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Abstract: (1) Background: The preservation of soil organic carbon (SOC) by soil aggregates (SA)
is a key mechanism for the stability of the soil carbon (C) pool. (2) Methods: Soil samples were
collected at a 0–20 cm depth from 75 sites across the forest regions of the Greater Khingan Mountains,
China, and were fractionated as SA of 0.25–2 mm, 0.053–0.25 mm, and <0.053 mm by a wet-sieving
method. The spatial patterns of SA and associated organic C (OC) were investigated, as well as their
associations with environmental factors. (3) Results: The predominant SA was the SA fraction (SAF)
of 0.25–2 mm. The spatial pattern of SA, with moderate spatial autocorrelation, was found to be
associated with aggregate size. SOC was mainly accumulated in the 0.25–2 mm SAF, accounting for
50.39% of the total content of aggregate SOC; the total SOC content in all SAF showed strong spatial
autocorrelations without significant differences. No significant correlations were found between
temperature and SA variables. Precipitation presented significantly positive and negative correlations
with the SAF of <0.053 mm and 0.053–0.25 mm, respectively. SOC was favorably associated with
macroaggregate, geometric mean diameter (GMD), and mean weight diameter (MWD); however,
the correlation between SOC and aggregate SOC lessened as particle size decreased. The aggregate
SOC contents were significantly linked with NH4

+-N, AK, and TP, while 0.25–2 mm SA content was
negatively related with pH. (4) Conclusions: Precipitation was helpful for the development of clay
aggregates (<0.053 mm), i.e., increasing rainfall-induced aggregate disruption. SOC encourages small
SA cementing to large SA, which improves SA stability. OC associated with the SAF of 0.25–2 mm
and 0.053–0.25 mm was positively correlated with soil nutrients such as nitrogen, phosphorus,
and potassium, suggesting that the formation of aggregates was conducive to the preservation of
soil nutrients.

Keywords: Greater Khingan Mountains; forest soils; soil aggregates; soil organic carbon; spatial
variation

1. Introduction

Forest soils account for the largest carbon (C) pool in the terrestrial ecosystem [1].
Its weak variation will cause an increase or decrease in atmospheric CO2 concentration,
which is vital in regulating the dynamic change in global C [2–4]. As a result of climate
change, the elevation of soil organic C (SOC) sequestration has gained more and more
attention because it is considered an effective approach for reducing CO2 concentrations in
the atmosphere [5,6]. Mineral particles and soil organic matter (SOM) condense and cement
to form aggregates, which are soil structural units [7]. The SOC protected in aggregates
is closely associated with the soil C pool [8]. It is reported that different soil aggregate
fractions (SAFs) are presumed to be key for nutrient provision, preservation [9,10], and
inherently C storage [6,11]. For instance, organic C (OC) is stored more efficiently in large
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soil aggregates (SA) [12]. The OC stability in SA depends on the particle size due to the
diverse protective mechanisms of SA against OC. Accordingly, the C pattern in SA is a key
to understanding the dynamics of SOM, as well as the role of OC in SA stability [13].

In recent years, the characteristics of SA and associated OC in various forest types [7,14,15]
and land use types [16–18] have been widely studied. Land use types may reorganize and
redistribute nutrients in SA through influencing soil structure and microbial activities, plant
litter species, amount, and residue [19]. The effects of different forest types on SA are mainly
reflected in the fraction with large grain sizes [20]. Additionally, soil features, environmen-
tal conditions, and human actions can also influence the SA formation [21]. Long-term
nitrogen (N), phosphorus (P), and potassium (K) fertilization are reported to enhance soil
stability and aggregation, as well as the stock and mineralization of aggregate-associated
OC [22]. On the other hand, SA contains abundant C, N, P, and K [23], whose availability
is associated with the size of SA [24]. The nutrients, especially C and N, can shape the
bacterial community structure under the SA level [23,25]. The pivotal role of SA nutrient
heterogeneity (C, N, P, and K) regulates the soil microbial community and biodiversity [26],
and further impacts microbial functional processes [23]. The aforementioned studies on
SA were mostly performed in small-scale areas, while the importance and effect of SA at
the ecosystem scale is almost unknown. Generally, a significant spatial heterogeneity of
SAF is always observed at various scales [27]. Macro-scale research is needed to reveal the
spatial patterns and internal driving mechanisms of SA, which will help us to understand
the formations and stability mechanisms of SA in depth [28]. In addition, forest scientific
management also requires a comprehensive understanding of the environmental factors
influencing SA spatial variation.

