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Abstract: Soil erosion is a major form of land degradation, especially in agroecosystems, which has
been effectively controlled by vegetation restoration. However, the interactive role of erosion and
cropland revegetation on soil enzyme activities and microbial nutrient limitations is less understood.
To address this issue, we examined carbon (C), nitrogen (N), and phosphorus (P) in bulk soils and
microbial biomass, enzyme activities, and microbial nutrient limitations in the 0–200 cm soils in
eroded and deposited landscapes occupied by cropland, revegetated forest, and grassland. The
results showed that the activities of C-, N-, and P-acquiring enzymes were larger in the deposited
landscape than in the eroded landscape for 0–20 cm soils in forest and grassland but not in cropland.
Microbial metabolism was co-limited by N and P, and the threshold element ratio (TERL) indicated
that P was the most limiting factor. Microbial N limitation was lower in the deposited than the
eroded zone, especially in surface soils in revegetated forest and grassland. The TERL value was
larger at the deposited than at the eroded zone, and a greater difference was found in the surface
soils of forest and grassland. Microbial nutrient limitations were mostly explained by C/P and N/P.
Conclusively, the deposited areas were characterized by ameliorated enzyme activities, decreased
microbial N limitation but relatively strengthened microbial P limitation compared to the eroded
area, and such variations existed in the revegetated forest and grassland but not in the cropland,
which thus contributes to a better understanding of C and nutrient cycling for agroecosystems and
revegetation ecosystems in eroded environments.

Keywords: agroecosystem; revegetation; soil erosion; deposition; enzyme activity; microbial
metabolic limitation

1. Introduction

Soil erosion is the major driver of land surface processes and has caused environmental
problems such as soil and nutrient losses, soil siltation, vegetation degradation, and water
eutrophication [1–3]. Globally, approximately 84% of the Earth’s land surface suffers from
soil erosion, half of which occurs in agricultural ecosystems [4]. Cropland revegetation
has been deemed the most effective and economical way to curb severe soil erosion and
has achieved remarkable effects [5–7]. Understanding the coupled role of soil erosion and
vegetation restoration in microbial metabolism is of vital importance to the biogeochemical
cycling of essential elements in an erosive environment [8,9].

Soil erosion leads to the distribution of soil particles and nutrients and alters con-
ditions, and thus has an important effect on soil microorganisms’ metabolism [3,9–11].
Microorganisms secrete extracellular enzymes catalyzing the decomposition of complex
organic compounds to get soil nutrients, thus playing a critical role in biogeochemical
nutrient cycling [12–15]. Soil extracellular enzyme activities are affected by multiple factors,
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such as substrate concentration and availability, soil moisture, temperature, and ventila-
tion conditions [15,16]. Research has shown that extracellular enzyme activities are lower
in eroded than in deposited sites due to the redistribution of soil nutrients and changes
in the microclimate during the eroded-deposited process [17,18]. The combination of
ecoenzymatic stoichiometric theory with the metabolic theory of ecology and ecological
stoichiometric theory was accustomed to assess microorganisms’ metabolism limitations
in soil ecosystems from enzyme activity patterns [19]. A common method used to eval-
uate and measure microbial metabolic limitations is the threshold element ratio (TER)
model. This model characterizes the carbon (C), nitrogen (N), and phosphorous (P) ratios
in which microbial metabolic management is effective in converting from energy to nutri-
ents [20]. Recent studies have proven that microbial metabolic limitations differ based on
land-use patterns, tillage management, and fertilization treatments, which are driven by
soil moisture, soil physical properties (i.e., clay content and pH), and nutrient availabil-
ity [21–24]. However, how soil microbial metabolic limitations vary in eroded and deposited
landscapes remains less understood, despite the well-acknowledged variations in soil
physiochemical properties.

