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A B S T R A C T   

Nitrogen application in agroecosystem maintains and improves soil fertility while affecting organic carbon 
mineralization (Cmin). Soil aggregates play a crucial role in soil organic carbon (SOC) turnover. However, the 
cumulative Cmin and underlying microbial mechanisms responses to long-term N addition at aggregate scales 
remain unclear. Hence, a 16-year field N addition field experiment was conducted on winter wheat (Triticum 
aestivum L.) at three N levels: 0 (N0), 180 (N180), and 360 (N360) N ha− 1. Overall, long-term N addition 
significantly altered the Cmin, bacterial and fungal community composition and bacterial and fungal co- 
occurrence patterns in four aggregate fractions (large macroaggregates, small macroaggregates, micro
aggregates, and silt-clay fractions). Specifically, N addition facilitated a more copiotrophic microbial community, 
with a significant increase in the relative abundances of Proteobacteria, Gemmatimonadota, and Ascomycota, and a 
significant decrease in the relative abundances of Actinomycetales, Acidimicrobiales, and Basidiomycota. The 
addition of N led to more complex and tight microbial networks with more nodes, higher average degrees, 
shorter average path lengths, and greater connectivity. These microbial changes accelerated Cmin in aggregates; 
however, the main microbial mechanisms varied with aggregate size and Cmin in silt-clay fractions was mainly 
influenced by microbial community composition. These results indicate that the spatial heterogeneity of re
sources available in different aggregate sizes is strongly selected for microbial life strategies and influences the 
distribution of microbial communities, thereby affecting the Cmin processes. Overall, our study provides a 
fundamental understanding of the microbial regulation of SOC turnover at an aggregate scale and highlights the 
importance of network topological patterns.   

1. Introduction 

Agroecosystems rely on N application to maintain and improve soil 
fertility, and the soil organic carbon (SOC) turnover determines soil 
fertility and sustainability (Wang et al., 2021). Soil microorganisms 
comprise a vital part of ecosystems, regulate nutrient conversion and 
SOC turnover, and are highly sensitive to environmental change 
(Moorhead et al., 2013). N addition can affect C turnover by changing 
soil properties (e.g., soil N availability, base cations composition, pH, 
etc.), which directly impacts soil microorganisms (e.g., biomass, extra
cellular enzymes, and community structure) (Wang et al., 2022). 
Additionally, N addition significantly increases crop yield, along with 
affecting plant physiology and ecology, which in turn indirectly affects 

microbial activity and SOC turnover (Fan et al., 2021b). Hence, it is 
necessary to fully understand how microbes governing SOC turnover 
respond to N addition. 

Soil aggregates constitute the structure of soil components, providing 
heterogeneous microhabitats for microorganisms and physically pro
tected SOC sequestration, which are crucial for SOC turnover (Six et al., 
2004). The amount and complexity of SOC may be unevenly distributed 
within the aggregate fractions and exhibit different activities toward 
microorganisms, resulting in different SOC turnover rates (Six et al., 
2000). In general, macroaggregates contain more fresh, labile, and 
easily decomposed plant-derived SOC (Wang et al., 2015), whereas the 
SOC in smaller aggregates is mostly characterized by high aromaticity, 
longer turnover time, and difficulty in decomposing microorganisms 
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(Jia et al., 2019). Moreover, the pore characteristics of the aggregates 
varied with the aggregate sizes. Compared with microaggregates, mac
roaggregates have larger soil pores, increasing material and oxygen 
transport, facilitating microbial activities, and promoting SOC miner
alization (Cmin) and CO2 release (Ruamps et al., 2011). Whereby, SOC 
turnover in microaggregates is more likely to reach a steady-state (Tian 
et al., 2016). Nevertheless, inconsistent results of Cmin within aggregate 
fractions have also observed that equivalent among aggregates (Rabbi 
et al., 2014) or microaggregates hold larger Cmin (Wang et al., 2021). 
Therefore, further studies on Cmin at the aggregate scale are needed to 
in-depth understand the response of SOC turnover to N addition. 

Previous studies have shown that the responses of microbial com
munity composition and function to N addition lack consensus in 
different ecosystems or in the same ecosystem with different N addition 
levels (Jia et al., 2020). Wang et al. (2022) found that N addition altered 
bacterial and fungal diversity and community structure, whereas the 
effects were different. Inconspicuous differences in the effects of N 
enrichment on sub-surface soil microbial community structure have 
emerged in temperate steppe ecosystem (Zeng et al., 2016). Further
more, prior N addition studies focused more on bulk soils, neglecting the 
response of microbial communities in different aggregate fractions. 
Microbial communities may respond uniquely to various nutrients, 
water, and oxygen microhabitats in aggregates (Fox et al., 2018). Mi
croorganisms may be distributed in distinct niches based on their sub
strate preferences and nutrient acquisition strategies (Banerjee et al., 
2016). Macroaggregate C turnover may be dominated by R-strategists 
(copiotrophs, in response to fresh C), whereas that in microaggregates 
may be dominated by K-strategists (oligotrophs, in response to recalci
trant C) (Fan et al., 2021a). To some extent, microaggregates hold larger 
specific surface areas and relatively stable water availability lead to 
increased microbial adhesion (Rabbi et al., 2016; Bach et al., 2018). 
Additionally, microorganisms co-occurrence through direct or indirect 
interactions (mutualism, competition, parasitism, predation, etc.), 
forming a complex symbiotic network in the soil (Barberán et al., 2012). 
Co-occurrence networks can effectively reveal microbial interactions 
and how they interact with environmental parameters (Deng et al., 
2012). Identifying microbial interactions may be crucial for disen
tangling the underlying mechanism of SOC turnover. Notwithstanding, 
little is known about the alterations of microbial interactions at the 
aggregate scale under N addition and how to modulate Cmin. 