The Greater Khingan Mountains are the largest original forest area in China. They
are a key base of forestry and C storage, as well as a national natural ecological security
barrier in northern China. The Natural Forest Protection project was launched from 1999 to
protect and restore the forest ecosystem in the Greater Khingan Mountains, where studies
have been carried out on SA related to forest vegetation types [29], land use types [30],
restoration approaches [31], and fire density [32]. However, these works focus on local
areas of small scale. Accordingly, it is hypothesized that there should be differences in SA
spatial patterns at a whole forest region scale; the heterogeneity would be associated with
the soil physicochemical properties (pH, particle size, and stability), nutrient content (C,
N, P, and K), and environmental conditions such as temperature and precipitation. Our
objectives were to (1) investigate the spatial variations in SAF and associated OC content
at a whole forest region scale, and (2) explore the associations of SA and aggregate SOC
with environmental factors. This work is helpful for forest scientific management and the
elevation of forest ecosystem services.

2. Materials and Methods
2.1. Study Area

The research was carried out in the Greater Khingan Mountains forest region in
northeast China (43◦ N~53◦30′ N, 117◦20′ E~126◦ E). It spans 1400 km in length, 200 km
in width, and 1100–1400 m in altitude. The Greater Khingan Mountains are higher in the
west and lower in the east, with a northeast-southwest facing. They are characterized by
steep and shallow mountain terrain. The weather is cold in the winter and warm in the
summer, with significant temperature variation between day and night. The annual average
temperature is −2.8 ◦C, the frost-free period is 90–110 d, and the annual precipitation is
500 mm. This mountain region has a continental monsoon climate of the cold temperate
zone. Larix gmelinii, Populus davidiana, Betula platyphylla, Quercus mongolica, Pinus sylvestris,
and other tree species are common. Brown coniferous forest, dark brown, gray-black,
swamp, and meadow soils are the most typical soil types.
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2.2. Site Setting and Soil Sampling

In July 2017, 75 sample sites were set in the Greater Khingan Mountains (Figure 1).
Three soil samples (0–20 cm) were obtained from each site after the surface litter was
removed for lab examination.
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2.3. Laboratory Analysis

The soil samples were brought to the lab, where they were cleansed of plant residues
and pebbles before being naturally dried to measure soil indices. Available phosphorus
(AP), rapidly available potassium (AK), and ammonium nitrogen (NH4

+-N) were measured
using a universal extract-colorimetric method (NY/T 1849–2010). Total phosphorus (TP)
was measured using perchloric acid digestion-Mo-Sb anti spectrophotometric method [33],
and pH was measured using a pH meter with a soil/water mass ratio of 1:5 (w/v).

According to Six et al. [34] and Elliott [35], undisturbed soil samples were gently
passed through a 2 mm sieve, air-dried, and a 100 g subsample was separated using
a wet-sieving method. Each soil sample was isolated into three fractions: 0.25–2 mm,
0.053–0.25 mm, and <0.053 mm SA. To obtain proportions relative to bulk soil, all three
fractions were oven-dried at 60 ◦C and weighed. A TOC elemental analyzer was used to
determine the content of OC in SAF (SHIMADZU TOC-V CPH, Kyoto, Japan).

2.4. Data Calculation and Statistical Analysis

The temperature and precipitation data of each sample sites were collected from the
ClimateAP model’s website (http://climateap.net/, accessed on 15 January 2020). The
mean annual air temperature (MAT) and mean annual precipitation (MAP) were the mean
values from 2001 to 2010.