Vegetation type is an important factor affecting soil extracellular enzyme activities and
microbial nutrient limitations. Plant community characteristics and soil physicochemical
properties (e.g., plant species and litter nutrient input, respectively) have a profound
influence on soil extracellular enzyme activities and microbial nutrient limitations [12,14,25].
For example, Wobeng [21] recommended soybean cultivation in agroecosystems in South
Africa since it can alleviate microbial C limitation compared with the other three leguminous
species (Phaseolus vulgaris L., Glycine max L. and Arachis hypogea L.). Yan [26] demonstrated
that reafforestation worsens soil microbial metabolic N and P limitation, especially at
medium and high Pinus tabuliformis plantation densities on China’s Loess Plateau. Cropland
revegetation is an effective measure for ecosystem restoration and soil erosion control with
the increasing plant coverage and less human disturbance, such as tillage activities [27,28];
however, the interactive role of soil erosion and cropland revegetation on soil microbial
metabolism is less understood in eroding landscapes.

It has been estimated that 27–77% of organic C (OC) is stored below 20 cm, and any
small change in deep soil C would also have an important impact on global C cycling [29,30].
With increasing soil depth, the input of plant organic matter decreases gradually, and the
soil nutrient content, microbial biomass, and microbial activity also decrease correspond-
ingly [31]. In addition, compared with topsoil, the environmental conditions, including
moisture, porosity, and pH, are significantly different in the subsoil, which has a significant
influence on soil microbial metabolism [32]. For example, soil enzyme activities have
been reported to significantly decrease with depth and respond significantly to water-
enrichment treatment in the 40–160 cm layers along the 0–340 cm soil profile [33]. While
previous studies on microorganisms’ nutrient limitations have principally targeted on sur-
face soils [12,14,34], information about soil microbial metabolism in deep soils is currently
limited, although the effects of soil erosion and vegetation restorage can influence deep soil
carbon and nutrient cycling [9,35].

China’s Loess Plateau is one of the “most liable to erosion” regions globally [7]. The
“Grain-for-Green” project and the construction of check dams have been implemented to
decelerate soil erosion on the Loess Plateau over the past few decades [6]; thus, the region
provides an ideal platform for our study. The objective of this study was to elucidate the
coupled role of erosion and vegetation restoration on soil enzyme activities and microbial
nutrient limitations. To achieve this goal, cropland and revegetated forest and grassland
were selected in both the eroded and the deposited landscapes, and 0–200 cm soil and sedi-
ment samples were collected to analyze the C-, N-, and P-acquiring enzyme activities and
microbial nutrient limitation. We hypothesized that (H1) the deposited landscape would
have higher enzyme activities and lower nutrient limitations than the eroded landscape
due to the accumulation of C, nutrients, and moisture [20,36]; (H2) variations in these
indicators would be greater in cropland since revegetation reduces the effect of erosion;
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and (H3) variations in these indicators would be higher in surface soils since the influences
of erosion and vegetation restoration are more obvious.

2. Materials and Methods
2.1. Study Site and Sampling

The study was conducted in the Jiuyuangou watershed (37◦33′–37◦38′ N, 110◦16′–110◦26′ E)
in Suide County, Shaanxi Province, China, which belongs to the loess hilly area on the
Loess Plateau. This area features a temperate, semi-arid, continental monsoon climate. The
annual average temperature is 8 ◦C, the annual mean rainfall is 475 mm, and most of the
rainy season is concentrated from July to September [37].

The upper and middle parts of the slopes were selected as the eroded zones, and
the neighboring check dams were chosen as the deposited zones. Cropland, revegetated
forest, and grassland were selected in both the eroded and the deposited zones. The main
plant species of cropland, forest, and grassland were Zea mays, Robinia pseudoacacia L., and
Phragmites communis in the deposited zone and Solanum tuberosum, Prunus armeniaca L.,
and Cynanchum chinense in the eroded zone, respectively. The chemical N and P fertilizers
used were diammonium hydrogen phosphate and dipotassium hydrogen phosphate for
cropland and no fertilizers were applied in the forest and grassland.

Site surveys and soil sample collection were conducted in July 2021. Three 20 × 20 m
plots with similar elevations and slope aspects were selected for each land-use type in the
eroded and deposited landscapes. In each plot, three subplots (3 × 3 m) were randomly es-
tablished, and both surface soils (0–10 and 10–20 cm) and deep soils (60–80 and 180–200 cm)
were sampled with a soil auger. The three samples for each subplot were mixed into one
sample at each depth. Subsequently, visible plant organic matter was removed and each
soil sample was divided into two parts. One part of the samples was immediately sieved to
pass through a 2 mm sieve in the field, sent back to the laboratory, and stored at 4 ◦C to
determine the biological indices. The other part of the bulk soil (without sieving) was put
in sealed bags and sent back to the laboratory to measure the soil’s physical and chemical
properties. A subsample of these soils was oven-dried at 105 ◦C for 24 h until constant
weight to measure soil moisture (SM) and the rest was air-dried.

