, the percolating water as an active agent,
could be a dominant factor that transport and redistributes SOC in
temperate forest soils. Based on such assumption, the vertical pattern
of SOC in temperate forest soils could be described by the vertical
transport of solute. Here, we propose to apply percolation theory, a
recognized approach for the characterization of non-Gaussian
transport phenomena prevalent in natural porous media (e.g.,
Cushman and O’Malley, 2015), to explain and predict the vertical
distribution of SOC within temperate forest soils.

We hypothesized that in temperate forest soils, water percolating
downward in soil is the key factor that redistributes SOC, such that
the vertical distribution of SOC is controlled by the vertical transport
of solute, which can be described by a simple power-law derived
from percolation theory. The proposed theoretical scaling from
percolation theory was examined by published datasets of SOC
depth profiles in temperate forest soils across the world at different
spatial scales, and theoretical predictions of SOC in natural forest
lands within the cool temperate zone in China and the United States
were compared with empirical data to evaluate the application of
percolation theory in describing the vertical distribution of SOC in
temperate forest soils.

2. Materials and methods

2.1. Theoretical framework of percolation
theory

The application of percolation theory for the depiction of solute
transport mechanism in soil is founded on the solute transport theory
derived from the conceptual model advanced by Hunt and Skinner
(2008), which generated a function of solute arrival time distribution
with transport distance in porous media. From the theory, the
transport of solute slows down as it travels, such that the solute
transport time, ¢, does not increase linearly with transport distance, x.
Instead, t increases with x to the power of D, (Lee et al., 1999), with
D, as the fractal dimensionality of percolation backbone that is
described by percolation theory. This power-law formulation has been
observed and confirmed in relevant fields such as the time dependence
of chemical weathering rates and soil production rates in several
studies (Gunnell, 2003; White and Brantley, 2003; Egli et al., 2014)

where solute transport controls the rate of chemical weathering.
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Models derived from the theory have also been successfully applied
and developed to predict soil formation (Yu et al., 2017; Yu and Hunt,
2017, 2018) and the depth of calcic horizon (Hunt and
Ghanbarian, 2016).

The relevance of percolation theory to the vertical distribution of
SOC is that the downward movement of SOC from the surface layer
of soil in temperate forest can be a key factor that redistributes and
controls the vertical pattern of SOC, and that the infiltration of SOC
along the soil profile ultimately traces back to the vertical transport of
solute in soil. As described in percolation theory, the solute transport
time # scales with transport distance, x, in the form of o< x %, and the
value of D, is a given value in percolation theory that only depends on
the moisture condition and the dimension of flow in the medium,
regardless of other properties of the medium. Table 1 summarized the
values of D, in different scenarios. For the application here, since the
percolation of SOC in soil is a wetting process, we considered the
transport of SOC by solute in temperate forest soils as 3D saturated
conditions, where D,=1.87 (Sheppard et al., 1999). There also could
be possibilities of 2D condition, for example, if the vertical transport
of SOC is along a fracture plane, which might be less common in
forest soils.

Thus, in the context of the transport of SOC in temperate forest,
there is,

tOCh1'87 (1)

where ¢ is the transport time of solute, and 4 is the soil depth.
By taking the time derivative of 4, one can obtain the vertical
scaling of delivery rate of SOC, R,,,, with soil depth,

dh -
—=Rsoc xh 087 (2)
dt

If we only consider the downward delivery of SOC from the soil
surface as the dominant source of SOC to the subsurface layer, one can
derive the vertical scaling of SOC concentration, C, with soil
depth as,

Cyoc o ™% or hoe Cyoe 1% 3)

Equation (3) can be rewritten in a more useful form for predicting
SOC at any given h with calibration using information from a
particular study site,

C -1.149 -0.87
{MJ or Csoc(h){hﬁj xCy ()

L
he |G

TABLE 1 Values of fractal dimensionality of percolation backbone (D,)
(from Hunt, 2015).

