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Abstract: Soil microbial carbon use efficiency (CUE) plays a crucial role in terrestrial C cycling.
However, how microbial CUE responds to nitrogen addition and its mechanisms in soil aggregates
from abandoned grassland systems remains poorly understood. In this study, we designed a nitrogen
(N) addition experiment (0 (N0), 10 (N1), 20 (N2), 40 (N3), 80 (N4) kg N ha−1yr−1) from abandoned
grassland on the Loess Plateau of China. Subsequently, the enzymatic stoichiometry in soil aggregates
was determined and modeled to investigate microbial carbon composition and carbon utilization.
The vegetation and soil aggregate properties were also investigated. Our research indicated that soil
microbial CUE changed from 0.35 to 0.53 with a mean value of 0.46 after N addition in all aggregates,
and it significantly varied in differently sized aggregates. Specifically, the microbial CUE was higher
and more sensitive in macro-aggregates after N addition than in medium and micro-aggregates. The
increasing microbial CUE in macro-aggregates was accompanied by an increase in soil organic carbon
and microbial biomass carbon, indicating that N addition promoted the growth of microorganisms
in macro-aggregates. N addition significantly improved the relative availability of nitrogen in all
aggregates and alleviated nutrient limitation in microorganisms, thus promoting microbial CUE. In
conclusion, our study indicates that soil microbial CUE and its influencing factors differ among soil
aggregates after N addition, which should be emphasized in future nutrient cycle assessment in the
context of N deposition.

Keywords: microbial carbon use efficiency; soil aggregates; soil carbon sequestration; N addition

1. Introduction

Large-scale vegetation restoration has been used to control soil erosion and improve
ecological conditions in the Loess Plateau of China [1,2]. Abandoned grassland is one of the
most essential vegetation restoration types, accounting for about 42% of the total vegetation
area of the Loess Plateau [3]. In recent decades, vegetation restoration has provided large
potential carbon sequestration and accumulation and has played a crucial role in regulating
the carbon cycle and mitigating climate change [4,5]. Soil microbial carbon use efficiency
(CUE), defined as the ratio between the carbon (C) allocated to growth and the C taken up
by microorganisms, is a pivotal index for controlling C cycling in terrestrial ecosystems [6],
which ultimately determines soil C storage. However, nitrogen (N) availability in soil
strongly controls microbial growth and respiration, and hence microbial CUE, as microbes
need to maintain a balanced ratio of C to nutrients in their cells [7]. Li et al. conducted
a long-term N addition experiment in temperate forest soil in 2021 and reported that N
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addition could control the soil C cycling process by affecting microbial CUE [8], indicating
that the change in microbial CUE is affected by nitrogen availability [9]. However, the
responses of microbial CUE to N addition vary considerably, from positive [8,10,11] or
neutral [12] to negative [13,14]. There is still limited understanding of the magnitude
and direction of the changes in microbial CUE in the context of different nitrogen inputs.
Therefore, it is urgent to explore the varying CUE patterns and their underlying mechanism
under ongoing N deposition.

Several studies have reported that soil microbial CUE varied with different N addition
levels because of changed soil properties. For example, Devêvre et al. reported in 2000 that
N addition could reduce the C:N ratio of the soil substrate, determining the direction
of microbial CUE [15]. This is because microbial communities usually have higher CUE
when using substrates with a low C:N ratio. Soil pH can also affect microbial CUE. Soil
acidification results in conversion from microbial N limitation to C limitation. In response
to the increasing C limitation, the microbial community tends to alter the soil’s enzymes
and increase CUE under soil acidification [16]. In addition, soil microbial CUE is also
driven by soil aggregate size and other factors. For instance, Wang et al.’s research on
the agroecosystem of a tea plantation in 2017 revealed that the microbial biomass of
C and respiration rate were higher in macro-aggregates [17]. At the same time, Chen
et al. also reported in 2019 that soil macro-aggregate structures have an important impact
on soil carbon stability and microbial community structure and activity and promote
the protection of soil organic carbon [18]. In particular, a meta-analysis also showed
that nitrogen addition significantly increased the proportion of macro-aggregates and
promoted the accumulation of particulate organic C by increasing macro-aggregate C
and soil acidification [19]. However, there is uncertainty about soil carbon sequestration
because of the differences between carbon microbial metabolic activities [20] and carbon
components [21] in different aggregates. Therefore, it is not clear how nitrogen addition
affects the size and direction of microbial CUE through the vegetation community, soil
physical and chemical properties, carbon composition, and aggregates.

To fill this knowledge gap, we conducted an N addition experiment with urea
(CH4N2O) in the abandoned grassland of the Loess Plateau, aiming to reveal the response
of microbial CUE under N addition in different soil aggregate sizes and to explore how en-
vironmental variables affect microbial CUE in soil after N addition. Since previous studies
have reported that more unstable soil organic carbon (SOC) is formed in macro-aggregates
than in micro-aggregates [22] and microbial activity in soil macro-aggregates are higher
and more sensitive to nitrogen fertilization [23], we hypothesize that (1) microbial CUE in
all three soil aggregates will show an increasing trend with the increasing N addition con-
centration, (2) microbial CUE in macro-aggregates will be more sensitive after N addition
than in micro-aggregates, and (3) the microbial CUE will be affected by the soil’s nitrogen
availability and carbon components after N addition. This study may contribute to a future
assessment of the terrestrial ecosystem carbon cycle in the context of climate change.