In current work, we established a long-term (16-year) N addition 
field experiment to assess the influence of N addition on Cmin in four 
aggregate fractions (large macroaggregates, small macroaggregates, 
microaggregates, and silt-clay fractions). We also analyzed the microbial 
community composition and interactions using high-throughput 
sequencing technology in aggregate fractions. This study addressed 
the following questions. i) Does the Cmin vary in different aggregate 
fractions in response to long-term N addition? ii) Do microbial com
munities and their co-occurrence networks vary in different aggregate 
fractions induced by N addition? iii) How do microorganisms mediate 
Cmin in different aggregate fractions under nitrogen addition? 

2. Materials and methods 

2.1. Site description and experimental design 

The study site is located at the Institute of Soil and Water Conser
vation, Chinese Academy of Sciences (34◦17′56′′N, 108◦04′7′′E, Yan
gling, Shaanxi Province), in the southern part of the Loess Plateau. The 
area belongs to the warm temperate zone semi-humid continental 
monsoon climate, with an average annual precipitation of 632 mm and a 
mean annual temperature of 13 ◦C. The soil is classified as Eum-Orthic 
Anthrosol in the Chinese Soil Taxonomy and as Udic Haplustalf in the 
US Department of Agriculture. The initial soil physicochemical proper
ties were listed in Table S1 (Zhong et al., 2015). 

The long-term experiment was established in 2004 using a 

completely randomized trial design with three N application levels: 0 kg 
N ha− 1, 180 kg N ha− 1, and 360 kg N ha− 1 of urea (hereafter referred to 
as N0, N180 and N360, respectively). The bare field (BL) was the control 
area, and three 2 m × 3 m replicate plots were used for each treatment. 
Winter wheat (Changhan No. 58) was sown in early October every year 
and harvested at the end of the following May, and a winter wheat- 
summer fallow cropping pattern was adopted. No irrigation and regu
lar weeding were performed during the study period. 

2.2. Field sampling and aggregate fractionation 

In May 2020, five undisturbed soil samples were randomly obtained 
from a depth of 0–20 cm in each plot for aggregate fractionation. To 
minimize microbial community destruction during sieving and the ef
fects of dissolved organic carbon in the aggregates, the optimal moist 
sieving method was adopted to isolate the aggregates (Dorodnikov et al., 
2009). Briefly, fresh undisturbed soil was gently parted along natural 
breakpoints and sieved to 8 mm. Then, 100 g of soil was transferred to a 
sleeve sieve, and four aggregate fractions were separated: > 2 mm (large 
macroaggregates), 0.25–2 mm (small macroaggregates), 0.053–0.25 
mm (microaggregates), and < 0.053 mm (silt-clay fraction), respec
tively. This process was repeated to ensure that all parameters were 
measured. Then, a fresh subsample portion was used for DNA extraction. 
Another fresh soil portion was stored at 4 ◦C (within 3 days) to measure 
dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and 
extracellular enzyme activities. The remaining sub-sample portion was 
air-dried to determine soil physicochemical properties. Soil pH was 
measured using a glass electrode meter at a soil and water ratio of 2.5:1. 
The SOC was estimated using the H2SO4-K2Cr2O7 method (Nelson and 
Sommers, 1982). Total soil N was analyzed using the Kjeldahl method 
(Bremner and Mulvaney, 1996). DOC and DON were extracted with 0.5 
M K2SO4 and measured by a Shimadzu TOC-TN analyzer (Shimadzu 
Corp., Kyoto, Japan) (Badr et al., 2003). Soil total P (STP) was detes
tation by H2SO4–HClO4 and determined by molybdenum antimony blue 
colorimetry-(Murphy and Riley, 1962), and available P (SAP) was 
extracted with 0.5 M NaHCO3 (Olsen and Sommers, 1982). Soil 
ammonium-nitrogen (NH4

+) and nitrate-nitrogen (NO3
- ) were extracted 

with 2 M KCl and analyzed using a continuous-flow auto-analyzer 
(Autoanalyser, Bran + Luebbe, Germany). 

2.3. Potential C mineralization 

Potential C mineralization was determined via a microcosm incu
bation experiment. Fresh aggregate fractions (30 g) were placed in 250 
mL glass jars and adjusted to a 60% field holding capacity with distilled 
water pre-incubated at 25 ℃ for 7 days. The aggregate fraction sample 
of each treatment was repeated three times, and three empty jars 
without samples were used for reference readings. Water content was 
monitored during incubation. After pre-culture, headspace samples 
were collected with a 30 mL syringe at 1, 3, 5, 7, 10, 14, 21, 28, and 35 
d of incubation to determine the amount of CO2, using gas chromatog
raphy (AgilentC6890). The jars were opened for 1 h after sampling to 
maintain the oxygen level. The potential Cmin was quantified as the 
amount of C produced per unit of soil (mg CO2-C kg− 1 soil), and the 
cumulative Cmin was calculated according to Zhang et al. (2021b). 