2.2. Laboratory Analysis

The soil particle size distribution was measured with a laser particle size analyzer
(Mastersizer 2000, Malvern Instruments Ltd., Malvern, UK). Soil pH was determined with
a pH-meter (PHS-3C, Leici, Shanghai, China) at a soil:water ratio of 1:2.5. After extracting
with 2 M KCl, soil nitrate nitrogen (NO3

−) and ammonium nitrogen (NH4
+) were analyzed

with a continuous flow autoanalyzer (AutoAnalyzer-AA3, Seal Analytical, Norderstedt,
Germany). The soil extractable P (EP) content was measured with the Olsen method. Soil
organic C (OC) was measured with the Walkley Black method and total N (TN) with
the Kjeldahl methods. Soil total P (TP) content was measured colorimetrically following
digestion with HClO4-H2SO4 [38].

The fresh soil samples were used to measure dissolved organic carbon (DOC), mi-
crobial biomass C (MBC), microbial biomass N (MBN), microbial biomass P (MBP), and
extracellular enzyme activities. The DOC was measured through extraction with deionized
water after shaking and then filtered through a Millipore 0.45-µm filter [39]. Soil MBC, MBN,
and MBP were measured using the chloroform fumigation-extraction method [14]. The
potential activities of C-acquiring enzymes (β-D-cellobiosidase (CBH), β-1,4-glucosidase
(BG)), N-acquiring enzyme (β-1,4-N-acetylglucosaminidase (NAG), L-leucine aminopepti-
dase (LAP)), and P-acquiring enzyme (alkaline phosphatase (AP)) were determined with
the microplate fluorescence method [40,41].



Agronomy 2022, 12, 2796 4 of 14

2.3. Calculation of Microbial Nutrient Limitation

Based on the stoichiometric microbic C:N:P values obtained from the enzyme infor-
mation, the TERC:N and TERC:P values were obtained via the threshold element model
according to the subsequent formulas projected by Sinsabaugh [42]:

TERC:X = [AXBC:X]/CUEC:X = BC:X/SC:X = LC:XEEAC:X (1)

AX = CUEC:X/SC:X (2)

CUEC:X = CUEmax[SC:X/(SC:X + KX)] (3)

SC:X = (1/EEAC:X)(BC:X/LC:X) (4)

where the CUE is the carbon use efficiency of microorganisms, EEA is the soil extracellular
activity, AX represents the apparent assimilation efficiency of N or P, the ratios of soil
MBC:MBN and MBC:MBP were used as estimates of BC:X, SC:X is a scalar indicating the
extent to which the allocation of ecoenzymatic activities offsets the difference between the
elemental composition and microbial biomass composition of the available resources, KX is
the half-saturation constant and has a value of 0.5, the molar ratios of soil OC:TN and soil
OC:TP were used as estimates of LC:N and LC:P, respectively, and EEAC:N and EEAC:P were
expressed by (CBH + BG)/(NAG + LAP) and (CBH + BG)/AP, respectively [42].

In this study, we used the corresponding soil available nutrient ratios and subtracted
the TER to calculate the microbial nutrient limitations, and the positive values indicated that
microorganisms were subjected to nutrient restriction and vice versa. We also calculated
the TERL to identify the most limiting nutrient to microbial metabolism [20].

Xlimitation = LC:X − TERC:X (5)

TERL = Plimitation/BC:P −Nlimitation/BC:N (6)

where X represents N or P.