2. Materials and Methods
2.1. Site Description

The experimental land was located in the Wuliwan catchment, located in Ansai County,
Shaanxi Province, on the Loess Plateau, China (36◦52′ N; 109◦21′ E, 1061–1371 m above
sea level). This area is characterized by a typical warm temperate semi-arid climate,
with a mean annual temperature of 8.8 ◦C and annual precipitation of 505 mm. The
nitrogen deposition of this area is 10.49 kg N ha−1yr−1. The soil is mainly composed
of Calcisols with a typical loose and soft texture (judged by the Food and Agriculture
Organization of the United Nations), and the average soil pH is 8.4. The dominant herba-
ceous species in the sample land are Artemisia sacrorum, Stipa bungeana, Melilotus officinalis,
Lespedeza floribunda, etc.
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2.2. Experimental Design

A typically abandoned grassland was selected in the Wuliwan catchment in March 2017,
and 15 plots (3 m × 3 m) were established in this land. The distance between each plot
was >1 m. The 15 plots were divided into 3 blocks to reduce errors caused by potential
topographic position and nutrient heterogeneity. A total of 5 treatments with different N
addition levels (0, 10, 20, 40, 80 kg N ha−1yr−1, represented by N0, N1, N2, N3, N4) were
added into each block, and each treatment was repeated 3 times. Urea (CH4N2O) was
used as fertilizer. The nitrogen deposition in this area is mainly distributed in the growth
period (mainly May to October) [24]. To simulate the continuous but uneven N deposition
throughout the year, the fertilization experiment was conducted in March, June, September,
and December, with 1/6, 1/3, 1/3, and 1/6 of the total fertilizer used in a year, respectively.
The fertilizers were dissolved in 1.5 L water and sprayed evenly, close to the soil surface.
The control (N0) was treated the same way, except urea was not added.

2.3. Vegetation Community Characteristics

Five small quadrats (1 m × 1 m) were selected to conduct a vegetation survey. The
overall vegetation coverage and the name, height, and coverage of all species were recorded
in each small quadrat. In addition, the surface litter of each small quadrat was collected in
autumn and then dried at 80 ◦C until its weight remained unchanged. Then, the dry litters
were weighed. In mid-August, the aboveground parts of the plants in 3 random small
quadrats were cut off and then dried at 65 ◦C to a constant weight, and this dry weight
constitutes the vegetation’s aboveground biomass.

The Shannon–Wiener index (H) was used to reflect the species diversity of the herb
community, which was calculated as:

H = −∑PilnPi (1)

where Pi is the ratio of the number of individuals of the ith species to the number of
individuals of all species.

2.4. Soil Sampling and Aggregate Fractionation Sieving

Soil samples were collected in August 2020 after three years of fertilization. Three
sample points were selected along the diagonal of each quadrat. The topsoil was collected
with an aluminum box (20 cm × 12 cm × 6 cm) after removing surface litter to avoid
breaking the soil structure. The soil samples were immediately transported to the labora-
tory and broken into small pieces with sizes of about 1 cm3 along the natural cracks; the
root, gravel, animal, and plant residues were also picked out. Three soil samples from the
same quadrat were mixed for subsequent aggregate grading. The optimal moisture sieving
procedure was used for the separation of soil aggregates [25]. In brief, the soil clods were
partially dried to a 10% water content at 4 ◦C in an incubator. The dried soil (about 500 g)
was placed on a stack of sieves with 2 mm and 0.25 mm mesh openings. The sieves were
shaken at 200 rpm for 3 min. Then, differently sized aggregates were obtained, includ-
ing macro-aggregates (>2 mm), medium aggregates (2–0.25 mm), and micro-aggregates
(<0.25 mm). Additionally, the soil properties were determined at aggregate scales. The soil
sample for each aggregate was divided into three parts. One part was stored at −20 ◦C
for determining the soil enzyme activity and soil microbial biomass, one part was used to
determine the soil physical and chemical properties after air-drying, and the final part was
dried at 105 ◦C and weighed to calculate the weight of the aggregates of each size.

2.5. Soil Property Analyses

SOC was measured using the K2Cr2O7 oxidation method [26]. The soil’s dissolved or-
ganic carbon (DOC) was determined by a total organic carbon analyzer (TOC-L, Shimadzu,
Kyoto, Japan) after water extraction and filtered through a 0.45 µm filter membrane [26],
which represents the unstable carbon component easily used by the microorganisms in the
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soil. Soil labile organic C (LOC) was determined by the KMnO4 (333 mol L−1) oxidation
method [27], which can reflect the availability and timeliness of SOC to varying degrees.
Total nitrogen (TN) in the soil was determined following the Kjeldahl digestion method [28].
The soil’s total phosphorus (TP) was determined by H2SO4–HClO4 digestion and then
Mo-Sb anti-spectrophotography method [29]. Soil pH was measured in 1:5 mixtures of
soil and deionized water using a pH meter (INESA Scientific Instrument Corp. Shanghai,
China). Soil bulk density (SBD, g cm−3) was calculated from the weight of the soil cores
after drying at 105 ◦C [30]. The soil’s microbial biomass carbon (MBC), nitrogen (MBN), and
phosphorus (MBP) were analyzed by the chloroform fumigation-extraction method [31–33].