Dimension and saturated conditions D,
2-D Saturated (random) 1.64
3-D Saturated or wetting (random) 1.87
2-D Unsaturated (invasion) 1.22
3-D Unsaturated or drying (invasion) 1.46
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with C; as a known value of SOC concentration at soil depth A, in
a particular site. Due to the spatial variability of SOC, C, can
be different across sites at a same soil depth h..

To assess the effectiveness of percolation theory in describing and
explaining the vertical pattern of SOC in temperate forest soils,
theoretical scaling relationship between SOC concentration and soil
depth described by Equation (3) were compared with empirical data
sampling in temperate forests obtained from various sources,
including published literature and publicly available datasets.
Predictions of SOC depth profiles with Equation (4) were also
compared with field data to evaluate the model.

2.2. Data sources and analysis

The analysis presented here is based on several published datasets
to examine the viability of percolation theory for modeling the
vertical distribution of SOC in temperate forests across multiple
scales, including plot-scale, national-scale and global-scale analysis.
Data sources (Table 2) include the summarized results of 3 global soil
datasets from Jobbdgy and Jackson (2000), national soil dataset from
The Second National Soil Survey (SNSS) of China (National Soil
Survey Office, 1998), soil characterization dataset from National
Cooperative Soil Survey (NCSS) of the United States (National
Cooperative Soil Survey, 2023), summarized results of national forest
soils of France from Soucémarianadin et al. (2018), dataset of forest
soils in northeastern China from Liu et al. (2016), and published soil
profiles from 9 individual studies. SOC depth profiles obtained from
these multiple datasets at varying scales were fitted with power-law
function, and the degree of concordance between the scaling
exponents resulting from the analysis and the theoretical exponent
posited by percolation theory were examined to evaluate Equation
(3). Due to the potential influence of root distribution on the vertical
distribution of SOC in the surface layer of soil, the presence of carbon
disturbances derived from roots within this layer can potentially
disrupt the vertical pattern predicted by percolation theory,
particularly for datasets containing multiple data points in the
topsoil. To mitigate the impact of roots in the analysis of such
datasets, a single data point representing the average value of all
points within the 0-20 cm soil layer is selected and retained in the
topsoil for these datasets. Although there may be some uncertainty
introduced by simply taking the average of all points in the topsoil,
as the change in SOC is not linear, using the averaging method is
consistent with the conventional approach used for measuring
field data.

For examination in scales larger than plot-scale, data from NCSS
and SNSS were used and grouped by nation or province to assess the
applicability of percolation theory. It is worth noting that aggregating
data from multiple sites within the same region may result in scatter
in the SOC concentration at a given soil depth. This occurrence can
be attributed to the high spatial variability of SOC levels across
different sites, and such variation has the potential to impact the
outcomes of fitting the dataset using a single power-law regression.
Therefore, we adopted two steps to enable the comparative analysis
between the theoretical scaling and the power-law resulting from the
field data. First, the sampling region were limited within the cool
temperate region to minimize any potential influence from climate.
Specifically, only data from SNSS and NCSS that were obtained within
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TABLE 2 Details of data sources and extracted exponents of power-law functions.