2.4. Enzymatic analyses 

Four hydrolases: β-1,4-glucosidase (BG), β-D-cellobiohydrolase 
(CBH), leucine aminopeptidase (LAP), and N-acetyl-β-D-glucosamini
dase (NAG) were quantified using a slightly modified fluorometric 
measurement protocol with fluorescent compounds 4-methylumbellifer
one (MUB) and 7-amino-4-methylcoumarin (AMC) according to Bell 
et al. (2013). Briefly, 1 g of soil was mixed with 50 mL of 50 mM Tris-HCl 
buffer (the pH was the same as the soil pH) using a magnetic stir plate. 
Subsequently, 150 μL of the soil slurry and 50 μL of the substrate 
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solution were pipetted into the wells of a 96-well flat-black-bottomed 
microplate. The microplates were incubated for 2 h (BG, LAP), and 4 
h (CBH, NAG) at 25 ◦C in the dark, and the reactions were stopped by 
adding 50 μL of 1 M NaOH. Standard curves were plotted for the MUB 
and AMC for each soil sample. All fluorescence values were quantified 
using a microplate fluorometer (Synergy, BioTek, USA) at 365 nm 
excitation and 460 nm emission. The soil extracellular enzyme activity 
was recorded as nmol activity g− 1 soil h− 1. 

2.5. DNA extraction and network analysis 

Total genomic DNA from aggregate fractions (0.5 g) was extracted 
using the MP FastDNA Spin Kit for soil (MP Biomedicals, Solon, OH, 
USA), following the manufacturer’s instructions. DNA concentration 
and purity were quantified using a NanoDrop2000 (Thermo Scientific, 
Waltham, USA). Illumina MiSeq sequencing was used to investigate the 
soil fungal and bacterial community composition. Bacterial 16 S rRNA 
genes were PCR-amplified using primers 338 F (5′-ACTCCTACGGGAG 
GCAGCAG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′). Fungal 
ITS was amplified using ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) 
and ITS2R (5′-GC TGCGTTCTTCATCGATGC-3′). The PCR reaction 
conditions were as follows: denaturation at 95 ◦C for 3 min, followed by 
30 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 45 s, and finally, 
being held at 72 ◦C for 10 min. The purified PCR product was sequenced 
on an Illumina MiSeq PE300 platform. QIIME was used for quality 
control and original data filtering, and 97% of the similar sequences 
were clustered into OUT using UPARSE software. The pair-end reads 
were spliced using Flash (v1.2.11), and the raw sequences were quality- 
filtered using QIIME (v1.9.1) and clustered using UPARSE (v7.0.1090) 
at a 97% similarity threshold. FungalTraits v0.03 database was used to 
classify potential functional groups of fungi (Polme et al., 2020). 

Bacterial and fungal co-occurrence networks were constructed using 
the Molecular Ecological Network Analysis Pipeline (Deng et al., 2012). 
The minimum occurrence of quality-filtered and clustered OTUs was set 
to half of the sample size, and Spearman’s correlation was performed to 
calculate the correlation between pairwise OTUs. Based on random 
matrix theory (RMT), the network properties, individual node central
ity, and co-occurrence network modularity were calculated. The 
keystone species were OTUs with a high degree, eigenvector centrality, 
and betweenness. Co-occurrence networks were visualized using 
Geophi0.9.2. 

2.6. Statistical analyses 

One-way ANOVA and Duncan’s test were performed to determine 
the impacts of N addition on soil parameters and cumulative Cmin (p <
0.05). Two-way ANOVA was applied to examine the effects of N addi
tion, soil aggregate sizes, and their interactions on all response variables 
using SPSS Statistics 22.0 (IBM). Permutation multivariate analysis of 
variance (PERMANOVA) and principal coordinates analysis (PCoA) 
sequenced at the OUT level based on Bray-Curties distance were used to 
investigate the microbial community composition effect on N addition 
and aggregate fractions. The “labdsv” package was used to analyze the 
OTU level data. The PERMANOVA was tested using Adonis from the 
“vegan” package in R (v 3.2.1). 

The Mantel test was used to analyze the correlation between soil 
properties and microbial co-occurrence networks, and random forest 
modeling was used to explore the relative importance of predictors 
affecting cumulative Cmin. The PLS-PM model was used to investigate 
the direct and indirect interactions between soil properties (soil chem
ical properties), microbial community composition (bacterial and fungal 
communities), network properties (average degree, average path length, 
clustering coefficient, and other topological features), and Cmin. We 
further evaluated the microbial mechanisms of Cmin in aggregates in 
response to N addition. The model fit was assessed based on the good
ness of fit (GOF). The “randomForest” package, “vegan” package, and 

“PLS-PM” package were used for the analyses. Graphs were plotted using 
Origin 2021. 

3. Results 

3.1. Changes in soil physicochemical properties and Cmin 

The variations in soil physicochemical properties were shown in  
Table 1. Compared with N0, pH decreased significantly, TN increased 
significantly under N addition (P < 0.05; Table 1), and SOC increased 
but showed no significant difference. In addition, the proportions of 
microaggregates in BL were significantly higher than those in the N- 
treated plots (P < 0.05). And the proportion of large macroaggregates 
increased in the N180 plots, and that of the silt-clay fraction decreased, 
whereas the difference was insignificant in comparison with other N 
treatments. The N360 plots exhibited a similar trend, and the silt–clay 
fraction proportion decreased significantly (P < 0.05). The SOC content 
distribution in the large macroaggregates significantly increased in the 
N180 treatment (P < 0.05; Fig. 1a). The SOC concentration within ag
gregates differed significantly (P < 0.001), and all exhibited the order of 
microaggregates > macroaggregates > silt-clay fractions (Fig. 1b). N180 
significantly increased the SOC concentration in large and small mac
roaggregates (P < 0.05), whereas no significant differences were 
observed in other aggregate fractions. The increase in SOC concentra
tion in macroaggregates was greater than that in small aggregate sizes. 
Similar to the SOC concentration, the cumulative Cmin was significantly 
increased by N addition within aggregate fractions (P < 0.001; Fig. 1c) 
and was the highest in microaggregates and the lowest in silt-clay 
fraction. Among different N treatments, the cumulative Cmin in N180 
was greater than that in N360, and the increase in N360 was the largest 
in the small macroaggregates among the aggregate fractions. 