2.6. Soil Enzyme Activity Assays

The soil was pre-cultured for one week before determining enzyme activity to off-
set the effect of low temperature on enzyme activity. Four enzymes related to micro-
bial metabolism rates and biogeochemical processes were measured, including β-1,4-
glucosidase (BG, EC 3.2.1.21), β-1,4-n-acetylglucosaminidase (NAG, EC 3.2.1.30), leucine
aminopeptidase (LAP, EC 3.4.11.1), and alkaline phosphatase (ALP, EC 3.1.3.1). These
enzymes were generally used as indicators of microbial nutrient demand [34]. All four
enzymes’ activities were determined using the modified method of standard fluorometric
techniques as described in [35]. The fluorometric substrates used for BG, NAG, LAP, and
ALP were 4-MUB-β-D-glucoside, 4-MUB-N-acetyl-β-D-glucosaminide, L-Leucine-7-amido-
4-methylcoumarin, and 4-MUB-phosphate, respectively. The soil enzymatic activity was
expressed as nmol·h−1·g−1 dry soil.

2.7. Calculation of Microbial Carbon Use Efficiency

Microbial carbon use efficiency was estimated from stoichiometric relationships in
our study. This calculation method was based on two assumptions: (1) indicator en-
zyme activities have steady-state scaling coefficients of approximately 1.0 in relation to
microbial production and organic matter concentration; and (2) microbial communities
exhibit optimum resource allocation with respect to enzyme expression and environmental
resources [6]. Specifically, the microbial CUEs were calculated based on C:N and C:P
stoichiometry using Formulas (2) and (3) [6]. C:X represents the C:N or C:P ratio. EEAC:X,
calculated as BG:(NAG + LAP) or BG:ALP, was the ecological enzyme activity ratio of C
and X obtained from the environment. C:X ratios of the microbial biomass were used as
estimates of BC:X. LC:X represents the C:N or C:P:

CUEC:X = CUEmax

[
SC:X

(SC:X + KX)

]
(2)

SC:X =

(
1

EEAC:X

)(
BC:X
LC:X

)
(3)

where SC:X represents the extent to which the allocation of EEAs offsets the difference
between the elemental composition of available resources and the composition of microbial
biomass [6]. In this model, the value of KX is assumed to be 0.5. CUEmax was set as
0.6, which is the upper limit for microbial growth efficiency based on thermodynamic
constraints [6]. Finally, the microbial CUE used in this study is the arithmetic mean of
CUEC:N and CUEC:P.

2.8. Statistical Analyses

All data were distributed normally based on the Kolmogorov–Smirnov test (p > 0.05
for each null hypothesis). One-way analysis of variance (ANOVA) and Duncan’s multiple
comparisons were used to test the effects of N addition and soil aggregates on the vari-
ables measured in this study. The relationship between soil microbial CUE and carbon
composition was analyzed by linear regression analysis. A Mantel test was used to test
the correlation between microbial CUE and the environmental impact factor matrix under
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N addition treatment. Pearson’s correlation analysis was used to evaluate the correlation
between soil microbial CUE and ecological factors. Variance allocation analysis (VPA) was
also performed to identify the influence of different categories of indicators on soil microbial
CUE. All the analyses were performed using the R 3.6.2 (R Core Team, Vienna, Austria).

3. Results
3.1. Changes in Vegetation Community and Soil Characteristics

N addition significantly improved vegetation community characteristics, such as cov-
erage, species number, Shannon–Wiener index, and plant biomass (Table 1, p < 0.05). At the
same time, the soil’s physical and chemical properties also changed. In detail, the addition
of N significantly reduced the soil’s pH, but the contents of SOC, TN, NO3

−-N, MBC, and
MBN in the soil first decreased and then increased with the increasing N concentration.
Soil BG, LAP, NAG, and ALP activities decreased from N0 to N2 by 43.67%, 29.36%, 6.43%,
and 21.32%, respectively, and then significantly increased from N2 to N4 (p < 0.05). The
LOC and AP in soil significantly increased with the increasing N concentration (p < 0.05),
and the CUE and NH4

+-N in the whole soil showed no significant changes.

Table 1. Changes in vegetation community and whole soil’s physical and chemical properties under
nitrogen addition.

Index
N Addition

N0 N1 N2 N3 N4

Coverage (%) 62.92 ± 5.50 C 71.67 ± 3.23 BC 71.50 ± 3.18 BC 82.00 ± 1.48 AB 89.50 ± 1.41 A
Species Number 14.67 ± 0.72 C 15.00 ± 0.47 C 18.00 ± 1.25 BC 22.00 ± 0.82 A 21.00 ± 0.94 AB

Shannon–Wiener index 3.00 ± 0.15 AB 2.78 ± 0.10 B 3.19 ± 0.15 AB 3.46 ± 0.10 A 3.47 ± 0.06 A
Biomass (g·m−2) 128.33 ± 15.83 C 134.63 ± 1.71 C 189.73 ± 25.77 BC 254.23 ± 10.33 B 335.73 ± 28.24 A