To quantify the stability of SA, the geometric mean diameter (GMD), mean weight
diameter (MWD), and fractal dimension (D) were chosen [36,37] and calculated by the
following formulas:

GMD = exp(∑n
i=1 Wi ln Xi), (1)

MWD = ∑n
i=1 WiXi, (2)

W(r<xi)

W0
=

⌈
Xi

Xmax

⌉3−D

, (3)

http://climateap.net/
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where Xi represents the mean diameter (mm) of the ith SA (it is 1.125, 0.1515, and 0.0265
mm, respectively, here), Wi represents the weight (%) of the ith SA, W(r<xi)

represents
the SA weight (g) smaller than the ith SA, Xmax represents the average diameter of the
maximum particle size (mm), and W0 represents the total weight (g) of the soil sample.

The spatial features of SAF and associated OC in the Greater Khingan Mountains were
investigated using the Kriging method, which was on the basis of semivariogram fitting
parameters and theoretical models. The semivariogram is a technique for identifying the
spatial autocorrelation of samples and is often called a spatial variogram. The distance
between each point helps determine the semivariance value between them (Formula (4)).
The semivariance graphic can be constructed using the sample interval h (X-axis) and the
semivariogram γ (h) (Y-axis).

γ(h) = 1/2N(h)×∑N(h)
i=1 [Z(xi)− Z(xi + h)]2, (4)

where Z (xi + h) and Z (xi) represent observed Z (x) at the positions of xi + H and xi, re-
spectively; N (h) represents sample size with interval h. Range, sill, and nugget are key
parameters in the semivariogram, which are represented by A, C0 + C, and C0, respec-
tively, and can determine the spatial variations and spatial correlations of regionalized
variables [38].

The significance of variations in SAF and associated OC levels was tested using
ANOVA. The redundancy analysis (RDA) and Pearson correlation analysis were employed
to investigate the correlations between SA and other indicators. Figures were drawn in GS+
9.0 (Plainwell, MI, USA), Canoco 4.5 (Biometris-Plant Research International, Wageningen,
The Netherlands), and Origin Pro2019 (Originlab Corp., Northampton, MA, USA).

3. Results
3.1. Descriptive Statistics of SAF and Aggregate SOC

The 0.25–2 mm SAF accounted for the highest proportion of 46.14% in soils from the
Greater Khingan Mountains, followed by the <0.053 mm (27.72%) and the 0.053–0.25 mm
SAF (26.14%) (Figure 2). The variance coefficient of all SAF ranged from 27.20% to 37.70%.
In the studied area, the average GMD, MWD, and D were 0.25 mm, 0.57 mm and 2.65,
respectively (Figure 3). For aggregate SOC contents, the 0.25–2 mm SAF was the main
component in soils from the Greater Khingan Mountains (19.84 g kg−1, 50.39%), while the
0.053–0.25 mm SAF was the lowest (7.29 g kg−1, 18.33%) (Figure 4).
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Figure 5 shows the relationships between SAF and their stability. There were significant
negative correlations between the SAF of 0.25–2 mm and the other SAF (p < 0.01). MWD
and GMD were significantly positively correlated with the SAF of 0.25–2 mm (p < 0.01),
while negatively correlated with the SAF of <0.053 mm (p < 0.01). MWD, GMD, and
D presented a significant (p < 0.05) negative correlation with the SAF of 0.053–0.25 mm,
while D was significantly positively correlated with the SAF of <0.053 mm (p < 0.01).
MWD showed a significant positive and negative correlation with GMD (p < 0.01) and D
(p < 0.01), respectively.

3.2. Spatial Variations in SAF and Aggregate SOC

In geostatistics, the sample data must fit into a normal distribution. All SAF pre-
sented a normal distribution by the K-S test, while the aggregate SOC of 0.25–2 mm and
0.053–0.25 mm had to undergo square root and logarithmic transformations to meet the
requirements of normal distribution.
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Several models were employed to fit the spatial variability of SAF and aggregate
SOC (Table 1 and Figure 6). The results showed that the exponential model was the best
model for the SAF of 0.25–2 mm and <0.053 mm, whereas the spherical model was the best
for 0.053–0.25 mm SA. The Gaussian model was suited for aggregate SOC of 0.25–2 mm
and 0.053–0.25 mm, whereas the exponential model was the best for aggregate SOC of
<0.053 mm. The nugget sill ratio was 41.0–50.0% in all SAF, indicating moderate spatial
dependency [38], whereas all aggregate SOC showed a strong spatial dependency, with the
nugget sill ratio ranging from 0.04% to 3.95%.

