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ABSTRACT

Nitrogen (N) fertilization degrading soil aggregation has been reported in many literatures; however, the
mechanisms have not been clarified. A greater understanding of the impact of N fertilization on soil aggregation
would be helpful for improving soil structure and sustaining high crop production. The objective of this study
was to determine the impact of long-term N fertilization on soil aggregation and its associated with binding
and dispersing agents. A 12-year (2008-2019) N fertilization field experiment on a Vertisol was selected
because this trial covered a wide range of N application rates (0, 360, 450, 540, 630 and 720 kg N ha! yr!)
and included straw management (straw return and straw removal) in a wheat (Triticum aestivum L.)-maize
(Zea mays L.) cropping system. Soil samples of 0-20 cm depth were collected from 12 field treatments with 3
replications in 2019. Soil aggregate stability (MWD), soil organic carbon (SOC), glomalin-related soil proteins
(GRSP), microbial biomass carbon (MBC), and N forms (NHs" and NOj3") were determined. The long-term N
fertilization under straw removal conditions reduced the MWD by 12-18% when the N rates increased from 0
to 720 kg ha! (P < 0.05). The MWD was positively associated to pH (P < 0.05) and MBC (P < 0.05) but
negatively related to NH4* (P < 0.05) and NOs™ (P < 0.05). Compared with straw removal treatment, the straw
incorporation treatment significantly improved the aggregating agents (e.g., SOC, GRSP and MBC) (P <0.001)
but did not affect the dispersing agent (e.g., NH4") (P > 0.05) and consequently improved soil aggregation.
Overall, our results indicate that long-term N fertilization may degrade soil aggregation because of the
increases in monovalent ions (H", NH4") and the decrease in MBC in soil acidification, especially when the
applied dose exceeded 360 kg N ha™! yr'!, but straw incorporation can minimize the negative structural impacts
in the Vertisol.

Key words: aggregating agents, aggregate stability, nitrogen fertilizer, soil structure, straw
incorporation
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N fertilizers, as the essential inputs, are routinely applied into the soil to promote soil fertility and
stimulate crop growth. As a result, N fertilization can increase the amount of residues through above- and
below-ground biomass of crops as a C input into soils (Zhao et al., 2018). This can be expected that the increase
in C input can result in an increase in SOC and further improve soil aggregation (Blanco-Canqui et al., 2014;
Mustafa et al., 2020). However, the improvement in soil aggregate stability as SOC content increased was not
observed on a Cambisol (Xie et al., 2015; Zhou et al., 2017) and a Fluvisol (Xin et al., 2016), a Plinthosol and
Anthrosol in China (Yan ef al., 2013). In the nine long-term (12 ~ 39 yr) fertilization experiments, Guo et al.
(2019a) also found that the inorganic fertilization treatments (NP or NPK) resulted in similar or lower
aggregate stability as control, although they contributed to the SOC content far higher than control. These
negative structural impacts induced by NH4'-containing fertilization are often ignored, because they may be
offset by visible costs such as increased SOC content. Soil aggregate stability has been extensively used for an
important index of soil structural quality, because it influences many physical, chemical and biological
processes of soil (Peng et al., 2015). Thus, it is important to understand in-depth how the use of N fertilizers
influences on soil aggregation in the long-term if we wish to develop sustainable agriculture in the future.

A change in soil aggregation is likely associated with soil binding agents and/or dispersing agents (Guo
etal., 2018, 2019a). Soil organic carbon (SOC), glomalin-related soil proteins (GRSP) and microbial biomass
carbon (MBC), as three main biological stabilizers play an important role in soil aggregation. Generally, these
binding agents positively correlate with aggregate stability in many studies (Zhang et al., 2014; Guo et al.,
2019a). However, some long-term N fertilization experiments do not produce these positive correlations (Yan
et al., 2013; Zhou et al., 2017). Applications of N fertilizers can accelerate particle organic matter
decomposition (Neff et al., 2002), inhibit the production of GRSP (Jeske et al., 2018) and decrease MBC (Zang
et al., 2016; Dai et al., 2018; Luo et al., 2020), which are not in favor of soil aggregation. The large
accumulation of NHy4" ions after overuse of N fertilizers has raised questions about the impact of NH4" on soil
aggregate dispersion (Haynes and Naidu, 1998). For example, Yan et al. (2013), Xin et al. (2016) and Zhou et
al. (2017) speculated that degraded soil aggregation possibly resulted from the accumulated NH4" in soil
associated with large applications of N fertilizers. Unfortunately, a correlation in statistical analysis between
aggregate stability and NH4" is not yet conducted. This is because many long-term fertilization experiments
include only two rates, e.g., no N input as a control and N input. Thus, an overall assessment of the relationships
between aggregate stability and binding agents and/or dispersing agents after long-term N fertilization is
needed (Guo et al., 2018).

Vertisol, mainly situated in China’s Huang-Huai-Hai Plain on an area of 4 x 10° ha, which is typically
soil type producing a low and middle crop yield in this region (Guo ef al., 2019b). According to our latest
survey, farmers in this region have been using excessive N inputs (325 to 805 kg ha'! yr') to get high crop
yields for wheat-maize cropping system (unpublished data). The use of N fertilizers in excess of crop demands
may lead to a poor soil structure (Blanco-Canqui ef al., 2014), which makes it difficult for soil tilth and crop
production (Guo et al., 2018; Li et al., 2014). High crop yields are accompanied by a large amount of straw
residue. straw incorporation has been shown to be a promising practice for reducing intense use of N fertilizer
(Yin et al., 2018; Zhao et al., 2018) and improving soil structure (Guo et al., 2018). However, little information
about the coupled incorporation of crop straw with different application rates of N fertilizers on soil
aggregation is available. Thus, how the N fertilization rate and straw management in the Vertisol influence soil
aggregation and associated binding or dispersing agents needs to be clarified urgently. We hypothesized that
excessive N fertilization could degrade soil aggregation by decreasing the associated binding agents and
increasing some dispersing agents in soil acidification. The optimal N fertilizer rate combined with straw
incorporation could alleviate the negative structural impacts of excessive N fertilization due to increased
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biological binding agents. Thus, the purposes of this research were (1) to assess the impact of N application
with straw management on soil aggregation and (2) to determine the relationships among aggregate stability
and associated binding agents or dispersing agents.