Litter (g·m−2) 45.35 ± 2.55 B 45.21 ± 2.09 B 45.43 ± 1.88 B 54.75 ± 6.12 B 95.86 ± 4.62 A
pH 8.57 ± 0.02 A 8.51 ± 0.03 AB 8.43 ± 0.05 BC 8.44 ± 0.02 BC 8.35 ± 0.02 C

SBD (g·cm−3) 119.48 ± 1.84 A 122.43 ± 0.66 A 119.17 ± 4.65 A 117.88 ± 4.18 A 119.26 ± 2.31 A
SOC (g·kg−1) 3.88 ± 0.31 A 3.60 ± 0.33 A 2.55 ± 0.06 B 3.84 ± 0.22 A 3.57 ± 0.13 A

DOC (mg·kg−1) 220.41 ± 5.82 A 227.23 ± 9.03 A 227.76 ± 5.89 A 242.25 ± 10.78 A 240.86 ± 2.88 A
TP (g·kg−1) 0.67 ± 0.01 A 0.64 ± 0.03 A 0.68 ± 0.01 A 0.70 ± 0.01 A 0.69 ± 0.00 A
TN (g·kg−1) 0.52 ± 0.01 B 0.46 ± 0.01 BC 0.40 ± 0.01 C 0.51 ± 0.01 AB 0.66 ± 0.03 A

AP (mg·kg−1) 4.89 ± 0.47 B 5.75 ± 0.11 AB 6.53 ± 1.01 AB 7.52 ± 0.78 A 7.75 ± 0.40 A
NH4

+-N (mg·kg−1) 4.27 ± 0.45 A 3.94 ± 0.29 A 5.97 ± 1.23 A 5.12 ± 1.06 A 5.03 ± 1.45 A
NO3

−-N (mg·kg−1) 4.57 ± 0.14 A 3.48 ± 0.26 BC 2.82 ± 0.19 C 3.71 ± 0.24 AB 4.30 ± 0.22 AB
MBC (mg·kg−1) 102.43 ± 8.44 AB 76.90 ± 3.14 B 49.82 ± 4.11 C 99.87 ± 5.96 AB 120.98 ± 8.90 A
MBN (mg·kg−1) 20.07 ± 1.67 BC 15.21 ± 0.59 CD 14.08 ± 0.68 D 24.99 ± 1.69 AB 27.75 ± 1.60 A
MBP (mg·kg−1) 3.93 ± 0.38 B 3.21 ± 0.12 B 3.30 ± 0.16 B 5.17 ± 0.10 A 5.57 ± 0.12 A

BG (nmol·h−1·g−1) 23.83 ± 2.33 AB 19.73 ± 1.06 B 13.42 ± 0.87 C 20.12 ± 0.84 AB 28.51 ± 0.47 A
LAP (nmol·h−1·g−1) 18.24 ± 0.93 B 17.58 ± 0.13 B 12.89 ± 0.85 C 16.97 ± 1.18 B 27.48 ± 0.45 A
NAG (nmol·h−1·g−1) 4.16 ± 0.67 B 4.17 ± 0.58 B 3.90 ± 0.70 B 7.22 ± 0.93 AB 10.30 ± 1.07 A
ALP (nmol·h−1·g−1) 41.92 ± 4.13 AB 39.30 ± 2.29 AB 32.98 ± 2.65 B 39.73 ± 4.19 AB 46.72 ± 1.38 A

LOC (mg kg−1) 0.94 ± 0.06 B 1.02 ± 0.03 AB 1.04 ± 0.04 AB 1.15 ± 0.03 AB 1.19 ± 0.08 A
CUE 0.45 ± 0.01 A 0.47 ± 0.01 A 0.46 ± 0.00 A 0.47 ± 0.01 A 0.47 ± 0.01 A

SBD: soil bulk density; SOC: soil organic carbon; TN: total nitrogen; TP: total phosphorus; DOC: dissolved organic
carbon; LOC: labile organic carbon; AP: available phosphorous; NH4

+-N: ammonium nitrogen; NO3
−-N: nitrate

nitrogen; MBC: microbial biomass carbon; MBN: microbial biomass nitrogen; MBP: microbial biomass phospho-
rus; BG: β-1,4-glucosidase; NAG: β-1,4-N-acetylglucosaminidase; LAP: leucine aminopeptidase; ALP: alkaline
phosphatase; CUE: microbial carbon use efficiency. The data are presented as mean ± standard error. Different
capital letters indicate the difference between different nitrogen addition treatments (p < 0.05).

More importantly, the soil properties varied with different aggregate sizes (Table 2).
With the increasing N concentration, the soil TN content first decreased and then increased
in three aggregates (p < 0.05), but the soil TP did not change significantly. NO3

−-N
decreased in micro-aggregates; it decreased first and then increased in medium and macro-
aggregates (p < 0.05). Soil AP content increased with N addition in medium aggregates
(p < 0.05). N addition and soil aggregate size significantly affected the enzymatic activities
(p < 0.05). The BG decreased first and then increased in soil micro-aggregates, while
it increased in soil medium and macro-aggregates with the increasing N concentration
(p < 0.05). The NAG and LAP increased with the increasing N concentration in all three
soil aggregates (p < 0.05). The ALP increased and then decreased with the increasing N
concentration in all three soil aggregates. The soil TP, NH4

+-N, MBN, and MBP showed no
significant differences at different N addition levels and soil aggregate sizes.
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Table 2. Changes in soil physical and chemical properties of different soil aggregates under nitrogen addition.