2.4. Statistical Analysis

Multiway analysis of variance (three-way ANOVA) and LSD tests were used to exam-
ine the significant differences in landform position (eroded and deposited), land-use type
(cropland, revegetated forest, and grassland), soil depth (0–10, 10–20, 60–80, 180–200 cm),
and their interactions with soil physicochemical properties, microbial biomass, extracellular
enzyme activities, and microbial nutrient limitations. Statistical analyses were performed
using SPSS 20.0 (SPSS Company, Chicago, IL, USA). Redundancy analysis (RDA) was used
to identify the contributions of soil physic-chemical properties to soil enzyme activities and
microbial nutrient limitation in Canoco 5.0 (Microcomputer Power, Inc., Ithaca, NY, USA).
The random forest (RF) model was used to identify the key factors influencing soil extracel-
lular enzymatic activity and microbial nutrient limitations in R software v.4.1.3. Before the
RF analysis, extracellular enzymatic activities were extracted from the principal compo-
nents (Figure S1), and the first principal component was used to represent the microbial
enzyme activity.

3. Results
3.1. Soil Physicochemical Properties

Soil moisture was significantly higher in the deposited zone (10.9%) than in the eroded
zone (5.0%) (p < 0.05), with more dramatic variations at 60–80 and 180–200 cm than at 0–10
and 10–20 cm (Tables S1 and S2). The deposited sediments had a higher clay content than
the eroded soils (p < 0.05), and such variations were higher in grassland (+70.4%) than
in cropland (+37.5%) and forest (+28.0%). The deposited zone had a higher pH (p < 0.1),
especially in cropland.

There were no significant variations in the OC and TN between the two landform
positions (p > 0.05, Table S1). The DOC concentration was significantly higher in the de-



Agronomy 2022, 12, 2796 5 of 14

posited zone (55.88 mg kg−1) than in the eroded zone (38.83 mg kg−1) in cropland (p < 0.05)
but not in grassland or forestland (p > 0.05). The soil NH4

+ and NO3
− concentrations did

not differ significantly between the two landform positions for each land use (p > 0.05)
(Tables S1 and S3). The soil TP concentration was significantly lower in the deposited zone
than in the eroded zone (−9%) for each land use, while the EP concentration was signifi-
cantly higher in the deposited zone than in the eroded zone for forest (+53%) and grassland
(+143%) but was significantly lower in the deposited zone for cropland (−56%). The soil
C/N did not significantly differ between the two landforms (p > 0.05). However, the C/P
and N/P were larger at the deposited site than at the eroded site in forest (p < 0.05).

3.2. Soil Microbial C, N, P and Enzyme Activity

Generally, the differences in MBC and MBN were not significant between the deposited
site and eroded site, and such variation was not dependent on land use and soil depth
(p > 0.05, Figure 1a,b). The MBP content was considerably larger at the deposited site than
at the eroded site in the surface but not in the deep soils in the forest and grassland, but not
in cropland. Therefore, the deposited zone had a higher microbial P at the 0–10 cm depth
in the forest and grassland (Figure 1c).

Figure 1. (a) Microbial biomass carbon (C), (b) nitrogen (N), and (c) phosphorous (P) from different
soil sites. MBC: microbial biomass carbon; MBN: microbial biomass nitrogen; MBP: microbial biomass
phosphorous. CL: cropland; FL: forestland; GL: grassland; ES: eroded site; DS: deposited site. Values
are expressed as the mean ± standard error. P: landform position; L: land use type; D: soil depth.
***, **, * mean the significant differences at p < 0.001, p < 0.01, and p < 0.05, respectively, and ns means
no significant differences (p > 0.05).

Landform position significantly influenced soil extracellular enzyme activities, and
the effects depended on land-use type and soil depth (p < 0.05, Figure 2). For example, the
C-acquiring enzyme CBH and the N-acquiring enzyme NAG were higher in the deposited
zone (4.843 and 2.185 nmol g−1 h−1, respectively) than in the eroded zone (2.831 and
1.254 nmol g−1 h−1, respectively) (Figure 2a,c). The variations in the CBH and NAG were
significant at the 0–20 cm depth in forest and grassland (p < 0.05) and not significant in
cropland for either surface or deep soils (p > 0.05). The P-acquiring enzyme AP was also
significantly higher in the deposited zone than in the eroded zone at the 0–20 cm depth
in forest and grassland (p < 0.05) but similar in the two landform positions at the 0–2 m
soil profile in cropland (p > 0.05, Figure 2e). Thus, the deposited area had higher C-, N-,



Agronomy 2022, 12, 2796 6 of 14

and P-acquiring enzyme activities in surface soils in forest and grassland but were similar
in cropland.