10.3389/ffgc.2023.1228145

Dataset Site Location Soil type N Exponent® R? Source
Published Xiaoxingan Mt. | 47.08-48.27N, 128.20-129.25 E Haplic Luvisols 60 —1.188 0.977 Wei et al. (2013)
study Changbai Mt. | 42.42-42.65N, 127.75-128.00 E Haplic Luvisols 55 —0.94 0.9319
Ziwu Mt. 35.05-36.62N, 108.17-109.13 E Luvisols 36 —1.231 0.9764 Yang et al. (2010)
Hailun 47.43N, 126.63 E Haplic Luvisols 9 —1.049 0.8843 Hao et al. (2015)
Luya Mt. 38.6-39.0N, 111.77-112.9 E Luvisols 5 —1.174 0.9329 Wu et al. (2011)
Taiyue Mt. 36.34-37.01N, 111.98-112.54 E Luvisols 9 —1.109 0.9347 Wang et al. (2013)
Seoul 37.55N, 127.04 E Entisol 36 —1.01 0.9465 Bae and Ryu (2015)
North Wales 53.23N, 4.02W Inceptisols 48 —1.155 0.9838 Ahmed et al. (2016)
Oregon 44.11N, 122.18W Inceptisols 4 —1.146 0.9609 Spycher et al. (1983)
SNSS¢ Heilongjiang 43.43-53.55N, 121.18-135.08 E Haplic Luvisols 8 —1.054 0.6165 National Soil Survey
Albic-Boric Luvisols 4 ~0.889 06273 Office (1995)
Inceptisols 3 —0.599 0.1675
Albic Luvisols 2 —1.238 0.87
Jilin 40.83-46.32N, 121.63-131.32 E Haplic Luvisols 2 -1.15 0.6031
Liaoning 38.72-43.43N, 118.88-125.77 E Luvisols 8 —1.288 0.8331
Shanxi 34.57-40.73N, 110.23-114.55 E Luvisols 4 —-1.323 0.5233
Shaanxi 31.70-39.58E, 105.48-111.25 E Semi-Luvisols 3 -1.199 0.9821
Gansu 32.18-42.95N, 92.2-108.77 E Luvisols 3 —0.982 0.6269
Haplic Luvisols 2 —0.882 0.9017
Semi-Luvisols 3 -1.767 0.7475
China Cool temperate zone NA 42 —-1.107 0.816
China Mainland of China NA 155-328 —1.105 0.5391 Wang et al. (2004)
France 53 permanent forests NA 265 -119 0.9886 Soucémarianadin et al.
(2018)
China Northeastern China NA 40 sites NA NA Liu et al. (2016)
NCSS¢ USA Western USA NA 71 —1.046 0.8286
NSCD, WISD, | Global Temperate deciduous NA 60 —1.103 0.9866 | Jobbagy and Jackson
CES* Temperate evergreen NA 123 —1.126 0.9911 (2000)
Global forest NA 896 —-1.115 0.9954
Tropical deciduous NA 29 —2.127 0.9737
Tropical evergreen NA 36 —-1.377 0.9805
Boreal NA 648 —0.995 0.9679
Shrublands NA NA —2.127 0.9686
Grasslands NA NA —1.347 0.9692

*Quantity of soil profiles.

"The exponent obtained through fitting the dataset with a power-law function.
Second National Soil Survey of China.

“National Cooperative Soil Survey of the United States.

“National Soil Characterization Database produced by the U.S. Department of Agriculture, World Inventory of Soil Emission Potential Database, and the Canadian Forest Service.

this climatic zone in China and the United States were included in the
analysis. Next, the data aggregated within each region were subjected
to a normalization procedure based on soil depth. This step was
deemed necessary since soils were sampled according to pedogenetic
horizons, rather than sampling at regular depth increments in both
datasets. The method of data normalization involves grouping soil
profiles from the same region according to soil depth increments
(0-20, 20-25, 25-30, 30-40, 40-50, 50-60, 60-70, 70-80, 80-100,

Frontiers in Forests and Global Change

100-120, 120-140, 140-160,160-180, 180-220, unit in centimeter).
The wider soil interval in the initial increment is intentionally chosen
to ensure that only a single data point representing the top 20 cm soil
layer is retained. The mean value of SOC was then calculated for each
group, and the midpoint of each soil depth increment is used as the
corresponding depth for that group. The normalized datasets of SOC
depth profile were then fitted with power-law and compared with the
theoretical scaling.
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2.2.1. Plot-scale examination

The analysis was conducted on published data from various
locations, including Xiaoxing’an Mountains and Changbai Mountains
(Wei et al., 2013), Hailun (Hao et al., 2015), Ziwu Mountain (Yang
etal, 2010), Taiyue Mountain (Wang et al., 2013), and Luya Mountain
(Wuetal, 2011) in north China. Additionally, data from Seoul, South
Korea (Bae and Ryu, 2015), North Wales, UK (Ahmed et al., 2016),
and Willamette National Forest in Oregon, USA (Spycher et al., 1983)
were also analyzed. For all studies referenced here, soil samples were
collected by depth increments. The mean values of SOC across
multiple plots within each study were graphed against soil depth, and
subsequently modeled using a power-law regression function. The
resulting power-law exponents were then compared with Equation (3).

