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Abstract: Glomalin-related soil protein (GRSP), soil nutrients, and soil enzyme activities are closely
related to soil fertility and land productivity, which play an important role in indicating soil quality.
Little is known about the spatial variation in GRSP and its relationship with edaphic factors. Here, the
spatial distribution of GRSP, soil chemical properties, and the soil enzyme activities of 0–20 cm depth
farmland soil in the black soil region of northeast China were investigated, and the relationships
among edaphic factors were analyzed collected from 41 sampling sites. The results indicate that
GRSP, soil organic matter, total nitrogen, and acid phosphatase activities showed significant patterns
of spatial variation, generally decreasing from north to south along a latitudinal gradient. Principal
component analysis revealed that total GRSP (by 80.19%) and soil organic matter content (by 80.15%)
were the greatest contributing factors accounting for the variations. Edaphic factors such as soil
organic matter, total nitrogen, total phosphorus, and acid phosphatase were significantly positively
correlated with GRSP, while urease was negatively correlated with GRSP. Mantel tests also showed
that soil organic matter, total nitrogen, urease, and acid phosphatase were positively correlated with
GRSP. The results reflect the soil fertility characteristics of the black soil region of northeast China and
reveal the relationship among edaphic factors. These findings could be used to inform agricultural
production and provide new insight into the role of GRSP in soil quality.

Keywords: glomalin-related soil protein; edaphic factors; spatial pattern; latitudinal gradient;
mollisols

1. Introduction

Soil is fundamental for supporting terrestrial life as well as the survival and develop-
ment of human beings. The establishment and stabilization of agroecosystems are based on
soil and are closely related to soil nutrients [1]. Soil microorganisms influence biogeochem-
ical cycles in terrestrial ecosystems via the formation and decomposition of soil organic
matter and provide important ecosystem services such as soil fertility, carbon sequestration,
and plant productivity and health [2]. Arbuscular mycorrhizal fungi (AMF) are ancient soil
microorganisms that can form mutualistic symbioses with most terrestrial plants via the
roots. These symbioses play an important role in plant growth, soil stability, and ecosystem
balance [3]. Glomalin, a glycoprotein containing iron ions, is a metabolic substance that
is produced and secreted by the hyphae of AMF [4] and is retained in soil following the
death of hyphae [5]. Glomalin in soil cannot be completely extracted and is far from pure,
as there are other fractions not produced by AMF. Consequently, the term glomalin-related
soil protein (GRSP) has been proposed to quantify glomalin in soil [6]. GRSP is poorly
water-soluble, resistant to decomposition, slow in its turnover, and stable in its native
state [6,7]. Generally, GRSP can promote the accumulation of soil organic carbon (SOC)
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and maintain the stability of the soil carbon pool [8]. GRSP is closely correlated with the
stability of soil water-stable aggregates [9,10], which can promote the formation of soil
aggregates to improve soil structure [11]. Therefore, GRSP can play an important role in
the improvement of degraded soil.

In the agricultural ecosystem, SOC, nitrogen, and phosphorus are important indicators
for evaluating soil quality and fertility and are closely tied to soil productivity [12,13].
SOC is an extremely valuable natural resource and is considered the largest terrestrial
carbon pool, which plays an important role in global carbon dynamics [14]. Increasing
SOC stocks can increase crop yields [15]. The application of nitrogen and phosphate
fertilizer accounts for an important proportion of agricultural production [13]. In addition,
soil enzymes catalyze biogeochemical processes in soil, such as urease and phosphatase
participating in nitrogen and phosphorus cycles, respectively [16]. Soil enzyme activity
plays a crucial role in nutrient cycling, organic matter decomposition, and the supply
of plant nutrients, which can detect soil quality and health [17,18]. The distribution of
edaphic factors in soil is not uniform, and spatial heterogeneity exists in various edaphic
factors [19,20]. Therefore, knowledge of the status of soil nutrients and enzyme activities
as well as their spatial distribution is of great significance for evaluating the current or
potential productivity of the soil, balancing fertilization, determining the improvement
of degraded soils, and protecting the agricultural environment [12,13]. Moreover, GRSP
production was affected by soil properties such as soil pH, soil structure, soil nutrient status,
and water conditions [21,22]. Šarapatka et al. [23] showed that GRSP content was increased
with the increases in SOC, total N, and available P and K in the erosion-threatened areas of
Southern Moravia, Czechia.