In the Greater Khingan Mountains, the <0.053 mm and 0.25–2 mm SAFs presented
increasing trends from south to north, whereas the 0.053–0.25 mm SAF decreased, with a
zonality trend for <0.25 mm SAF that was more apparent. There were no significant spatial
patterns of aggregate SOC observed for all fractions, which were distributed in patches
(Figure 7).

Table 1. Optimal models for SAF and aggregate SOC.

Index Theoretical
Model

Nugget
C0

Sill
C + C0

Nugget Sill Ratio
C0/(C + C0)

Range
A (◦) R2

Soil aggregates
0.25–2 mm Exponential 81.3 162.7 50.0% 1.09 0.638

0.053–0.25 mm Spherical 48.2 96.5 49.9% 3.06 0.822
<0.053 mm Exponential 54.7 133.35 41.0% 7.50 0.652

Aggregate SOC
0.25–2 mm Gaussian 0.001 2.540 0.04% 0.52 0.692

0.053–0.25 mm Gaussian 0.0020 0.5860 0.34% 0.52 0.210
<0.053 mm Exponential 0.8100 20.500 3.95% 0.41 0.448
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Figure 7. Spatial distributions of soil aggregates and aggregate SOC ((a–c) are for soil aggregates and
(d–f) are for aggregate SOC).
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3.3. Influencing Factor Analysis of SAF and Aggregate SOC

RDA analysis was employed to investigate the effects of environmental factors on SAF
and associated OC. As shown in Figure 8, there was no significant relationship between
MAT and SA features (MWD and GMD). The SAF of 0.25–2 mm was negatively correlated
with soil pH (p < 0.01) and positively correlated with SOC (p < 0.05); the fraction of
0.053–0.25 mm in the soil was only negatively correlated with MAP (p < 0.01); the fraction of
<0.053 mm in the soil were positively correlated with pH and MAP (p < 0.01), but negatively
correlated with SOC (p < 0.01). SOC presented a significantly negative correlation with D
(p < 0.01), as well as a positive correlation with GMD (p < 0.01) and MWD (p < 0.05). Each
stability index had a different relationship with others. pH had a negative influence on
GMD and MWD (p < 0.01), while MAP had a significant benefit for D (p < 0.01).
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All fractions of aggregate SOC presented positive correlations with SOC (p < 0.01), and
the relevance degree dropped as particle size decreased, in which the closest relationship
was found between the SAF of 0.25–2 mm and SOC (r = 0.93). Aggregate SOC showed a
significant positive correlation with TP (p < 0.05); the aggregate SOC of the <0.053 mm and
0.25–2 mm fractions presented significant positive correlations with NH4

+-N (p < 0.01); a
significant positive correlation was observed between the aggregate SOC of >0.053 mm frac-
tion and AK (p < 0.01). The aggregate SOC of the 0.053–0.25 mm fraction was significantly
negatively correlated with MAP (p < 0.05).

4. Discussion
4.1. Statistical Characteristics of SAF and Associated OC

The SAF contents ranked as (0.25–2 mm) > (<0.053 mm) > (0.053–0.25 mm) across the
Greater Khingan Mountains, similarly as reported in previous works [39,40]. Soil quality
and structure were directly associated with the SA composition [41]. The SAF of >0.25 mm
was the predominant component of SA structure, whose higher content suggested a more
stable soil structure [42], while the contents and patterns of soil microaggregates (<0.25 mm)
may present more important effects on soil physical qualities because they are responsible
for a considerable portion of SA. It is reported that fungal hyphae and roots are the
predominant cementing agents in macroaggregates, whereas humic substances are the
key cementing agent for microaggregates [43]. Thus, the plant roots were closely related
to the dominance of macroaggregates in forest soil since plant roots are conducive to the
formation and stability of SA by releasing secretions to package and link soil particles [44].