2.2.2. National-scale examination

Data analysis was conducted at the provincial scale in China, and
subsequently extended to the national level in China and the
United States. 42 out of 2,473 soil profiles from SNSS of China were
selected based on location (provinces located within the cool
temperate zone) and land use. Data from 7 provinces including
Heilongjiang, Jilin, Liaoning, Inner Mongolia, Gansu, Shanxi, and
Shaanxi with tree cover were selected and grouped by province. To
reduce the influence of soil texture, soils within distinct soil pedons
from the same province were partitioned into subgroups. In order to
minimize potential effects from roots, when multiple data points were
present within the top 20 cm of each soil profile, averaged SOC values
and their corresponding depths were assigned. Data were then fitted
with power-law in each group to examine the application of the
proposed method at province level. For evaluation in national scale,
data from the same source, i.e., SNSS, were combined into a single
dataset. In addition, data obtained from the NCSS in the United States
were used for analysis. NCSS provides soil profiles of national forests
system lands in the United States, and soils located in the cool
temperate zone with tree cover as the primary earth cover were
selected for data analysis. The normalization method was applied to
both datasets in order to compare with the theoretical scaling. Result
from Wang et al. (2004) that summarized the vertical distribution of
SOC across all types of forest in mainland China based on SNSS and
the summarized result of 53 national permanent forests in France
(Soucémarianadin etal., 2018) was also presented here for comparison.

2.2.3. Global-scale examination

Jobbagy and Jackson (2000) analyzed 3 global datasets (National
Soil Characterization Database produced by the U.S. Department of
Agriculture, World Inventory of Soil Emission Potential Database, and
the Canadian Forest Service) of SOC profiles across the world. For
global-scale examination, the summarized results of vertical
distribution of SOC in temperate deciduous forest, temperate
evergreen forest, and in global forest across all types of forest were
referenced here for analysis.

2.2.4. Predictions of the vertical distribution of
SOC

The vertical distribution of SOC in temperate forest soils can
be predicted using Equation (4), with the given values of C, and A, for
a particular site under consideration. To assess the efficacy of the
model, we set C, and A, values based on published results of SOC (Liu
etal, 2016; Domke etal,, 2017) and compare the predictive outcomes
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with SOC in two cool temperate regions: forest soils in northeastern
China [digitized from Liu et al, 2016] and the NCSS data of
USA. Domke et al. (2017) analyzed the top layer of soil (0 to 20.32 cm)
of 3,636 soil profiles in the USA from National Forest Inventory
(NFI), resulting minimum SOC,;=1.00Mg/ha, maximum
SOC,.0x=524 Mg/ha, and mean SOC,,, = 54.00 Mg/ha. The values were
converted to mass percentage for Equation (4) using a bulk density of
1.2g/cm’ (Liu et al., 2013) and a soil thickness of 0.2032 m to calculate
the lowest (Ci,,)=0.043%), highest (C,y,=24.18%) and the mean
concentration of SOC (Cy,y=2.30%) at h,=0.1016m (half of
0.2032m). For prediction in northeastern China, we set
SOC,,,=1.60Mg/ha, maximum SOC,,,=339Mg/ha, and mean
SOC,,.=54.7 Mg/ha with a corresponding depth ,=0.125m based on
the analysis of 348 soil profiles in forest soils of east China from Liu
etal. (2016). Similar calculations were performed using a soil thickness
of 0.25m and a bulk density of 0.88 g/cm’, also based on the findings
of Liu et al. (2016), to determine the SOC content in mass percentage,
resulting in Cigy,)=0.073%, Cogigny=15.41%, and Cy,e)=2.49%. The
calculated values of SOC in mass percentage were used to predict the
upper and lower limits as well as the most likely vertical distribution
of SOC in forest soils in the cool temperate region of China and
the USA.