Black soils (Chinese soil taxonomy), also known as mollisols (the USA’s soil taxonomy),
are productive and fertile soils. The black soil area of northeast China, a core crop cultivation
area for maize and soybean, is an important commodity grain base in China, which
guarantees national grain security [24]. However, the long-term excessive cultivation and
unreasonable management of this region have resulted in the serious degradation of the
quality and quantity of the black soil [3,24]. Due to the effects of GRSP on the promotion
of degraded soil, understanding the GRSP variation of farmland in the black soil region
of northeast China is needed, while understanding the possible coupling relationship
between GRSP and soil properties also provides a new perspective for soil protection and
improvement [25]. Here, 41 farmland soil sampling sites along a latitudinal gradient in
the black soil region of northeast China were studied. The objectives of this study were
to examine GRSP, soil chemical properties, and enzyme activities to answer the following
questions: (1) What is the soil fertility of the surface soil (0–20 cm depth) of farmland in
the black soil region of northeast China? (2) Are there spatial differences in soil chemical
properties, enzyme activities, and GRSP? (3) What are the relationships between GRSP and
edaphic factors? We hypothesized that soil fertility would decrease from north to south
and that the content of GRSP was related to some edaphic factors.

2. Materials and Methods
2.1. Site Description and Soil Sampling

The 41 farmland soil sampling sites were established along a latitudinal gradient from
the north (Nenjiang) to the south (Changtu) (42◦50′ N–49◦10′ N, 124◦8′ E–127◦29′ E) in the
black soil region of northeast China in September 2019 (Figure 1). The climate in this region
is a north temperate continental monsoon climate with an average annual precipitation
of 300–600 mm. Information for the selected sites is shown in Table S1. Twenty soil cores
(5.5 cm in diameter and 20 cm in depth) were collected randomly at each site within an area
of approximately 100 m2, and 5 cores were homogenized to form only one single sample,
resulting in 4 replicates per site. Each soil sample was sieved through a 2 mm mesh screen
to remove roots, small stones, and impurities. Each soil sample was mixed uniformly and
air-dried for the subsequent characterization of edaphic factors.
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2.2. Soil Chemical Property Measurement

Soil pH was measured in a 1:5 soil:water slurry using a calibrated pH meter (Met-
tlerToledo FE 20, Greifensee, Switzerland). The contents of total nitrogen (N) and SOC
(contains carbonate) were determined with the Elemental Analyzer (Flash EA 1112 N,
Thermo Fisher, Waltham, MA, USA). Total phosphorus (P) content was measured using a
continuous flow analyzer (San++, Skalar, Breda, The Netherlands).

2.3. Soil Enzyme Activity Measurement

Soil enzyme activities were measured based on the method described by Guan [26].
Urease activity was determined as follows. Five grams of soil was placed in a conical flask
(50 mL), followed by the addition of 1 mL of toluene. After 15 min, 10 mL of 10% urea
solution and 20 mL of citrate buffer solution (pH 6.7) were added, shaken, and incubated
in an incubator at 37 ◦C for 24 h. One milliliter of filtrate was then injected into a 50 mL
volumetric flask after filtration, followed by the addition of distilled water until a volume of
20 mL was attained. Next, 4 mL of Na-phenolate solution and 3 mL of sodium hypochlorite
(NaClO) solution were added, and the solution was shaken until a color developed. The
volume was then adjusted to 50 mL by adding distilled water. The absorbance was read at
a wavelength of 578 nm within 1 h with a UV–Vis spectrophotometer (UV2450, Shimadzu,
Kyoto, Japan). Finally, soil urease activity was expressed as milligrams of amino-N released
from 1 g soil after 24 h.

Determination methods for acid phosphatase (ACP) activity were similar. Briefly, 5 g
of soil was placed in a 50 mL conical flask, and 1 mL of toluene was added. After 15 min,
5 mL of 0.675% phenyl phosphate disodium solution and 5 mL of acetate buffer solution
(pH 5.0) were added, shaken, and then incubated in an incubator at 37 ◦C for 12 h. One
milliliter of filtrate was injected into a 50 mL volumetric flask after filtration, followed by
the addition of 5 mL of borate buffer solution (pH 9.0), 3 mL of 2.5% potassium ferricyanide
solution, and 3 mL of 0.5% 4-aminoantipyrine solution and shaking. Once color developed,
the volume was adjusted to 50 mL using distilled water. The absorbance was read at a
wavelength of 570 nm after 30 min with a UV–Vis spectrophotometer. Finally, soil ACP
activity was expressed as milligrams of phenol released from 1 g soil after 12 h.