N addition pH TN (g·kg−1) TP (g·kg−1) NH4
+-N

(g·kg−1)
NO3−-N
(g·kg−1) AP (g·kg−1) MBN

(mg·kg−1)
MBP

(mg·kg−1)
BG

(nmol·h−1·g−1)
LAP

(nmol·h−1·g−1)
NAG

(nmol·h−1·g−1)
ALP

(nmol·h−1·g−1)

N0
micro- 8.55 ± 0.02 aA 0.67 ± 0.02 aA 0.59 ± 0.01 aA 5.07 ± 0.22 aA 4.73 ± 0.05 aA 5.33 ± 0.95 aA 15.80 ± 0.76 aA 6.10 ± 0.66 aA 27.92 ± 2.29 aAB 16.25 ± 0.95 aB 4.64 ± 0.92 aB 47.26 ± 1.24 aA

medium 8.55 ± 0.01 aA 0.38 ± 0.02 bCD 0.59 ± 0.00 aA 2.55 ± 0.19 aA 4.78 ± 0.30 aA 5.03 ± 0.64 aB 14.48 ± 2.36 aA 6.40 ± 0.71 aA 21.06 ± 4.02 aAB 14.39 ± 1.19 aB 3.48 ± 0.47 aB 29.66 ± 0.08 bAB

macro- 8.56 ± 0.02 aA 0.41 ± 0.02 bBC 0.55 ± 0.01 aA 4.17 ± 0.95 aA 4.24 ± 0.22 aA 4.06 ± 0.37 aA 15.89 ± 1.56 aAB 5.13 ± 0.71 aA 15.42 ± 3.37 aAB 10.03 ± 0.63 bC 2.37 ± 0.20 aB 26.79 ± 0.95 bBC

N1
micro- 8.49 ± 0.03 aAB 0.38 ± 0.01 aD 0.61 ± 0.03 aA 3.50 ± 0.29 aA 3.75 ± 0.37 aAB 6.44 ± 1.21 aA 14.83 ± 1.56 aA 5.13 ± 0.43 aA 19.88 ± 3.36 aBC 16.51 ± 1.38 aB 4.07 ± 0.56 aB 26.66 ± 0.84 bB

medium 8.47 ± 0.03 aAB 0.49 ± 0.05 aBC 0.55 ± 0.01 aA 3.74 ± 0.38 aA 3.70 ± 0.09 aB 5.20 ± 0.50 aB 14.94 ± 2.75 aA 6.43 ± 1.18 aA 15.84 ± 2.08 aB 13.71 ± 0.59 aB 3.26 ± 0.43 aB 43.11 ± 6.04 aA

macro- 8.48 ± 0.03 aAB 0.48 ± 0.01 aBC 0.56 ± 0.01 aA 4.16 ± 0.90 aA 3.21 ± 0.44 aAB 5.75 ± 0.64 aA 15.75 ± 2.92 aAB 6.17 ± 1.83 aA 14.82 ± 2.31 aB 13.49 ± 1.16 aBC 2.99 ± 0.31 aB 29.80 ± 2.21 abB

N2
micro- 8.40 ± 0.05 aBC 0.49 ± 0.01 aC 0.57 ± 0.03 aA 5.66 ± 1.24 aA 3.24 ± 0.30 aB 5.82 ± 1.05 aA 14.71 ± 0.48 aA 6.57 ± 1.84 aA 14.77 ± 0.69 aC 15.16 ± 1.42 aB 5.50 ± 0.74 aB 36.55 ± 3.23 aAB

medium 8.41 ± 0.04 aBC 0.34 ± 0.02 bD 0.60 ± 0.01 aA 6.03 ± 1.30 aA 3.08 ± 0.35 aB 6.68 ± 1.02 aAB 12.02 ± 0.35 aA 4.27 ± 0.53 aA 13.17 ± 0.92 abB 13.22 ± 1.82 aB 4.98 ± 0.21 aAB 23.31 ± 1.80 bB

macro- 8.41 ± 0.05 aBC 0.37 ± 0.05 abC 0.55 ± 0.01 aA 6.17 ± 1.47 aA 2.38 ± 0.15 aB 6.83 ± 1.62 aA 12.61 ± 2.09 aB 4.67 ± 0.83 aA 10.10 ± 1.09 bB 12.80 ± 1.10 aBC 2.97 ± 0.25 bB 20.02 ± 1.91 bC

N3
micro- 8.43 ± 0.02 aABC 0.47 ± 0.01 bC 0.58 ± 0.03 aA 4.89 ± 0.82 aA 3.71 ± 0.42 aAB 8.94 ± 2.09 aA 16.87 ± 2.95 aA 6.30 ± 0.54 aA 21.58 ± 1.82 aBC 18.95 ± 1.95 aB 7.20 ± 0.84 aAB 29.96 ± 3.54 aB

medium 8.42 ± 0.02 aBC 0.59 ± 0.02 aAB 0.58 ± 0.03 aA 5.01 ± 0.86 aA 4.01 ± 0.03 aAB 6.06 ± 0.40 aAB 20.36 ± 4.13 aA 5.20 ± 1.11 aA 18.22 ± 2.00 abB 15.98 ± 1.06 aB 5.44 ± 0.85 aAB 39.34 ± 5.49 aA

macro- 8.42 ± 0.02 aBC 0.50 ± 0.01 bB 0.58 ± 0.02 aA 5.44 ± 1.38 aA 3.42 ± 0.29 aAB 6.43 ± 0.53 aA 15.07 ± 1.42 aB 3.60 ± 0.08 aA 11.96 ± 1.18 bB 15.02 ± 1.08 aB 5.08 ± 1.32 aAB 23.65 ± 2.27 aBC