The stability of SA is an essential parameter of soil structure, linking to soil environ-
mental quality and erosion resistance [45]. The contribution of SA to the physical protection
of OC is also important and may be assessed by GMD, MWD, and D. The larger values of
GMD and MWD and the smaller values of D mean the greater the SA aggregation, the lower
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the SA dispersibility and erodibility, suggesting a more stable soil structure. The soils in
the study region are unstable according to Bissonnais’s classification standards [46], which
indicated that SA can generally break down into fine particles and microaggregates [27]
during rainfall and runoff processes.

The fraction of macroaggregates played a key role in soil fertility, as the material
condition in the Greater Khingan Mountains due to OC was mainly concentrated in the
SAF of 0.25–2 mm (50.39%). This is in line with the results of Zhao et al. [39], Mikha and
Rice [47], and Wang et al. [48], suggesting the importance of macroaggregates in storing
OC. Woodland may encourage the development of macroaggregates from microaggregates,
as well as silt and clay particles, while also causing more SOC to accumulate in large SA.
Accordingly, the large SA (macroaggregates) become the predominant C storage component.
However, following the intra-aggregate particulate organic matter decomposition in large
SA, large SA convert to microaggregates [8,21]. As a result, the C content in microaggregates
is lower than that in macroaggregates.

4.2. Spatial Variability of SAF and Associated OC

The results demonstrated that the content of SA in the Greater Khingan Mountains
presented a normal distribution statistically with some spatial differences. The moderate
spatial autocorrelations presented on the SAF contents indicated the joint influences of
random (i.e., human activities) and structural elements (i.e., soil, vegetation and climate),
in which the particle size increased with the influence of random factors. The northern part
of the Greater Khingan Mountains is the largest virgin forest without human intervention.
Hence, the soil was left in its natural form with a thick litter layer due to the vigorous
vegetative growth, which significantly reduced the erosion of surface soil by rainfall,
including the SAF of >0.25 mm. Comparatively more human activities were observed in the
southern part of the Greater Khingan Mountains. The frequent human disturbances should
induce the disintegration of macroaggregates with low stability, increasing the proportion
of silt-clay fractions and microaggregates in bulk soils. The structural factors presented a
significant effect according to the spatial autocorrelation of aggregate SOC contents.

4.3. Relations of SAF, Associated OC, and Environmental Factors

Certain associations were found between the characteristic values of SA. The SAF of
>0.25 mm was found to be substantially correlated with GMD and MWD. The associations
of stability indicators with the SAF contents of <0.25 mm were opposite for macroaggregates,
indicating that the increasing contents of large SA could improve the stability of SA. The
contents of SA associated OC presented significant positive correlations with each other
(p < 0.01). Six et al. [34] proposed that macroaggregates can combine a high quantity of OC
and encourage the development of microaggregates through the interaction of SOM and
the soil environmental factors, resulting in the retention of OC in microaggregates for a
long time.

Soil texture, metal cations and oxides, and SOC are the key impacting factors of
SA [49]. Soil biological factors such as roots, bacteria, animals and their metabolites also
have a substantial impact on the development and evolution of SA with diverse particle
sizes [50]. SA can help to stabilize and protect SOC in its natural habitat. SA and SOC are
inextricably linked because the cementation ingredient for SA is part of SOC. Accordingly,
SOC presented significant negative and positive correlations with the SAF of < 0.053 mm
and 0.25–2 mm, respectively. It was found that SOM helped to bond fine SA to form the
larger one, indicating higher SOC in large SA than that in small SA. SOC was found to be
substantially positively correlated with GMD and MWD, as well as significantly negatively
correlated with D. Additionally, the higher the SOC content, the larger the MWD and
GMD of SA, the smaller the D, and the better the soil structure and stability. Our results
indicated that SOC improved the stability of SA, which was consistent with the results of
Wang et al. [48] and Zhao et al. [39] in various forests. In the Greater Khingan Mountains,
SOM, as the predominant cementing material, can improve the binding force between SA
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and regulate the SA development. Fine SA becomes larger SA by SOM cementation during
the decomposition and transformation of litter into OC. The values of MWD increase when
large SA accumulates, indicating the soil structure eventually becomes more stable [17].
As a result, the forest ecological functions can be improved by elevating the content of
SOC and improving the stability of SA during the forest management process. pH was
significantly negatively correlated with the SAF of 0.25–2 mm, GMD, and MWD, which
indicated that acid soil was more favorable to large SA development and soil structure
stability [39].