2.4. Glomalin-Related Soil Protein Measurement

GRSP was measured following the method of Wu et al. [27]. Briefly, 1 g of soil was
added with 8 mL of 20 mM sodium citrate solution (pH 7.0), autoclaved at 121 ◦C for
30 min, and centrifuged at 10,000 g for 3 min; the supernatant was then used to measure
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easily extractable GRSP (EE-GRSP). The remaining precipitation was added with 8 mL of
50 mM sodium citrate solution (pH 8.0), autoclaved at 121 ◦C for 60 min, and centrifuged
at 10,000 g for 3 min; the supernatant was used to measure difficult-to-extract GRSP (DE-
GRSP). The resultant supernatant was analyzed using the Bradford assay [28]. After
extraction of 1 mL of the supernatant, 5 mL of Coomassie brilliant blue G-250 reagent
was added with shaking. The absorbance was then read at a wavelength of 595 nm after
two minutes, and the protein content (mg g−1) was calculated according to the standard
curve. Total GRSP (T-GRSP) was the sum of the EE-GRSP and DE-GRSP. The contribution
of GRSP to SOC was calculated by the ratio of GRSP-C to SOC content, where GRSP-C was
calculated by GRSP content multiplied by 0.45.

2.5. Data Analysis

The normal distribution of all data was performed before statistical processing using
SPSS Statistics v23 (SPSS Inc., Armonk, NY, USA). Descriptive statistical parameters, includ-
ing the maximum, minimum, mean, standard deviation, and coefficient of variation (CV)
of every variable, were calculated using SPSS. One-way analysis of variance (ANOVA) was
used to determine whether the edaphic factors differed significantly in spatial distribution
using SPSS. The significance of differences among means was tested using Turkey’s test at
a 5% level. Pearson correlation coefficients were used to characterize the relationships be-
tween edaphic factors and longitude, latitude, altitude, and different edaphic factors. Linear
regression was used to further quantify these relationships. Ordinary kriging interpolation
was applied to produce the spatial distribution maps of edaphic factors with ArcGIS v10.4.1
(ESRI Inc., Redlands, CA, USA). Principal component analysis (PCA) was conducted on the
correlation matrix to explore the soil properties and GRSP with the “FactoMineR” package
in R v3.4.1 [29]. Mantel tests were used to examine Pearson’s rank correlation between
edaphic factors and the spatial distance matrix using Bray–Curtis distance matrices with
999 permutations in the “vegan” package in R [30].

3. Results
3.1. Spatial Variation in GRSP, Soil Chemical Properties, and Soil Enzyme Activities

Descriptive statistical parameters, including the maximum, minimum, mean, standard
deviation, and CV of every variable, are shown in Table S2. The concentrations of EE-
GRSP, DE-GRSP, and T-GRSP ranged from 0.22 to 0.55 mg g−1, 0.22 to 0.65 mg g−1, and
0.57 to 1.17 mg g−1, respectively, and varied approximately 2.5-fold, 3-fold, and 2-fold,
respectively, across all sampling sites. Pearson correlations were used to characterize the
relationships between GRSP and longitude, latitude, and altitude (Figure 2). EE-GRSP,
DE-GRSP, and T-GRSP contents were significantly correlated with longitude (r = 0.258,
p = 0.001; r = 0.466, p < 0.001; r = 0.431, p < 0.001, respectively) and latitude (r = 0.661,
p < 0.001; r = 0.419, p < 0.001; r = 0.601, p < 0.001, respectively). EE-GRSP and T-GRSP
contents were significantly correlated with altitude (r = 0.207, p = 0.008; r = 0.175, p = 0.025,
respectively); however, there was no correlation between DE-GRSP content and altitude
(r = 0.111, p = 0.158).