N4
micro- 8.32 ± 0.02 aC 0.60 ± 0.03 bB 0.62 ± 0.03 aA 5.32 ± 1.45 aA 4.28 ± 0.41 aAB 8.00 ± 0.34 aA 19.69 ± 1.91 aA 4.93 ± 0.70 aA 31.19 ± 0.60 aA 26.89 ± 1.38 aA 9.62 ± 0.83 aA 42.85 ± 3.66 aA

medium 8.32 ± 0.02 aC 0.64 ± 0.03 abA 0.58 ± 0.00 aA 5.25 ± 1.35 aA 4.67 ± 0.24 aA 8.58 ± 0.52 aA 21.55 ± 1.82 aA 6.77 ± 0.92 aA 28.22 ± 0.71 aA 22.89 ± 0.32 abA 7.04 ± 0.62 aA 44.19 ± 0.20 aA

macro- 8.34 ± 0.02 aC 0.72 ± 0.01 aA 0.54 ± 0.00 aA 4.47 ± 1.33 aA 3.88 ± 0.25 aA 6.94 ± 0.39 aA 23.29 ± 1.07 aA 5.57 ± 0.96 aA 23.12 ± 1.22 bA 20.12 ± 0.96 bA 6.61 ± 0.63 aA 41.72 ± 0.81 aA

TN: total nitrogen; TP: total phosphorus; AP: available phosphorous; NH4
+-N: ammonium nitrogen; NO3

--N: nitrate nitrogen; MBN: microbial biomass nitrogen; MBP: microbial
biomass phosphorus; BG: β-1,4-glucosidase; NAG: β-1,4-N-acetylglucosaminidase; LAP: leucine aminopeptidase; ALP: alkaline phosphatase. The data are presented as mean ± standard
error. Different capital letters and small letters indicate the difference between different nitrogen addition concentrations and different soil aggregate sizes, respectively (p < 0.05).
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3.2. Variations in Soil Aggregate Carbon Composition and Microbial CUE under Different N
Addition Concentration

The SOC was higher in soil micro-aggregates and was significantly decreased from
N0 to N2 and then increased from N2 to N4 along with the increasing N concentration in
all three aggregate sizes (p < 0.05). The coefficient of variation of SOC among N addition
treatments in macro-aggregates was 0.27, which was much higher than that in medium
and micro-aggregates (0.19). The soil MBC and DOC also showed decreased and then
increased trends with increasing N concentration (p < 0.05), but the differences among
different aggregate sizes were not significant (Figure 1). The soil LOC showed no significant
differences at different N addition levels and soil aggregate sizes. Moreover, N addition
had a positive effect on microbial CUE, especially in macro-aggregates.

Figure 1. Effects of N addition on SOC (A), DOC (B), MBC (C), LOC (D), and CUE (E) in three soil
aggregates. The green, orange, and blue bars indicate the changes of five indexes in micro-aggregates,
medium aggregates, and macro-aggregates, respectively. The error bar is the standard error of mean.
Different small and capital letters above bars indicate significant differences among different soil
aggregates and N addition rates at the level of p < 0.05. SOC: soil organic carbon; DOC: dissolved
organic carbon; MBC: microbial biomass carbon; LOC: labile organic carbon; CUE: microbial carbon
use efficiency.

The SOC showed a significant negative correlation with soil microbial CUE in macro-
aggregates (Figure 2A, p < 0.05). DOC had a significant positive correlation with CUE in
medium aggregates (Figure 2B, p < 0.05). However, there was no significant correlation
between the CUE and other soil C components.
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Figure 2. Relationship between four carbon components and microbial carbon use efficiency in three
aggregate sizes. The scatter subplot in each panel (A–D) demonstrates the relationship between
carbon components (SOC, DOC, MBC, and LOC, respectively) and CUE. Different colors (green,
orange, and blue) represent different aggregates (micro-aggregates, medium aggregates, and macro-
aggregates, respectively). The formula corresponding to each aggregate and R2 is shown. * indicates
significance at the level of p < 0.05.