Figure 2. Soil microbial enzymatic activity of (a) CBH, (b) BG, (c) NAG, (d) LAP, and (e) AP from differ-
ent soil sites. CBH: β-D-cellobiosidase; BG: β-1,4-glucosidase; NAG: β-1,4-N-acetylglucosaminidase;
LAP: leucine aminopeptidase; AP: alkaline phosphatase. CL: cropland; FL: forestland; GL: grassland;
ES: eroded site; DS: deposited site. Values are expressed as the mean ± standard error. P: landform
position; L: land use type; D: soil depth. ***, **, * mean the significant differences at p < 0.001, p < 0.01
and p < 0.05, respectively, and ns means no significant differences (p > 0.05).

3.3. Soil Microbial Nutrient Limitation

The study area suffered from both N limitation and P limitation, with average values
of 5.41 and 10.81, respectively (Figure 3a,b). The positive TERL value (0.76) indicated
that P was the most limiting factor for microbial metabolism (Figure 3c). The microbial
N limitation in the eroded zone was 6.525, which was significantly higher than the value
of 4.301 in the deposited zone (p < 0.05, Figure 3a). Although the variations in microbial
N limitation between the two landform positions were independent of land use and soil
depth, the response ratios of microbial N limitation were higher in surface soils (−45%)
than in deep soils (−27%) and higher in forest (−39%) and grassland (−36%) than in
cropland (−28%). Microbial P limitation did not differ significantly between the eroded
and deposited zones, regardless of land use and soil depth (p > 0.05, Figure 3b), which
indicated a similar P limitation between landform positions. However, the TERL was
significantly higher in the deposited zone than in the eroded zone at the 0–20 cm depth in
forest and grassland (p < 0.05) but was not significantly different at the 0–2 m soil profile in
cropland (p > 0.05, Figure 3c).
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Figure 3. (a) Microbial N limitation, (b) microbial P limitation and (c) Threshold elemental ratio (TERL)

from different soil sites. CL: cropland; FL: forestland; GL: grassland; ES: eroded site; DS: deposited
site. Different capital letters represent significant difference (p < 0.05) between different landform
positions in the same land use type and soil depth. Values are expressed as the mean ± standard
error. P: landform position; L: land use type; D: soil depth. ***, * mean the significant differences at
p < 0.001 and p < 0.05, respectively, and ns means no significant differences (p > 0.05).

3.4. Factors Influencing Extracellular Enzyme Activities and Microbial Nutrient Limitations

The redundancy analysis (RDA) showed that the RDA 1 and 2 axes explained 85.47%
and 85.17% of the soil extracellular enzyme activity and microbial nutrient limitation,
respectively (Figure 4a,b). The forward selection and RF results indicated that the OC,
MBP, SM, clay, NO3− , and MBC were the most powerful factors affecting soil extracellular
enzyme activities (Table 1 and Figure 5a). The RDA results showed that the OC, MBP,
clay, NO3− , and MBC were positively associated with soil extracellular enzyme activities,
while the SM was negatively associated with extracellular enzyme activities (Figure 4a).
Furthermore, the forward selection and RF results implied that the C/P, clay, C/N, OC,
N/P, DOC, and MBP were the most influential factors affecting the microbial nutrient
limitations (Table 2, Figure 5b,c). The RDA results showed that the C/P, clay, OC, N/P,
DOC, MBP, and P limitation were negatively related to microbial N limitation (Figure 4b).
The RF results also highlighted that soil nutrients and their stoichiometry, MBC, MBN, and
MBP were affecting the TERL (Figure 5d).
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Figure 4. The redundancy analysis (RDA) was used to identify the (a) relationship between enzyme
activities and soil physicochemical and microbial properties and (b) the relationship between micro-
bial nutrient limitations and soil physicochemical and microbial properties. SM: soil moisture; OC:
soil organic carbon; TN: total nitrogen; TP: total phosphorus; MBC: microbial carbon; MBN: microbial
nitrogen; MBP: microbial phosphorus; DOC: dissolved organic carbon; EP: soil available phosphorus;
NO3

−: nitrate nitrogen; NH4
+: ammonia nitrogen; Nlim: microbial N limitation; Plim: microbial

P limitation.

Table 1. Simple term effects and forward selection of environmental variables on soil enzyme
activities from the redundancy analysis (RDA).