Soil pH ranged from 4.92 to 8.2, and the content of SOM, total N, and total P ranged
from 1.75 to 6.67%, 0.68 to 3.12 g kg−1, and 0.29 to 1.29 g kg−1, respectively (Table S2).
The average SOM, total P, and total N contents varied approximately three-fold across the
41 sampling sites. Pearson correlations revealed that latitude was significantly positively
correlated with soil pH (r = 0.195, p = 0.013), whereas altitude was significantly negatively
correlated with soil pH (r = −0.221, p = 0.005). In other words, soil pH increased with
latitude and decreased with altitude. However, no significant difference was observed
between pH and longitude. Other soil chemical properties, including SOM, total N, and
total P, showed significant positive correlations with longitude, latitude, and altitude. For
example, SOM content was significantly positively associated with longitude (r = 0.397,
p < 0.001), latitude (r = 0.666, p < 0.001), and altitude (r = 0.245, p = 0.002; Figure 2).
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Urease activity ranged from 6.96 to 39.43 mg g−1, and ACP activity ranged from 11.77
to 114.63 mg g−1 (Table S2). Average activities of urease and ACP within the sites varied
approximately three-fold and greater than seven-fold, respectively, across all sampling sites.
Urease activity was only negatively correlated with latitude (r = −0.500, p < 0.001), whereas
ACP activity was positively correlated with both latitude (r = 0.532, p < 0.001) and altitude
(r = 0.370, p < 0.001). In addition, the activities of urease and ACP did not significantly
correlate with longitude (r = −0.125, p = 0.111; r = 0.04, p = 0.611, respectively; Figure 2).

The spatial distribution maps of GRSP and edaphic factors are presented in Figure 3.
Except for urease and total P, the content of all other edaphic factors, including EE-GRSP,
DE-GRSP, and T-GRSP, SOM, total N, and ACP, was decreased from north to south in the
black soil region of northeast China and had significant spatial variability. Urease activity
tends to increase from north to south, and the trend of total P content was more obvious
from west to east.
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3.2. Contribution of GRSP to SOC

The contribution of GRSP to SOC was calculated according to the ratio of GRSP-C
to SOC content (Figure 4a). The proportion of EEGRSP-C/SOC, DEGRSP-C/SOC, and
TGRSP-C/SOC ranged from 0.43 to 1.35%, 0.52 to 1.61%, and 1.07 to 2.97%, respectively.
The mean contribution ratio was 0.86, 0.93, and 1.79%, respectively. Moreover, SOC content
was significantly positively associated with EE-GRSP (r = 0.569, p < 0.001), DE-GRSP
(r = 0.637, p < 0.001), and T-GRSP (r = 0.697, p < 0.001) (Figure 4b–d).
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3.3. Relationship between GRSP and Soil Properties

SOM, total N, total P, urease, and ACP activity were significantly correlated with
EE-GRSP, DE-GRSP, and T-GRSP concentration, respectively (Figure 5; Table S3). Pearson
correlation coefficients between GRSP and different soil chemical properties were generally
significantly positive with the exception of pH, which was not significantly correlated
with GRSP. GRSP was positively associated with ACP activity and negatively associated
with urease activity. Furthermore, the Mantel tests showed that EE-GRSP was significantly
positively correlated with SOM, total N, and ACP; DE-GRSP was significantly positively
correlated with SOM, total N, and urease; and T-GRSP was significantly positively corre-
lated with SOM, total N, urease, and ACP (Table 1).
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Table 1. The correlation (r) and significance (p) values of Mantel test between glomalin–related soil
protein and soil properties.

Variable
EE-GRSP DE-GRSP T-GRSP

r p r p r p

pH 0.039 0.162 0.055 0.121 0.037 0.155
SOM 0.224 <0.001 0.326 <0.001 0.422 <0.001

Total N 0.259 <0.001 0.145 0.005 0.283 <0.001
Total P 0.055 0.061 −0.039 0.841 0.013 0.350
Urease 0.032 0.181 0.222 <0.001 0.173 <0.001
ACP 0.198 <0.001 0.030 0.224 0.109 <0.001

EE-GRSP, easily extractable glomalin-related soil protein; DE-GRSP, difficult-to-extract GRSP; T-GRSP, total GRSP;
SOM, soil organic matter; ACP, acid phosphatase.
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3.4. Spatial Variability Analysis of Edaphic Factors