3.3. Effects of Vegetation Community, Soil Characteristics, and Carbon Components on Microbial
Carbon Use Efficiency

The Mantel test was used to test the correlation between soil microbial CUE and
environmental impact factor matrix in different soil aggregate sizes. We found that the
responses of microbial CUE to environmental variables varied with aggregate size (Figure 3).
For soil macro-aggregates, SOC (r = −0.52) and C:N (r = −0.81) were negatively and
significantly related to microbial CUE (p < 0.01). The C:N ratio exhibited a positive and
strong association with SOC and DOC (p < 0.05). N addition was significantly correlated
with soil C:N, SOC, and DOC (Figure 3A, p < 0.01). In medium aggregates (Figure 3B),
C:N (r = −0.72, p < 0.01) was significantly negatively correlated, whereas N:P (r = 0.59,
p < 0.05) was positively correlated with microbial CUE. Furthermore, N:P exhibited a
positive association with vegetation species number, coverage, and biomass. N addition
was significantly correlated with vegetation species, coverage, and vegetation biomass
(p < 0.01). In micro-aggregates (Figure 3C), C:N was significantly negatively correlated with
microbial CUE (r = −0.67, p < 0.01) and N:P (r = −0.64, p < 0.01), and N addition also had a
strong and significant impact on N:P (p < 0.01).
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Figure 3. The drivers of soil microbial CUE in macro-aggregates (A), medium aggregates (B), and
micro-aggregates (C). The pairwise correlation heat map of environmental factor indicators and the
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correlation coefficient of Pearson are expressed by the color gradient. The nitrogen addition treat-
ment was correlated with each index by a biased (geographic distance corrected) Mantel test.
Edge width corresponds to Mantel’s R statistic of distance correlation, and edge color represents
statistical significance.

The results of variation partitioning analysis (VPA) showed the effects of the soil’s
physicochemical properties, vegetation characteristics, and C components on soil micro-
bial CUE in three aggregates (Figure 4). In the macro-aggregates, the carbon component
had the highest effect on microbial CUE (54%), followed by vegetation and soil charac-
teristics (21%). In the medium aggregates, the influence of soil characteristics on CUE
was the highest (50%). In micro-aggregates, the interaction among C components, soil
characteristics, and vegetation characteristics had a prominent impact on CUE. In general,
from macro-aggregates to micro-aggregates, the independent effect of carbon components
on CUE is gradually decreasing, and the interaction effects between different factors are
gradually strengthening.

Figure 4. Variation partitioning analysis (VPA) displaying the effects of soil physicochemical proper-
ties, vegetation characteristics, and C components on soil microbial CUE in macro-aggregates (A),
medium aggregates (B), and micro-aggregates (C). During data analysis, species number, H, litter,
and biomass were used for vegetation characteristics; pH, SBD, NO3

−-N, NH4
+-N, and AP were

used for soil characteristics; DOC, MBC, and LOC were used for carbon components.

4. Discussion
4.1. Linkages of Soil Aggregate Carbon Components and Microbial Carbon Use Efficiency

We found that soil microbes in 3 aggregates invested 0.35–0.53 of the C they absorbed
into growth (mean CUE of macro-, medium, and micro-aggregates, respectively, were
0.48, 0.45, and 0.44), which approaches the upper limit for microbial growth efficiency
(0.6) based on thermodynamic constraints [36,37]. More importantly, soil microbial CUE
in macro-aggregates increased under N addition, indicating that nitrogen addition can
increase the utilization of carbon by microorganisms, stimulate microbial growth, and
promote carbon absorption [11]. However, N addition did not increase microbial CUE
in medium and micro-aggregates. The possible reason affecting microbial CUE is soil
substrate availability [38]. Specifically, when soil microorganisms use substrates with
low availability, they will change their resource allocation, enhance carbon investment
in resource acquisition, and then invest more carbon sources in secreting extracellular
enzymes to decompose substrates and obtain carbon, eventually leading to lower microbial
CUE [9,39,40]. In contrast, high available substrates can be easily used by microbes without
investing more C resources to secrete extracellular enzymes, and thus microbes may yield
a higher CUE value. In our study, we observed increased vegetation biomass, litter return
(Table 1), and soil DOC in macro-aggregates (Figure 1) under high nitrogen addition, which
may indicate an improved availability of substrates. However, contrarily to our study, it is
also reported that microbial CUE either decreased [14] or had no effect [12] after nitrogen
addition in grassland soils, which is interpreted as the decrease in the fungi:bacteria ratio
potentially reducing microbial CUE [37] or the respiration and growth of the microbial
community under nutrient addition maybe coupling more tightly, leading to unaltered
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CUE [12]. This inconsistent change in microbial CUE to N addition may be due to two
reasons. Firstly, the soil’s physicochemical properties (e.g., soil carbon contents and pH)
are vastly varied in different studies. Soil nutrients are the main factors affecting soil
microbial activity [41,42], and nutrient limitation (usually shown as high C:N or C:P ratios)
can touch off overflow mitigation, causing low microbial CUE [9]. In addition, soil pH
affected microbial CUE by changing the dominance of bacteria and fungi [43], microbial
growth, and respiration [44]. Secondly, the differences in nitrogen addition rates and
nitrogen availability [45] may also lead to the different responses of microbial CUE. In
2019, it was reported that when bacterial growth was restrained by higher N availability, a
competitive release led to a stimulated fungal growth and detrital C use, which yielded
reduced microbial CUE [43].

In addition, though there are negative links between SOC and CUE for all aggregates,
only the relationship in macro-aggregates was significant (Figure 2). The studies of Bai et al.,
in 2020 and Wang et al., in 2019 have shown that more C was fixed in the macro-aggregates
rather than the micro-aggregates with the increase in SOC [46,47]. Our study also revealed
that SOC in macro-aggregates is more sensitive to nitrogen addition. This may result from
the difference in soil organic carbon accumulation and its biological activity in different
aggregates. On the one hand, the substrate availability was different in differently sized
aggregates. The SOC in macro-aggregates from plant and microbial residues is more easily
absorbed and utilized by microbial communities [48], but SOC in micro-aggregates with
a protective effect is not easy to decompose [49–51]. This also explains why the SOC
content in micro-aggregates is higher, which is consistent with previous studies [52,53].
On the other hand, there are differences in microbial biomass and activity in different
aggregates [54]. The microbial biomass and activity are usually higher in macro-aggregates
but lower in micro-aggregates [55,56].