3. Results

Plot-scale analysis in the 9 study sites (Figure 1) fitted well with
power-law function, with variation of SOC across the same soil depth
among sites. The discrepancies between the extracted exponents
(Figure 1 and Table 2) and the predicted power (—1.149) range
between 3 and 18%. Such agreement along with the high values of
regression coefficient indicated that vertical distribution of SOC in
temperate forest soil in plot-scale can be described using power-law,
and the extracted exponents were close to the theoretical value
predicted from percolation theory. The scatter in Hailun could
be caused by the limited quantity of soil profiles compared with the
other 3 sites.

For evaluation at province level, only SOC depth profiles in typical
soil pedons of each province were depicted in Figure 2, while the
remaining findings were presented in Table 2. Most of the fitted
exponents were close to —1.149, with inceptisols (—0.599) in
Heilongjiang Province, and the semi-luvisols (—1.767) in Gansu
Province showed large discrepancies compared with the theoretical
scaling, which might be caused by the impact from vegetation cover.
By examining the vegetation cover, we found that all 3 profiles of the
inceptisols in Heilongjiang and 2 out of 3 profiles of the semi-luvisols
in Gansu were dominated by grass and trees. Due to the higher relative
below-ground biomass of grass compared to trees and the faster
decomposition rate of grass roots, the below-ground carbon input
from grass roots may be as influential as the carbon derived from the
overlying soil layer. Consequently, both the downward movement of
SOC from above and the carbon input derived from grass roots can
affect the vertical distribution of SOC. Most of the R* were not as good
as results from the plot-scale examination. Due to grouping of data
from diverse sites using location and soil pedon as basis, some degree
of variability attributed to site-related factors such as climate and
vegetation cover could cause scatter at a given soil depth across sites,
despite the location was confined within a single province. The
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FIGURE 1

lines and equations represent the fitted power-law.

Plot-scale analysis on the vertical distribution of SOC in Xiaoxing'an Mountain (XAM, Wei et al., 2013), Changbai Mountain (CBM, Wei et al., 2013), Ziwu
Mountain (ZWM, Yang et al,, 2010), Hailun (HL, Hao et al., 2015), Luya Mountain (LYM, Wu et al., 2011), Taiyue Mountain (Wang et al.,, 2013) in north
China, Seoul, South Korea (Bae and Ryu, 2015), North Wales, UK (Ahmed et al., 2016) and Oregon, USA (Spycher et al,, 1983) on log-log scale. Dash
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FIGURE 2

Vertical distribution of SOC on province level in cool temperate zone in China. Dash line “Power (ALL)" represents the fitted power-law to all data
aggregated as a whole dataset (data normalization was applied before fitting the data with power-law).

analysis in national-scale by fitting the power-law function to the
normalized data (all 42 data in China) yielded a power exponent of
—1.107 (dash line in Figure 2) compared with —1.149. Although the
degree of discrepancy observed at province level is not insignificant,
it is important to note that the limited count of soil profiles sampled
may not be adequate to effectively mitigate the influence of scatter
resulting from site variance.

Figure 3 presents the examination in national and global scales.
The national level analysis was conducted on the results of 265 soil
profiles from 53 national forests in France, the normalized data of 71
soil profiles from NCSS of the United States, and 42 soil profiles from
SNSS, China. The summarized result of SOC profiles covering all
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types of forests from SNSS of China published by Wang et al. (2004)
were also depicted in the figure for comparison. At the global scale,
the summarized results of SOC in temperate deciduous forest,
temperate evergreen forest and global forest based on the 3 global
datasets from Jobbdgy and Jackson (2000) were adopted for evaluation.
The discrepancies were less than 6.4% between the resulted exponents
(Table 2) and the theoretical value of —1.149. Here, the slight difference
between the extracted exponents from our data analysis (—1.107) and
from Wang et al. (2004) (—1.105) based on data from the same source
of SNSS could be caused by the difference in the coverage of data for
analysis and the normalization methods when converting SOC data
from pedogenetic horizons to depth increments. Wang et al. (2004)
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covered all types of forests in China including boreal forests, temperate
forests, subtropical and tropical forests, while SOC data was confined
within the cool temperate zone in this study.