SA is perceived as an indicator of soil stability and erodibility [51–54]. Generally,
water acts as a binding agent in the development of SA [55] and can promote soil microbial
biomass [56]. Under the impact of cumulative rainfall, the explosion of dry aggregates
after moistening and mechanical disturbance, among other factors, causes aggregates to
lose stability and break into lighter and smaller fractions [57,58]. Affected by the direction
of the Great Khingan mountains, the precipitation in the study area shows a stepwise
decreasing trend from east to west (Figure 1). Thus, the substantial positive correlation
between precipitation and the <0.053 mm SAF (p < 0.01) observed in this work suggested
that water was helpful for the development of clay aggregates, i.e., increasing rainfall-
induced aggregate disruption [59–61]. The significant impact of precipitation on soil
microaggregates was also found in other investigations [62,63]. Further, the destruction
of soil aggregates releases the cementing OC that was previously encapsulated within
the aggregates [51,64], coupling with the release of the accumulated nutrients (N, P, K) in
SA. As a result, the microbial decomposition of new organic debris can also be enhanced
by precipitation, resulting in the synthesis of polysaccharides that aid microaggregate
formation [63], which provides conditions for the formation of larger SA.

Soil humus is important for the preservation of SOM as well as the principal cementing
agent of SA. It has a significant impact on soil fertility and structural features, particularly
in terms of improving SA stability [65]. SOC is a crucial component in the production and
stability of SA, as well as one of the most important methods for fixing OC that occurs
during the cementation and agglomeration of SAF [66]. Thus, the close relationship between
aggregate SOC and SOC indicates that SOC is significantly dependent on the distribution
of OC in different SAF. Microaggregates, according to Stewart et al. [67], presented a
significant linear correlation with SOC. The TP, NH4+-N, AK, and other nutrient indexes all
showed beneficial effects on aggregate SOC, suggesting the positive effect of soil nutrients
on aggregate SOC to some extent [22]. The influence of soil nutrients on soil macroaggregate
formation and soil structure stability is mainly associated with the accumulation of SOC.
The increases in nitrogen, phosphorus, and potassium in soils can promote plant growth,
thereby increasing litter return, root exudates, and microbial activity, which is conducive to
the accumulation of polysaccharides, an important component of SOM [68,69].

5. Conclusions

The spatial patterns of SAF and associated OC contents were investigated in 0–20 cm
soils collected from 75 sites across the Greater Khingan Mountains forest region. The
SA were dominated by macroaggregates of 0.25–2 mm (46.14%). All SAF presented a
moderate spatial autocorrelation and were influenced by random (i.e., human activities)
and structural factors (i.e., soil, vegetation, and climate). With the rise in particle size,
the influence of random factors was enhanced. From north to south, the SAF contents of
<0.053 mm and 0.25–2 mm declined gradually, while the SAF content of 0.053–0.25 mm
increased. SOC was mainly accumulated in the SAF of 0.25–2 mm, accounting for 50.39%
of the total content of aggregate SOC, in which the SAF of 0.25–2 mm showed a strong
spatial autocorrelation, indicating it is primarily influenced by structural factors.

SA stability was influenced by climate conditions and soil physicochemical character-
istics. The development of <0.053 mm microaggregates was associated with precipitation,
while SOC was significantly positively correlated with 0.25–2 mm SA, GMD, and MWD.
SA stability was closely associated with SOM due to its cementation of small SA into large
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SA. The substantial positive association between SOC and aggregate SOC lessened as
particle size decreased. OC associated with the SAF of 0.25–2 mm and 0.053–0.25 mm was
positively correlated with NH4

+-N, AK and TP, indicating that the formation of aggregates
was conducive to the preservation of soil nutrients.
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