3.2. Changes in enzyme activity 

The total enzyme activity was significantly affected by N addition 
(F= 543.2, P < 0.001) and aggregate fractions (F = 417.9, P < 0.001) 
(Fig. 2). The total enzyme activities were higher at N180 and N360 than 
at N0 (P < 0.05), and the individual enzymes displayed a similar 
pattern. Meanwhile, the highest activities were all obtained in micro
aggregates, and the distribution of extracellular enzyme activities fol
lowed the order: microaggregates > small macroaggregates > large 
macroaggregates > silt-clay fractions. Compared with N0, the increase 
in total enzyme activity was greatest in microaggregates; N180 and 
N360 increased by 37.5 % and 20.3 %, respectively, whereas the in
crease in large macroaggregates was the smallest. Regarding individual 
enzyme activity, the increase induced by N addition was the smallest in 
large macroaggregates and the largest in small macroaggregate. 

3.3. Changes in microbial community composition 

In summary, Actinobacteriota, Proteobacteria, Acidobacteriota, Chlor
oflexi, and Gemmatimonadota were the main phyla in the bacterial 
community. N addition significantly decreased the relative abundance 
of Actinobacteriota and Acidobacteriota, and had a significant increase of 
Proteobacteria and Gemmatimonadota (P < 0.05). Bacterial distribution 
within the aggregate fractions was inhomogeneous. The relative abun
dance of Actinobacteriota and Proteobacteria significantly increased with 
decreasing aggregate size, whereas the relative abundance of other 
phyla exhibited the opposite trend (P < 0.05; Fig. 3). Both Actino
bacteriota and Gemmatimonadota showed the greatest variation in large 
macroaggregates. As for fungi, Ascomycota, Basidiomycota, and Mortier
ellomycota were the dominant phyla. The relative abundance of Asco
mycota significantly increased with N addition, while that of 
Glomeromycota and Basidiomycota decreased, and the Basidiomycota only 
significantly decreased under N360 treatment in microaggregates 
(P < 0.05). The relative abundance of Ascomycota and Mortierellomycota 
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were greater in small aggregate sizes, whereas Basidiomycota and 
Glomeromycota was more abundance in large macroaggregates. The 
PCoA showed that the bacterial and fungal communities were separated 
in aggregate fractions under N addition, and PERMANOVA further 
showed that long-term N addition and aggregate fractions significantly 
changed the structure of the bacterial and fungal communities (bacteria: 
N, R2 =0.328, P < 0.001; aggregate fractions, R2 =0.195, P < 0.001; 
fungi: N, R2 =0.269, P < 0.001; aggregate fractions, R2 =0.318, 
P < 0.001) (Fig. 4, Table S2). 

3.4. Co-occurrence network 

Bacterial and fungal co-occurrence networks were constructed based 
on Spearman’s correlation to determine the impacts of N addition on 
microbial interactions (Fig. 5). All constructed networks conformed to a 
power-law distribution (R2 variation range 0.88–0.94, P < 0.001), 
exhibiting scale-free and non-random topological features. Compared 
with treatment without N (BL and N0), both bacterial and fungal co- 
occurrence networks had a higher number of nodes and edges, and a 
higher average degree under N addition (N180 and N360) (Table 2), 
which reflected the more complex microbial co-occurrence networks 
with N addition. N addition enhanced connectivity and shortened the 
average path length (Table 2), thereby tightening the network. Addi
tionally, the positive correlations between the bacterial and fungal 
nodes were greater than the negative correlations across all treatments, 
but N addition reduced the ratio of positive to negative correlations 
(Table 2). The keystone taxa without N addition were Actinobacteria and 
Proteobacteria of bacteria and Ascomycota and Basidiomycota of fungi, 
whereas keystone taxa with N addition were Actinobacteria and Asco
mycota, respectively. Further analysis of the co-occurrence network with 
different N addition treatments in aggregate fractions (Table S3 and S4) 
revealed that N addition resulted in a significant increase in the number 
of fungal and bacterial nodes, average degree, and eigenvector 
centralization, and a significant decrease in the average path length, 
centralization betweenness, and centralization closeness (P < 0.05). As 
the aggregate size decreased, the average degree, eigenvector centrali
zation significantly increased, and the average path length, global 
clustering coefficient significantly decreased (P < 0.05). Meanwhile, the 
modularity was maximum in large macroaggregates, and the number of 
nodes and average degree were the largest in microaggregates. The 
mantel test showed that the co-occurrence network parameters were 
significantly correlated with the environmental factors (R=0.644, 
P < 0.001). 