Prediction of the vertical distribution of SOC in the cool
temperate region in China and the United States using Equation (4)
from percolation theory is presented in Figures 4A,B. With the
exception of 7 data points, the majority of field data from northeastern
China fell within the predicted range of SOC, as depicted by the upper
(dashed line in Figure 4A) and lower (dotted line in Figure 4A) bound
estimates. It is important to note that the 7 data points exhibited
higher SOC levels in comparison to other soils at the same depth.
Consequently, this resulted in significant disparities between the
normalized outcome and the optimal prediction (solid line in
Figure 4A) based on the mean value of SOC,,,, = 54.7 Mg/ha. The
NCSS data were well-bounded by the predicted SOC range, with
the exception of one data point that slightly deviates from prediction.
The best prediction was close to but lower than the normalized result
of NCSS. Overall, the predicted range of SOC confined the field data
well, with some discrepancies between the best prediction and
normalized data, while both the estimations of C, and h, in Equation
(4), and the normalization method can affect the precision of the
prediction. Thus, the outcomes demonstrated in Figure 4 exhibit
promising potential for utilizing the proposed method to predict the
vertical distribution of SOC if more information of soil properties in
a particular site is available.

4. Discussion

Examination on fitting the SOC depth profile using power-law
function at different spatial scales resulted high values of regression

10.3389/ffgc.2023.1228145

coefficients, suggesting that a simple power-law model is adequate to
represent the depth profile of SOC in temperate forest soils, which are
consistent with previous studies by others (e.g., Yang et al., 2010;
Robinson and Benke, 2023). The extracted exponents were close to the
theoretical scaling power of —1.149 predicted from percolation theory
in most cases. There was apparent variation of SOC at equivalent soil
depth across sites caused by the spatial variability of SOC, but the
vertical scaling remained unaffected. Moreover, the analysis conducted
at different scales suggested that the greater the number of soil profiles
and the larger the spatial scale considered in the study, the greater the
agreement between the results obtained and the predicted scaling.
Therefore, percolation theory can be applied to describe the vertical
distribution of SOC in temperate forest soils at different scales.
However, it is essential to note that we only utilized a single data point
in the top 20cm of soil to reduce the potential influence of roots
distribution on the vertical distribution of SOC. Therefore, further
research is required to investigate the impact of roots on the
applicability of percolation theory in topsoil. Additionally, the
favorable results obtained from the application of percolation theory
further reinforce the hypothesis that the vertical pattern of SOC in the
subsurface layer of forest soils is primarily controlled by the vertical
transport of solute in soil.

The quantity and distribution of SOC can be influenced by other
factors such as climate, vegetation, and soil texture. On global scale,
the total amount of SOC in the first meter of soil exhibits significant
correlation with climate and clay content, indicating that these factors
have a significant impact on SOC levels. However, their impact on the
vertical distribution of SOC is limited and may be eclipsed by the
influence from plant allocation (Jobbagy and Jackson, 2000). The
vertical pattern of SOC showed a strong correlation with different
vegetation types, as the allocation of above and below-ground biomass
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FIGURE 3
Vertical distribution of SOC in national and global scales. “China” and "NCSS" are the normalized data within cool temperate zone in China and the
USA, “"China-all” is the summarized results from Wang et al. (2004) of all types of forest in China, "global-deciduous,” “global evergreen” and “global-all”
are global results from Jobbagy and Jackson (2000) of temperate deciduous, temperate evergreen forests and all types of forest. The last four datasets
were graphed on the second axis because the unit of SOC were in proportional percentage that was calculated as the ratio of SOC in each depth
increment to the total SOC in the first meter. Number in the parentheses indicates the quantity of soil profiles covered in each dataset.
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Comparison between prediction and observed data in panel (A) northeastern China, (B) NCSS, USA. Norm. represent the data after normalization.