The CV can reflect the degree of variability in the studied variables. The CV <10%
was classified as low variability, 10–90% was classified as moderate variability, and >90%
was classified as high variability [31]. Thus, longitude, latitude, and pH showed low
variability in this study. However, other variables, including altitude, EE-GRSP, DE-GRSP,
T-GRSP, SOM, total N, total P, urease, and ACP, showed moderate variability (Table S2).
PCA, a dimensionality reduction technique, was performed on the edaphic factors; the
first principal component (PC1) explained 47.7% of the variation, and the second principal
component (PC2) explained 17.6% of the variation (Figure 6). PC1 and PC2 accounted for
65.3% of the total variability in edaphic factors and thus captured most of the variation
in edaphic factors. T-GRSP and SOM showed the greatest contributions to them. The
contribution rate of total GRSP and soil organic matter content to the variations was 80.19%
and 80.15% respectively. The plots of geographical distance versus GRSP by Mantel tests
revealed that EE-GRSP (r = 0.340, p < 0.001), DE-GRSP (r = 0.170, p < 0.001), and T-GRSP
(r = 0.286, p < 0.001) were significantly positively correlated with geographic distance
(Figure 7).
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4. Discussion

GRSP, a protein produced by AMF hyphae, is related to soil fertility and plays a role
in regulating soil quality [7,8]. The content and spatial variation in GRSP, soil chemical
properties, and soil enzyme activities in surface soil in the black soil region of northeast
China were evaluated in this study. Within the range of the sample sites (across hun-
dreds of kilometers), longitude varied by approximately three degrees, latitude varied by
approximately seven degrees, and altitude varied by 185 m.

GRSP has been found in the agricultural, forest, grassland, and desert ecosystems. In
the present study, the average contents of EE-GRSP and T-GRSP were 0.40 and 0.84 g kg−1,
respectively, in the black soil region of northeast China, which indicates that the produc-
tion of GRSP was low in this area. Singh et al. [32] summarized the contents of GRSP in
the agricultural, boreal forest, temperate forest, tropical rainforest, temperate grassland,
and desert biomes with the ranges of 0.32–0.71, 1.10, 0.60–5.80, 2.60–13.5, 0.23–2.50, and
0.003–0.13 g kg−1, respectively, which indicates the GRSP content in the agricultural soils
was lower compared with forest and grassland soils. However, Wang and Wang [33]
summarized that the average contents of EE-GRSP and T-GRSP were 1.89 and 3.54 g kg−1,
respectively, in the agricultural ecosystem and higher than those in the grassland ecosystem.
Low GRSP production in the black soil region of northeast China may be due to three
reasons. Firstly, climate such as temperature and precipitation influence GRSP accumu-
lation. The low temperature and rainfall in this area could decrease the C allocation to
AMF by the hosts and inhibit AMF hyphal growth, and subsequently decrease the AMF
biomass and GRSP contents. Secondly, high-fertility soils decrease GRSP content. Black
soil is famous for its high soil fertility and quality in the world [3]. Our previous study
showed that the relative abundance of AMF was low in the black soils [34], which indicates
that AMF diversity is low in this high-fertility area. High fertility could decrease AMF
colonization and growth, reduce GRSP production per AMF unit, and accelerate GRSP
decomposition [7]. Finally, agricultural activities decrease GRSP production. Agricultural
practices such as tillage, fertilization, and land use disturbed AMF growth and proliferation
and decreased GRSP levels in agricultural soils related to native forests or undisturbed
grasslands [7,32]. Moreover, three GRSP fractions showed moderate variability in this
study, and the content changes were consistent with Zhong et al. [25]. The GRSP content
increases from south to north along the latitude gradient, and the correlation between
GRSP and geographic distance was detected, showing the distribution pattern of GRSP in
the black soil region.

In this study, the content of SOM belonged to high nutrient content according to the
soil nutrient content classification table, while nitrogen and phosphorus belong to medium
and high nutrient content, which indicated that the fertility status of the black soil area
was good and rich. However, the soil nutrient status of farmland was also affected by the
difference in nitrogen and phosphorus fertilizer application [35]. Here, the contents of
SOM, total N, and total p increased from south to north in the black soil region of northeast
China. These results are consistent with those of previous studies [36,37]. These spatial
patterns may be the influence of climatic conditions [38,39], as spatial variation leads to
variation in a variety of climatic conditions, such as rainfall, temperature, and humidity,
which can then lead to alterations in soil properties [40]. The areas with high latitudes
tend to have lower temperatures, and this leads to the weakening of microbial metabolic
activity, inhibition of organic matter decomposition, and accumulation of humus [41]. The
present study showed the soil nutrient status in the black soil region through the content
determination of soil properties and spatial distribution analysis, indicating that the soil
status was better in the north.