3.5. Relationships among soil properties, microbial traits and Cmin 

Random forest analysis showed the relative importance of the pre
dictors affecting the cumulative Cmin (Table S5). The PLS-PM model was 
performed using the main predictors to disentangle the direct and in
direct interactions among soil properties (soil chemical properties), 

microbial community composition (represented by the first principal 
components of PCoA), network properties (nodes, average degree, path 
length, clustering coefficient, and other topological features), enzyme 
activity (BG, CBH, LAP, and NAG), and Cmin in aggregates (Fig. 6). 
Except for large macroaggregates, the soil properties had an insignifi
cant effect on enzyme activity. Specifically, the bacterial network 
properties and fungal community composition significantly promoted 
enzyme activity in large and small macroaggregates, explaining 95.5 % 
of the variation in enzyme activity within small macroaggregates 
(Fig. 6a, b). Bacterial community composition and fungal network 
properties jointly influenced the enzyme activity in the microaggregates 
(Fig. 6c). As for the silt-clay fractions, enzyme activity was affected 
mainly by the bacterial and fungal community composition and conse
quently improved cumulative Cmin (Fig. 6d). 

4. Discussion 

4.1. Effects of N addition on microbial community composition within 
aggregates 

Soil microorganisms comprise a vital part of ecosystems, and 
participate in nutrient transformation and SOC turnover (Moorhead 
et al., 2013). In this study, long-term N addition significantly altered soil 
microbial community composition (Fig. 3). Specifically, N addition 
significantly reduced the relative abundance of Actinobacteria and 
Acidobacteria, while significantly increasing the relative abundance of 
Proteobacteria and Gemmatimonadota (P < 0.05). Actinomyces are 
generally considered to possess competitive advantages under stress 
conditions, participate in the decomposition of soil humus and other 
resistant SOM, and make profound contributions to lignocellulosic 
degradation genes (Ren et al., 2020). Thus, variation in their abundance 
may be coupled with recalcitrant C turnover (Zhang et al., 2021a). Most 
Acidobacteria are also associated with low carbon turnover and have 
been identified as oligotrophic microorganisms (Zeng et al., 2016). In 
contrast, Proteobacteria are more likely to be R-strategist copiotrophs 
(with relatively rapid growth rates) that severely depend on nutrient 
availability and sensitivity to environmental changes (Fierer et al., 
2012). Previous studies have also shown that N addition leads to a shift 
in bacterial communities toward copiotrophs (Ling et al., 2017). 
Simultaneously, N addition significantly increased the relative abun
dance of Ascomycota, which dominate the fungal community, including 
those that produce extracellular enzymes and cleavage lignin and cel
lulose (Su et al., 2020), while the relative abundance of Basidiomycota 
decreased. The main reason for this may be that Ascomycota are more 
tolerant to high N environments than Basidiomycota (Allison et al., 
2010). N addition enhanced the microbial C source, promoted sapro
phytes growth, and boosted their competitiveness, leading to a decline 
in the mostly non-saprotrophic Basidiomycota (He et al., 2021). Notably, 
several Ascomycetes species have been assigned as plant pathogens 
(Lombard et al., 2015). We predicted fungal function based on fungal 

Table 1 
Soil physicochemical properties under long-term N addition.   

pH (H2O) 
1:2.5 

SOC (g 
kg− 1) 

TN (g 
kg− 1) 

TP (g 
kg− 1) 

C/N DOC (mg 
kg− 1) 

> 2 mm (%) 0.25–2 mm 
(%) 

0.053–0.25 mm 
(%) 

< 0.053 mm 
(%) 

BL 8.4 ± 0.0a 8.8 ± 1.4b 1.1 ± 0.0c 0.9 ±
0.25a 

7.3 ±
0.6b 

143 ± 8b 32.6 ± 1.9b 54.6 ± 1.4a 7.3 ± 0.3a 2.1 ± 0.2a 

N0 8.3 ± 0.0b 9.8 ± 0.1a 1.2 ± 0.1b 0.9 ± 0.1a 8.5 ±
0.3a 

209 ± 13a 33.3 ±
0.8ab 

53.2 ± 0.7a 6.1 ± 0.2b 1.5 ± 0.2a 

N180 8.3 ± 0.00c 10.3 ± 0.1a 1.2 ± 0.1a 0.9 ± 0.3a 8.2 ±
0.3a 

236 ± 7a 36.2 ± 0.6a 52.6 ± 0.7a 6.0 ± 0.3b 1.4 ± 0.2ab 

N360 8.2 ± 0.0d 10.1 ± 0.0a 1.2 ±
0.1ab 

0.9 ± 0.0a 8.3 ±
0.4a 

226 ± 3a 34.0 ±
0.9ab 

55.1 ± 1.4a 6.2 ± 0.3b 1.4 ± 0.2b 

Note: Values are the means ± standard deviation of three plots, BL, bare land; N0, 0 kg N ha− 1; N180: 180 kg N ha− 1; N360: 360 kg N ha− 1; SOC: soil organic carbon; 
TN: soil total nitrogen; TP: soil total phosphorous; C/N: soil organic carbon to soil total nitrogen ratio; DOC: soil dissolved organic carbon. Different letters indicate 
significant differences at P < 0.05 in different treatments. 