and the vertical extent of root profile can create distinct imprints on
the SOC distribution (Jobbdgy and Jackson, 2000). In situations where
there is a high below-ground biomass or deep root profiles, the
additional carbon contributed by the roots becomes an important
source of SOC in the subsurface layer. This has a significant impact on
the distribution and redistribution of SOC. Although a slight
correlation was observed between climate and the relative distribution
of SOC with depth, it was suggested that it might be the vegetation
type that directly determines the relative distribution of SOC along
precipitation gradient (Jobbdgy and Jackson, 2000). Therefore, among
climate, vegetation and soil texture, vegetation type appears to be the
most influential factor to the vertical distribution of SOC. This is
because vegetation type can alter the primary controlling factors of
SOC distribution and redistribution and limit the application of
percolation theory within temperate forests. For example, carbon
input from the decomposition of root might reshape the vertical
scaling of SOC in grasslands and shrublands where the relative below-
ground biomass are higher than that in the forests. Such effect can
be more pronounced in shrublands having deeper root system than
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grasslands. Although forests have deeper roots than grasses, the higher
allocation above ground in temperate forests leads to shallower carbon
profiles than temperate grasslands do (Jobbdgy and Jackson, 2000),
indicating a less imprint on SOC distribution from roots in temperate
forests. Such impact can be reflected on the scaling of SOC depth
profile. When utilizing power-law fitting to analyze SOC depth
profiles, the degree of deviation of the extracted exponent from the
theoretical scaling will correspond with the strength of the root
system’s influence. Figure 2 in Jobbagy and Jackson (2000) summarized
the global averaged vertical pattern of SOC in grasslands, shrublands
and forests, and the extracted exponents were —1.347 in grasslands,
—2.127 in shrublands, and —1.105 in forests (Table 2).

The vertical patterns of SOC in other types of forest also exhibited
dissimilarities compared with those observed in temperate forest. As
shown in Table 2, the resulted exponents in global boreal forest,
tropical deciduous forest and tropical evergreen forest based on
summarized results from Jobbagy and Jackson (2000) were —0.995,
—2.127 and —1.337. Similar results were observed in a study depicting
SOC distributions in subtropical and tropical forests of China based
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on the same data source from SNSS (Li and Zhao, 2001). The higher
degree of disturbance to hydrological processes in boreal and tropical
forests, such as soil frost and intensive rainfall, could be the main
cause of this phenomenon. However, when all forest types are
considered as a collective, the vertical distribution of SOC exhibits a
scaling pattern that is consistent with the theoretical prediction, as
shown (Figure 3) in the analysis based on data covering all types forest
of China from Wang et al. (2004) and the summarized results of global
forest from Jobbdgy and Jackson (2000).

For evaluation of Equation (4), certain disparities were identified
between the predicted values and field data in northeastern China. It
is noteworthy that the data points that are out of the predicted range
displayed notably higher SOC levels when compared to other soils at
the corresponding depth. It is crucial to acknowledge that the dataset
encompasses some soil samples collected from the northernmost
region of China, characterized by the prevalence of boreal forests.
Hence, it is plausible to suggest that these data points may correspond
to soils associated with boreal forests. Overall, the agreement between
the predicted range and the empirical data from northeastern China
and NCSS in the United States in Figure 4 with estimated parameters
demonstrated the pronounced potential to apply percolation theory
to predicted SOC depth profile and it may contribute as an input to
other comprehensive SOC models to estimate SOC storage in
temperate forest soils.

5. Conclusion

The hypothesis that the vertical pattern of SOC in the subsurface
layer of temperate forest soils is primarily controlled by the vertical
transport of solute which can be described by percolation theory was
supported by the agreement between the observed vertical
distribution of SOC and the theoretical scaling. However, a
comprehensive exploration of how root distribution affects the
accuracy of applying percolation theory may still be necessary and
requires further investigation. Moreover, vegetation cover and
disturbance of hydrological processes can limit the application of
percolation theory by altering the controlling factor of carbon source
to the subsurface layer of soil or by affecting the vertical transport of
solute. Overall, the predicted scaling of percolation theory and the
predicted range of SOC depth profiles with estimated site parameters
agreed well with field data. Therefore, percolation theory presented a
promising method to describe the vertical distribution of SOC in
temperate forests, and it showed significant potential for integration
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