4.2. The Direct and Indirect Effect of Environmental Variability on the Linkages of C Aggregate and
Microbial CUE

The changes in microbial CUE in soil aggregates are determined by many factors and
especially vary with aggregate levels [57,58]. In our study, soil microbial CUE is signif-
icantly related to soil C:N and SOC in macro-aggregates and to soil stoichiometric ratio
(e.g., C:N and C:P, Supplementary Materials Table S1) in medium and micro-aggregates
(Figure 3). Variation partitioning analysis results also showed that the variation in the
soil microbial CUE was mainly explained by C components (54%) in macro-aggregates.
However, the variation in the microbial CUE was explained by the soil’s physicochemical
properties in medium aggregates since the resource demand was an important constraint
on microbial CUE [59]. The differences in the relationship between microbial CUE and nu-
trients may result from the different nutrient equilibrium states of a substrate in differently
sized aggregates after N addition. To be specific, the SOC and DOC of macro-aggregates
were lower. At the same time, TN, mineral nitrogen, and AP contents were higher, leading
to the C:N and C:P of macro-aggregates being significantly lower than those of medium and
micro-aggregates. The microbes in the macro-aggregates were subject to stronger carbon
limitation, so their microbial CUE was more sensitive to SOC and other carbon compo-
nents [7,14]. On the other hand, we found a higher MBC:MBN in the macro-aggregates,
indicating that there may be a higher ratio of fungi to bacteria [60]. Since fungi have higher
carbon requirements than bacteria, they prefer a high C:N substrate environment than
bacteria [59,61]. As a result, microorganisms in macro-aggregates were more sensitive to
SOC, DOC, and C:N. At the same time, since fungi generally have a higher CUE than
bacteria [59], the high fungal–bacterial ratio indicated by the high MBC:MBN in macro-
aggregates may lead to a higher microbial CUE. This result was indeed observed in our
study (Figure 1).

Moreover, we found a significant negative correlation between microbial CUE and soil
C:N in all three aggregates (Figure 3). This relationship is consistent with previous studies,
which also found that microbial CUE could be improved by reducing soil C:N [7,14,62].
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Related theoretical models have predicted that CUE will increase as the availability of
nutrients increases [10,63], which is mainly because low nutrient availability (usually
nitrogen) inhibits the uptake of both substrate C and nutrient, or excessive C is routed
to overflow respiration or excretion [64,65]. Nitrogen addition significantly increased the
content and availability of soil nitrogen (as shown in the decrease in soil C:N) (Table 2)
and alleviated this limitation, thereby increasing microbial CUE. However, the relationship
between soil C: N and microbial CUE also has different manifestations. For example, Soares
et al.’s research [45] in 2019 reported that the microbial CUE was positively related to soil
C:N. We speculate that this different relationship may be caused more by the composition
of microbial communities than by the regional climate and vegetation types. Keiblinger
et al.’s research in 2010 reported that resource C nutrient stoichiometry was positively
correlated with fungal community CUE, but negatively correlated with bacterial community
CUE [59]. Bacteria may contribute more to microbial CUE under N addition treatment in
our study. Existing studies have also shown that N addition leads to a decline in C:N in
grassland soils along with a significant decrease in fungal activity and biomass [66]. The
reduction in MBC:MBN with increasing N concentration in this study also responded to
similar information.

Although the Mantel analysis did not observe a direct impact of vegetation community
characteristics on microbial CUE in different aggregates after N addition, their indirect
impacts on microbial characteristics were still present. N addition significantly increased
aboveground biomass and litter biomass, and these indicators had significant impacts
on microbial MBC and MBN:MBP. In addition, vegetation characteristics individually
explained 21% of microbial CUE variation in macro-aggregates and interacted with the
soil’s physicochemical properties and carbon fraction in medium and micro-aggregates
(Figure 4). The effects of aboveground vegetation properties on soil physicochemical
properties and microbial characteristics after N addition have been confirmed in previous
studies [67,68]. This effect is mainly due to the fact that N additions usually promote
aboveground productivity, alter ecosystem nutrient cycling and balance, and in turn affect
microbial processes [69,70].

5. Conclusions

We found that N addition promoted soil microbial CUE in grassland soils, but the
degree of response differed significantly among differently sized soil aggregates. Microbial
CUE was higher and more sensitive to N addition in macro-aggregates. This is mainly
because N addition significantly altered SOC and increased the relative availability of
N (as a decrease in C:N) in macro-aggregates. In addition, vegetation, soil properties,
and carbon fraction also showed independent or interactive effects on microbial CUE at
different aggregate levels. Overall, our study highlights the differential response of soil
microbial CUE and its related physicochemical properties to nitrogen addition at aggregate
scales, which is helpful to understand the change mechanism of soil carbon pool activity in
semi-arid grassland.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13020276/s1, Table S1: Changes of soil stoichiometric ratio of
nutrients and microbial biomass of different soil aggregates under nitrogen addition.
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