Y. Zhang and Z. Shangguan                                                                                                                                                                                                                  



Agriculture, Ecosystems and Environment 342 (2023) 108249

5

traits and found that N addition increased plant pathogens and soil 
saprotrophs (Table S6). However, this simple estimation of function is 
only at the taxonomic level, and further validation is needed. Mean
while, slow-growing oligotrophic fungi Basidiomycota may be more 
capable of degrading recalcitrant SOM than Ascomycetes (Wang et al., 
2019). N addition induced an increase in DOC in this study, which may 
also have led to an increase in Ascomycetes. Furthermore, Glomeromycota 

decreased with increasing N, mainly because N input enhanced the 
available nutrients for plants (Table S7), disconnecting the dependence 
of host plants on nutrient uptake from arbuscular mycorrhizal fungi 
(AMF). Based on the above information, in combination with the results 
of the correlation analysis (Table S8), it was further demonstrated that N 
addition strongly selects for microbial lifestyles. 

Additionally, aggregate fractions significantly affected the microbial 
community composition in this study. The distribution of microorgan
isms in the aggregate fractions was inhomogeneous. As for bacteria, the 
relative abundance of Actinobacteriota significantly increased with 
decreasing particle size, while the relative abundance of Acidobacteria 
and Gemmatimonadota, Chloroflexi exhibited the opposite trend 
(P < 0.05; Fig. 3). In general, macroaggregates contain more labile 
plant-derived SOC, while SOC in smaller aggregate sizes is mostly high 
in aromaticity and is difficult to decompose (Jia et al., 2019). Conse
quently, Actinobacteriota showed higher abundance in the micro
aggregates, which is in accordance with the results of Su et al. (2020). 
Correlation analysis showed that Proteobacteria was highly significantly 
positively correlated with DOC (Table S8) and microaggregates had the 
highest SOC concentrations, resulting in Proteobacteria being the highest 
in microaggregates. In contrast, Acidobacteria were responsible for soil 
aggregate stability and were more conducive to distributing in macro
aggregates (Zheng et al., 2018). Compared to bacteria, the effect of 
aggregate fractions on fungi was greater than that of N addition (Fig. 4, 
Table S2). This indicates the complex impacts of N addition on soil 
microorganisms and demonstrates the different sensitivities of micro
organisms to environmental changes (Wang et al., 2022). The relative 
abundance of Ascomycota and Mortierellomycota were greater in small 
aggregate sizes, whereas Basidiomycota and Glomeromycota were more 
abundant in large macroaggregates. The effects of N on Ascomycota and 
Basidiomycota were the largest in large macroaggregates. This was 
mainly due to the heterogeneous distribution of available resources, 
porosity, and water within different aggregate sizes, which affected the 
microbial community composition (Rabbi et al., 2016; Bach et al., 
2018). Therefore, microaggregates had higher nutrient content, larger 
specific surface area, and more stable water availability compared to 
macroaggregates, which may have been more favorable for microbial 
adhesion (Six et al., 2002; Ruamps et al., 2011; Bimueller et al., 2016; 
Rabbi et al., 2016), and in turn led to a relatively higher abundance of 
copiotroph Ascomycota (Zhao et al., 2021). Moreover, Ascomycota and 
Mortierellomycota are mostly saprophytic fungi, and the SOC structure of 
microaggregates is more complex, which may also lead to more abun
dant microorganisms (Su et al., 2020). Nevertheless, Basidiomycota 
have relatively weak competitiveness and prefers to inhabit large mac
roaggregates with high porosity and low environmental pressure (Li 
et al., 2020). Our unpublished results indicated that AMF was related to 
aggregate stability, promoted the aggregation of large aggregates, and 
was fixed on macroaggregates. In other words, the spatial nutrient 
availability heterogeneity at different aggregate fraction sizes strongly 
selected microbial lifestyles and influenced the distribution of microbial 
communities. Collectively, N addition and aggregate size affected the 
microbial community structure. 

4.2. Effects of N addition on microbial interactions within aggregates 

Microorganisms coexist in the environment through direct or indi
rect interactions (including mutualism, competition, parasitism, preda
tion, etc.), and studies have shown that this coexistence can have a 
significant effect on carbon turnover by altering energy and material 
flow pathways or by changing species abundance (Banerjee et al., 2016). 
Microbial co-occurrence networks visualize microbial interactions 
(Barberán et al., 2012). In this study, the bacterial and fungi 
co-occurrence networks were mainly positively correlated (Table 2), 
indicating the cooperative behavior among these microorganisms (Berry 
and Widder, 2014). N addition significantly changed the topological 
parameters of the bacterial and fungal co-occurring networks 

Fig. 1. Effects of the N addition and aggregate fractions on the SOC content 
distribution (A), SOC concentration (B), and cumulative C mineralization (C). 
LMA, large macroaggregate; SMA, small macroaggregate; MI, microaggregate; 
SC, silt-clay fractions. Error bars represent the standard deviation of the means 
(n = 3). Different capital letters indicate significant differences among different 
aggregates within the same treatment (P < 0.05). Different small letters indi
cate significant differences among treatments for the same aggregate fraction at 
(P < 0.05). Asterisk shown for N, A, and N × A represent the p values, *** 

P < 0.001, ** P < 0.01, * P < 0.05, generated from two-way ANOVA tests for 
the effects of nitrogen addition, aggregate fractions, and interaction between 
the two, respectively. 
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(P < 0.001). After N addition, the networks had more nodes and a 
higher average degree under N addition, indicating that N addition led 
to a more complex microbial network. Analogously, N addition 
enhanced connectivity and shortened the average path length, thereby 
tightening the networks. This is consistent with recent findings that N 
addition increases the complexity of the rhizosphere and 
non-rhizosphere networks (Wang et al., 2022). The main reasons for the 
more complex and tightening networks with N addition are that N 

fertilizer alters soil properties, microorganisms may increase in
teractions to adapt to environmental changes, and network complexity 
has a stronger impact on ecosystem function than soil microbial com
munity diversity (Morrien et al., 2017). On one hand, N addition in
creases the availability of resources, and microorganisms increase 
resource transformation efficiency through enhanced cooperation (Zhao 
et al., 2019). On the other hand, high N input is detrimental to microbial 
growth, and microbes may enhance system stability through closer 