Variable Simple Term Effects Forward Selection

Contributions % p Explains % p

OC 81.8 0.002 70.2 0.002
C/P 79.5 0.002
TN 76.2 0.002

N/P 71.8 0.002
MBN 62.9 0.002
MBP 55.7 0.002 5.1 0.002
MBC 50.6 0.002 0.8 0.058
DOC 43.1 0.002
clay 26.7 0.002 1.3 0.036
pH 24.5 0.002

C/N 22.3 0.002 1 0.048
TP 16.4 0.002
SM 13.1 0.002 2.5 0.012

sand 13.0 0.008
silt 3.2 0.168

NO3
− 1.0 0.482 1.8 0.034

EP 0.1 0.88
NH4

+ <0.1 0.904
Note: SM: soil moisture; OC: soil organic carbon; TN: total nitrogen; TP: total phosphorus; EP: extractable
phosphorus; DOC: dissolved organic carbon; NH4

+: ammonia nitrogen; NO3
−: nitrate nitrogen; MBC: microbial

carbon; MBN: microbial nitrogen; MBP: microbial phosphorus.
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Figure 5. The Random Forest model (RF) was used to determine the key factors affecting (a) soil
extracellular enzymatic activity, (b) soil microbial N limitation, (c) P limitation, and (d) Threshold
elemental ratio (TERL). SM: soil moisture; OC: soil organic carbon; TN: total nitrogen; TP: total
phosphorus; DOC: dissolved organic carbon; EP: soil available phosphorus; NO3

−: nitrate nitrogen;
NH4

+: ammonia nitrogen. **, * mean the significant differences at p < 0.01 and p < 0.05, respectively.

Table 2. Simple term effects and forward selection of environmental variables on microbial nutrient
limitations from the redundancy analysis (RDA).

Variable Simple Term Effect Forward Selection

Contributions % p Explains % p

C/P 84.9 0.002 51.3 0.002
OC 82.0 0.002 1.9 0.006

N/P 81.2 0.002 1.3 0.054
TN 79.4 0.002

DOC 45.7 0.002 1 0.008
MBN 39.7 0.002
pH 33.2 0.002

MBP 31.9 0.002 0.9 0.08
MBC 29.9 0.002
clay 26.0 0.002 22.1 0.002
C/N 22.4 0.002 3.6 0.006
sand 13.4 0.002
TP 8.9 0.01

NO3
− 7.7 0.022

SM 6.9 0.042
NH4

+ 4.2 0.092
silt 3.8 0.108
EP 0.9 0.62

Note: SM: soil moisture; OC: soil organic carbon; TN: total nitrogen; TP: total phosphorus; EP: extractable
phosphorus; DOC: dissolved organic carbon; NH4

+: ammonia nitrogen; NO3
−: nitrate nitrogen; MBC: microbial

carbon; MBN: microbial nitrogen; MBP: microbial phosphorus.
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4. Discussion
4.1. Variations in Soil Enzyme Activities between the Eroded and Deposited Zones and Their
Dependence on Land Use and Soil Depth

The activities of CBH, NAG, and AP were greater in the deposited area than in the
eroded area, and such variations were significant at the 0–20 cm depth in revegetated forest
and grassland but not in cropland in either surface or deep soils, which was consistent
with Hypotheses H1 and H3, but not H2. Differences in the extracellular enzyme activities
between the eroded and deposited areas may be due to the OC concentration; stoichiometry
of C, N, and P; microbial biomass C, N, and P; clay content; and SM (Table 1, Figure 5a).
Previous studies have shown that enzyme activities were considerably lower in the eroded
zone than the deposited zone, mainly due to the depletion of OC and other nutrients
by erosion [11]. Forward selection and RF results revealed that OC was the key factor
influencing enzyme activities (Table 1, Figure 5a). However, the difference in OC between
landform positions was not significant in our study, which may be explained by the
positive effect of vegetation restoration in forest and grassland and fertilization in cropland
on OC [22,43]. Previous studies also illustrated that soil enzyme activity tends to be closely
associated with the microbial biomass [44,45] and lower MBP in the eroded site, which can
have a greater inhibitory effect on extracellular enzyme activities by downregulating the
quantity of enzyme released by unit of biomass [11]. The significantly higher MBP in the
surface soils of forest and grassland in the deposited zone than in the eroded zone (Figure 1c)
contributed to the larger discrepancy of soil enzyme activities between landform positions.
In addition, the soil enzyme activity per unit of MBC can also assess microorganisms’
metabolism [46]. In the present study, especially in the surface soils and forests and
grasslands, we found that the CBH/MBC and NAG/MBC values were considerably higher
at the deposited site than at the eroded site (Table S4); thus, soil microorganism biomass
released more enzymes in the surface soils of forests and grasslands at the deposited site [47].
Previous studies found that changes in soil nutrient content altered the stoichiometric ratio
of C, N, and P, and the relative shortage of certain elements promoted the secretion of
corresponding soil enzymes [48,49]. In our study, the higher soil C/P and N/P at the
deposited site than at the eroded site were only significant in surface soils in the forest and
grassland (Table S3), which contributed to increasing the AP (Figure 2e).