GRSP, an important compound in SOM, has a very large contribution to C sequestra-
tion [7,23]. GRSP typically accounts for up to 3% of total C in the upper 0–10 cm depth
soil [42]. In the present study, the contribution of GRSP to SOC was 1.79% in the black
soil region. Rillig et al. [43] found that GRSP accounted for 4–5% of total C in Hawaiian
forest soils, and the contribution of GRSP to total C was larger than microbial biomass C,
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which indicates the slow turnover rate of GRSP and its ability to accumulate in soils [32].
He et al. [44] studied the spatial distribution of GRSP and its association with soil factors
in the rhizosphere of Hippophae rhamnoides L in a farming-pastoral zone between Inner
Mongolia and Hebei province and found that the ratio of GRSP to SOC was 15.0–27.9%.
These results indicate that the contribution of GRSP to soil organic C pools was related to
soil type, land use, vegetable type, AMF growth, and so on [7].

The accumulation of GRSP in the soil was related to various edaphic factors, such as
SOC, nitrogen, phosphorus, and phosphatase activity [17], and our findings are consistent
with that. The strong positive relationship between GRSP content and SOM content has
been confirmed by several studies [11,45,46]. GRSP can form a stable carbon pool in soils
after long periods of turnover and can promote the formation of SOC [47]. Zhu et al. [48]
showed that the correlation between T-GRSP and SOC was stronger than that with EE-
GRSP, which was due to the poor stability and ease of decomposition of EE-GRSP. EE-GRSP
is newly produced and deposited in the soil over short periods, while DE-GRSP can be
deposited in the soil over long periods and is thus more stable. T-GRSP reflected the level
of accumulated GRSP in soil and maintained the stability of the soil carbon pool [27,49,50].

EE-GRSP, DE-GRSP, and T-GRSP were all significantly correlated with total N and total
P content, indicating that GRSP might increase the accumulation of soil N and P nutrients
and improve soil quality [51]. SOC could directly regulate the accumulation of GRSP, and
soil N and P could indirectly affect GRSP via their close relations with SOC [25]. Urease
catalyzes the breakdown of urea and other nitrogen fertilizers in the soil, and phosphatase
catalyzes organophosphorus and leads to the release of phosphorus [26], which is involved
in the N-cycle and P-cycle. Thus, urease and phosphatase may indirectly influence the
GRSP content via nitrogen and phosphorus. The content of GRSP was related to soil carbon,
nitrogen, phosphorus, and enzyme activities, which further demonstrated the important
role of GRSP in the carbon cycle and soil fertility restoration as well as agricultural yield
and productivity [51,52].

In addition, previous studies have shown that soil pH had a significant correlation
with GRSP [7,25,45]. However, no relationship between pH and GRSP was detected in the
present study, which was in agreement with the results of Li et al. [51]. The reason might
be that pH has a greater impact on GRSP in deep soils, while SOC has a strong influence on
GRSP in surface soils [53], and thus the effect of pH was hindered by other edaphic factors
such as SOC, N, P, and enzyme activity [51]. Another possible explanation is that most soil
pH values were approximate in the study area.

5. Conclusions

In sum, this study examined spatial variation in GRSP, soil chemical properties, and
soil enzyme activities in surface soil in the black soil region of northeast China as well
as the relationship among these edaphic factors. Most of the edaphic factors, including
EE-GRSP, DE-GRSP, T-GRSP, SOM, total N, and ACP, showed a decreasing trend from
north to south along the latitude gradient. The three distinct GRSP fractions were related
to soil carbon, nitrogen, phosphorus, and enzyme activities, indicating that GRSP might
increase the accumulation of soil nutrients and improve soil quality. The results could also
be used to further understand the role of GRSP in soil monitoring. These findings elucidate
the soil fertility characteristics and soil health in the black soil region of northeast China
and could be used to inform agricultural production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12092165/s1, Table S1: Sampling site location infor-
mation and edaphic factors; Table S2: Descriptive statistical parameters of different variables from
164 samples in black soil of northeast China; Table S3: Pearson’s correlation coefficients among differ-
ent edaphic variables. Pearson’s correlation was calculated from 164 samples at 41 sampling sites.

https://www.mdpi.com/article/10.3390/agronomy12092165/s1
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