Fig. 2. Effect of the N addition on the enzyme activity in the aggregate size fractions. LMA, large macroaggregate; SMA, small macroaggregate; MI, microaggregate; 
SC, silt-clay fractions. Different capital letters indicate significant differences among different aggregates within the same treatment (P < 0.05). Different small letters 
indicate significant differences among treatments for the same aggregate fraction at (P < 0.05). 

Fig. 3. Relative abundance on phylum level of bacterial communities (a) and class level of fungal communities (b) under N addition in aggregate fractions. LMA, 
large macroaggregate; SMA, small macroaggregate; MI, microaggregate; SC, silt-clay fractions. Sordariomycetes, Dothideomycetes, Eurotiomycetes, unclassi
fied_p__Ascomycota, Leotiomycetes, Orbiliomycetes, and Pezizomycetes belong to Ascomycota, Tremellomycetes and Agaricomycetes belong to Basidiomycota, and Mor
tierellomycetes and unclassified_p__Mortierellomycota belong to Mortierellomycota. 

Y. Zhang and Z. Shangguan                                                                                                                                                                                                                  



Agriculture, Ecosystems and Environment 342 (2023) 108249

7

association to resist unfavorable environmental conditions (Dong et al., 
2022). Additionally, changes in the soil physical conditions can also 
affect network tightening. N addition affects the aggregate distribution 
proportion (Table 1), and heterogeneous habitats in aggregate size 
classes increase the co-occurrence pattern of microorganisms and pro
mote network tightening (Liao et al., 2020). 

Additionally, the nodes and degrees of the microaggregate networks 
were higher than those of the large macroaggregates. This is supported 
by previous findings, indicating that microbial networks are less con
nected in macroaggregates (Sun et al., 2022). Large macroaggregates 
accumulate labile C, while microaggregates accumulate recalcitrant C. 
Therefore, the recalcitrant C decomposition in microaggregates may 

Fig. 4. Principal coordinate analysis based on the Bray-Curtis distances showing the effects of the N treatments and aggregate fractions on bacterial (a) and fungal (b) 
communities. Different colors represent different N treatments, and different symbols indicate different aggregate fractions. LMA, large macroaggregate; SMA, small 
macroaggregate; MI, microaggregate; SC, silt-clay fractions. 

Fig. 5. Co-occurrence networks of bacterial (a, b) and fungal (c, d) communities of OTUs with and without N addition. The size of each node is proportional to the 
node betweenness, and the thickness of each connection between two nodes is proportional to the value of the Pearson correlation coefficients. A red edge indicates a 
positive interaction, while a green edge indicates a negative interaction. The OTUs shown in the figure represent keystone taxa. 
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require microbial cooperation, resulting in complex networks (Fan et al., 
2021a). Further, combined with mantel correlation analysis, network 
topological parameters were closely related to environmental factors 
(P < 0.001), suggesting that microaggregates had more favorable 
ecological niches, owing to greater availability of resources. Moreover, 
previous studies have shown that network complexity is positively 

correlated with its corresponding microbial diversity, i.e., more diverse 
and abundant microorganisms allow different taxa to complement each 
other with a greater likelihood of engaging in potential interactions, 
leading to more complex association networks (Chen et al., 2022; Han 
et al., 2022). It can also be explained that microaggregates have more 
complex networks due to a greater abundance of microorganisms (Chen 
et al., 2022). Silt-clay fractions also had a more complex network 
structure because more connected complex networks are more adapt
able to the environment than less connected simple networks (Santolini 
and Barabasi, 2018). However, the bacterial and fungal co-occurrence 
patterns were based on the interactions between OTUs abundance and 
reflected potential interactions, and thus, require further functional 
validation. 

4.3. Effects of N addition on Cmin within aggregates 

Carbon mineralization is the most important biochemical process in 
the soil, regulating the nutrient release and maintaining soil fertility 
(Xiao et al., 2022). Cmin is influenced by factors such as the absolute 
amount of microbes and mineralizable organic carbon, and increasing 

Table 2 
Topological features of bacteria and fungi co-occurrence network.  

Topological features Bacteria Fungi  

without N N without N N 

Nodes  493  558  173  198 
Edges  974  1425  409  535 
R square of power-law  0.936  0.885  0.886  0.907 
Average degree  3.951  5.108  4.728  5.404 
Average clustering coefficient  0.179  0.188  0.254  0.265 
Average path length  5.532  4.939  4.540  3.833 
Density  0.008  0.009  0.027  0.027 
Modularity 