The SM and clay content were two other important factors influencing soil extra-
cellular enzyme activities (Table 2). The clay and silt contents within the eroded zone
were considerably lower than those within the deposited zone, which may be because soil
erosion destroyed the aggregate structure and selectively transported fine particles to the
deposited site [1,9,22]. Reported studies illustrated that the removal of the clay and silt
content caused by erosion will harm extracellular enzyme activities because these are easily
absorbable on the surface of the fine particles [11,50]. In this study, the clay and silt contents
were positively related to enzyme activities (Figure 4a); thus, the greater differences of
clay and silt contents between two landform positions in the surface soils of forest and
grassland (Table S2) may explain the greater variations of enzyme activities in these land
uses and depths. A previous study indicated that a decrease in soil moisture could enhance
the oxygen content, which stimulated extracellular enzyme activity [51]. In our study, we
also found that SM was negatively correlated with CBH and NAG (Figure 4a). Compared
with topsoils, the higher SM in the deposited site, as compared to the eroded site, was
prominent in deep soils, which would attenuate the response of enzymes to erosion and
deposition. Therefore, given the differences in soil enzyme activities between landform
positions, its interactions with land use and soil depth may be explained by a combination
of factors of the ratios of C, N, and P, MBP, clay content, and soil moisture.

4.2. Variations in Soil Microbial Nutrient Limitations between Eroded and Deposited Zones and
Their Dependence on Land Use and Soil Depth

Our results implied that soil microorganisms’ metabolism was restricted by N and
P, which was in line with reported studies on the Loess Plateau [23,44]. Microbial N
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limitation was considerably larger in the eroded zone than in the deposited zone (p < 0.05,
Figure 3a), and this change was higher in surface soils than in deep soils and higher in
forest and grassland than in cropland, which was consistent with our Hypotheses H1 and
H3 but did not support H2. Our forward selection and RF results indicated that nutrient
and nutrient stoichiometry were the vital factors influencing soil microbial N limitation
(Table 2 and Figure 5b). N and P are thought of as the dominant nutrient elements limiting
vegetation growth and microorganism metabolism [14,52,53]. Studies have shown that
soil microorganisms’ nutrient limitation was vulnerable to nutrient ratio imbalance [12,54].
For example, Cui et al. (2019) [12] implied that the soil C/N, C/P, and N/P considerably
affected microorganisms’ C and P limitations in temperate grassland ecosystems. In surface
soils, we found that the C/P and N/P were higher at the deposited site than at the eroded
site, which had a positive impact on alleviating the microbial N limitation (Figure 4b).
Another vital factor affecting N limitation was clay content (Table 2), which had a negative
effect on N limitation (Figure 4b). A review of nutrient limitations in terrestrial ecosystems
showed a shift from relative P to N limitation with lower soil clay content at global
scales [52]. This was because high clay contents in soils are strongly weathered and tend to
be deficient in P availability. Thus, the greater differences of clay content in grassland and
forest between the eroded and deposited zones (Table S2) would result in more prominent
variations of the N limitation. Furthermore, soil DOC concentration was negatively related
to N limitation (Table 2, Figure 4), meaning that the higher the soil DOC concentration, the
lower the microbial N limitation. Zhang et al. (2022) [55] implied that the soil microbial
N limitation was strongly dependent on soil available C. The higher DOC concentration
indicated that there were more labile C fractions and the labile C would provide energy for
microbes to decompose organic matter, which would release available N and alleviate the
microbial N limitation. Thus, in cropland, the higher DOC at the eroded site than at the
deposited site was conducive to alleviating the N limitation at the eroded site (Table S3),
which may be why the smallest difference was observed in cropland between landform
positions relative to revegetated forest and grassland. Therefore, the change in N limitation
affected by landform positions and its dependence on land-use types and soil depth may
be attributed to the combined effect of soil nutrient stoichiometry, clay content, and DOC.

There was no significant difference in microorganism P limitation between the eroded
and deposited sites. The TERL indicated that the study area was primarily limited by P
relative to N, which was in line with previous studies. Studies have reported that microor-
ganism metabolism is widely restricted by soil P in several terrestrial ecosystems, such
as subtropic forests and semiarid grasslands [14,23,56]. This phenomenon was mainly
attributed to the soil nutrient ratio, especially in surface soils. Soil C/P and N/P values
were higher at the deposited zone than at the eroded zone, which may enhance microbial P
limitation (Figure 4b). That is, nutrient limitations rely not only on the supply of nutrients
but also on the supply of other nutrients. The increase in soil C/P and N/P could also
be attributed to the fact that soil P was principally gained through weathering. Higher
vegetation aboveground biomass and root systems would assimilate more P after veg-
etation restoration, and soil eroded would accelerate the loss of P, which can hardly be
replenished by plant inputs and resulted in a relatively stable P compared with soil OC and
N [14,23,57]. The increase of C/P and N/P meant the relative dilution of P compared with
C or N, which would potentially result in microbial P limitation and, in turn, stimulate
P-acquisition enzyme activities [20,23]. Xiao et al. (2020) [23] and Jiao et al. (2013) [58]
additionally reported that the ratio of N to P increased after farmland abandonment and
implied that soil microorganisms were principally restricted by P in the Loess Plateau.
Furthermore, the higher P limitation at the deposited site than at the eroded site was
prominent in revegetated forests, which may be due to the larger difference in MBP be-
tween landform positions in forests as a positive relation between MBP and P limitation
(Figures 4b and 5d). These results implied that soil nutrient stoichiometry has a powerfully
regulatory impact on microorganism metabolism by influencing fundamental balance and
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the nutrient ratio would thus potentially be the important threshold resulting in microbic
metabolic limitations.

5. Conclusions

Elucidating how soil enzyme activities and microbial nutrient limitations respond to
soil erosion and their dependence on land use is essential to understanding the microbial
metabolisms and nutrient cycling of agriculture and revegetated ecosystems in eroded
and deposited landscapes. In our study, the deposited sites had higher enzyme activities
and lower microbial N limitation than the eroded sites, and such variations were more
pronounced in forest and grassland than in cropland and were greater in surface soils
(0–10 and 10–20 cm) than in deep soils (60–80 and 180–200 cm). The terminal threshold
ratio model illustrated that the study area was mostly restricted by P, and such restrictions
were greater in the deposited zone than in the eroded zone for the surface soils in forest
and grassland. Our study highlighted the variations in microbial nutrient limitations
between two landform positions and their dependence on land uses in a hilly-gully area
of the northern Loess Plateau. However, our study did not capture the changes in the
metabolic metabolism characteristics in the eroded and deposited processes, and further
studies are recommended to investigate the dynamic features with the aid of rainfall
simulation experiments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy12112796/s1, Table S1: ANOVA results for soil physicochemical
properties as affected by landform position (P), land-use type (L), soil depth (D) and their interactions.
Table S2: Soil physicochemical properties in erosion and deposition landform positions with different
land-use types and soil depths. Table S3: Soil nutrients in erosion and deposition landform positions
with different land-use types and soil depths. Table S4: The ratios of soil microbial C, N, P and ratios
of soil extracellular enzymes to MBC in different landform positions within land use types and soil
depths. Figure S1: Results of principle component analysis of soil extracellular enzyme activities.
CBH: β-D-cellobiosidase; BG: β-1,4-glucosidase; NAG: β-1,4-N-acetylglucosaminidase; LAP: leucine
aminopeptidase; AP: alkaline phosphatase.
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