Positive/Negative  
0.740 

5.203  
0.619 

4.163  
0.625 

11.033  
0.491 

3.864  

Fig. 6. Effects of soil properties, microbial community composition and microbial network topological properties on C mineralization in large macroaggregates (a), 
small macroaggregates (b), microaggregates (c), and silt-clay fractions (d) estimated using partial least squares path models (PLS-PM). The width of arrows indicates 
the strength of significant standardized path coefficients (P < 0.05). Blue lines indicate significant positive relationships. Red lines indicate significant negative 
relationships. The model was evaluated using goodness of fit (GFI). 
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evidence has shown that microbial communities and their interactions 
influence C dynamics (Morrien et al., 2017; Wang et al., 2021). In the 
present study, long-term N addition promoted Cmin within aggregates. 
Additionally, N addition increased the SOC concentration across all 
aggregate fractions, and the cumulative Cmin varied similarly to SOC 
concentration. The variation in cumulative Cmin among aggregate sizes 
was also consistent with the SOC concentration, followed by the highest 
cumulative Cmin observed for microaggregates and the lowest cumula
tive Cmin for silt-clay fractions (Fig. 1). The variations in Cmin for 
different aggregate sizes under N addition were caused by the hetero
geneity of available resources (Wang et al., 2021). Correlation analysis 
indicated Cmin to be significantly positively correlated with environ
mental factors, e.g., significantly positively correlated with SOC con
centration (P < 0.05) and highly significantly positively correlated with 
DOC (P < 0.01; Table S9), and both of these results support the afore
mentioned conclusion. Many studies have shown that DOC as a labile 
carbon substrate for microorganisms, the conversion of which was 
closely related to the Cmin (Dong et al., 2022). The amount and structure 
of SOC were unevenly distributed within the aggregate fractions, and 
different SOC fractions had different decomposition rates and turnover 
times (Lou et al., 2011). Generally, macroaggregates contain more fresh 
labile organic carbon and exhibit faster turnover. In contrast, SOC is 
more stable and has a longer turnover time in smaller aggregate frac
tions (Six et al., 2002). Thus, the spatial heterogeneity of nutrients 
available in different aggregate sizes strongly selects for microbial life
style and influences the distribution of microbial communities, which in 
turn affects the Cmin processes. Although N addition exhibited a facili
tative effect on Cmin across aggregates, the driving mechanism varied 
depending on the aggregate sizes. 

PLS-PM analysis revealed that soil properties influenced the pro
duction of extracellular enzymes, and consequently, had an impact on 
Cmin, by affecting the microbial community and their interactions 
(Fig. 6). Large macroaggregates contained more fresh SOM, which led to 
the enrichment of specific microbial taxa. For example, Chloroflexi 
species are likely to prefer labile C (Hug et al., 2013). Compared with N 
addition, fungi were more influenced by aggregate fractions based on 
PERMANOVA (Table S2). Large macroaggregates have higher spatial 
heterogeneity and may benefit from fungal colonization and fungal 
hyphae entangling with soil particles to form macroaggregates (Ven 
et al., 2020), whereby Basidiomycota and Glomeromycota are more 
abundant in large macroaggregates. The increase in Ascomycete due to N 
addition promoted Cmin in the macroaggregates (Table S8). Therefore, 
fungal community composition also affected Cmin in the macroaggre
gates. However, interactions between faster-growing bacteria played a 
more dominant role than those between fungi. The mode of small ag
gregates was similar to that of large macroaggregates. Whereas micro
aggregates have more stable C, decomposing recalcitrant C and 
overcoming adverse soil conditions requires more species and stronger 
cooperative interactions between species, i.e. more complex and tight 
microbial networks (Morrien et al., 2017). The bacterial community 
composition and fungal networks collectively dominated the Cmin 
response to N addition. Fungi are more conducive to decomposing 
recalcitrant C, and fungal network interactions are enhanced and more 
complex in microaggregates than in macroaggregates. Fungi in micro
aggregates may preferentially perform similar or complementary func
tions, resulting in synergistic interactions to utilize the substrates (Miao 
et al., 2022). Meanwhile, the relative abundance of Actinomycetes and 
Proteobacteria were greatest in microaggregates, corresponding to the 
more abundant available resources in the microaggregates, leading to a 
dominant role of the bacterial community composition for Cmin in 
response to N addition. The silt-clay fractions have a lower Cmin effi
ciency, owing to their low porosity and oxygen content (Fan et al., 
2021a). Microbial interactions may be less important than community 
composition, which would result in microbial interactions that are not 
the dominant factors affecting Cmin. Previous studies have shown that 
the SOC of silt-clay fractions is highly sensitive to fertilization (Jiang 

et al., 2017); we also noted that N addition increased oxidizable organic 
carbon in silt-clay fractions (unpublished data), which led to a greater 
effect of bacterial communities on the increase in Cmin than fungi. 

5. Conclusion 

Long-term N addition increased Cmin within the aggregate fractions 
and changed the microbial community composition and interaction 
patterns. Compared to with bacteria, the effect of aggregate fractions on 
fungi was greater than that of N addition. The resource spatial hetero
geneity of different aggregate sizes strongly selected microbial lifestyles 
and influenced the distribution and coexistence patterns of microbial 
communities, leading to differences in the Cmin with N addition. The 
bacterial co-occurrence pattern dominates Cmin and is in concert with 
the fungal community composition to promote Cmin in macroaggregates. 
The microaggregate bacterial community composition and fungal net
works jointly dominated Cmin in response to N addition. The microbial 
community composition in the silt-clay fractions dominated Cmin. Our 
results elucidated the effects of N addition on Cmin at the aggregate scale 
and highlighted the importance of co-occurrence networks as a key 
component of the functional linkage between microbial species 
composition and ecosystems. In conclusion, this study provided novel 
insights into the importance of microbes in regulating of C turnover at 
the microscale. 
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