MATERIALS AND METHODS
Site description and experimental design

A long-term field experiment (2008-2019) was conducted at the Agricultural Science and Technology
Demonstration Center in Mengcheng county (33° 09’ N, 116° 33’ E), Anhui Academy of Agricultural
Sciences, Province of Anhui, China. The soil is derived from fluvio-lacustrine sediments with a clay loam
texture (31.5% sand, 38.0% silt and 30.5% clay), locally called as Shajiang black soil (Vertisol, Chinese Soil
Taxonomy) (Li ef al., 2011). Before the experiment was conducted in 2008, the soil (0-20 cm) contained 8.22
g kg organic C, 0.99 g kg total N, 0.67 g kg total P, 57.8 mg kg alkali-hydrolysable N, 21.6 mg kg’
available P, and 197 mg kg available K (Li et al., 2014).

This experiment was a randomized complete block design factorial of 2 x 6. Treatments included two
straw management practices (straw return and straw removal) and six N fertilization rates (0, 360, 450, 540,
630 and 720 kg N ha'! yr'!). The initial aim of this experiment was to assess the optimal N amount in this
region (Li et al., 2014). Moreover, such a wide range of N application doses could also help us clarify the
relationship between N fertilization and soil aggregation. There were three replicates, and the area of each plot
was 21.6 m? (5.4 m x 4 m). Phosphorous (P) and Potassium (K) used as primary fertilizers for the soil, 81 kg
ha! P,Os and 81 kg ha' K,O for wheat season, 99 kg ha' P,Os and 99 kg ha' K,O for maize season.
Approximately 55% (wheat) or 45% (maize) of N was applied before tillage as a basal fertilizer, and the
remaining 45% (wheat) or 55% (maize) of N was used as a topdressing. During mid-October, wheat seeds
were sown with a 12 rows wheat planter at a density of 225 plants m™ and harvested in the first week of June.
Maize seeds were sown with a 4 rows corn planter at a density of 6.75 plants m™ during middle of June and
harvested in the first week of October. The wheat variety was Jimai 22 and the maize hybrid was Zhengdan
958, respectively. Crop yields at harvest were measured based on a 14% moisture content from the whole plot
(Zhou et al., 2017; Guo et al., 2019b). After the crop harvest every year, straw was chopped into < 10 cm
pieces by a chopping straw machine and then incorporated into the soil with a trailed rotary cultivator to ~ 15
cm depth in the straw return treatment, while in the straw removal treatment all straw was removed from the
field.

Soil sampling

Five soil samples of each plot from the 0-20 cm layer were taken randomly by shovel and mixed by hand
into a composite sample in the middle of March 2019 before N topdressing. Each soil sample was further
divided into two fractions after removing stones and visible crop debris. For MBC and mineral N analysis, one
subsample was immediately preserved at 4 °C and the other were dried in the air, sieved manually to < 5 mm
and stored at room temperature (Guo et al., 2018). A part of the bulk soil samples was further ground to < 2
mm for determining the basic soil properties of the bulk soil. The rest of < 5 mm samples were used to select
3-5 mm aggregates for testing the water stability of aggregates. To determine the soil bulk density, three
undistributed cores (100 cm?®) were taken from each plot in the 0-20 cm soil layer (Xin et al., 2016).

Soil chemical properties
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Soil NH4'-N and NOs™-N concentrations within the extracts were analyzed using a continuous flow
analyzer (San++, SKALAR, Netherlands) from 10 g of moist soil with a 1:5 w/v 2 mol L' KCI. Total N (TN)
was determined with fully automatic C/N elemental analyzer (Vario MAX CN, Elemental Co., Germany) after
dry combustion (Sun et al., 2015). Soil pH was measured operating an electromagnetic instrument (Mettler
Toledo Five Easy FE30, Switzerland), with 1:2.5 proportion of soil-to-water (Guo et al., 2018).

Soil aggregate stability

Measuring the stability of soil aggregates was adopted from the Le Bissonnais (1996) fast wetting method.
The 3-5 mm sized aggregates were oven-dried at 40°C for 24 h to avoid contrasts in humidity, and then about
5 g aggregates (3-5 mm) were gently immersed in a glass beaker filled with 50 ml deionized water for 10 min.
After pre-wetting treatment, the residual aggregates were transferred on a 0.053 mm sieve previously immersed
in ethanol, which was gently hand moved in a helical movement with a 4 cm amplitude at a frequency of 25
min™! oscillations for 2 min. After wet sieving, the aggregates acquired on the sieve were gathered and dried
for 24 h at 40°C. Dry sieving was used to measure the different aggregate sizes using a set of six nested sieves
with diameters of 2, 1, 0.5, 0.25, 0.10 and 0.053 mm. For each sample, stability of soil aggregate was
determined with the mean weight diameter (MWD, mm):

MWD =

i

n
X; *w; €]

1

where X; represents each aggregate size mean diameter, w; is the aggregates mass ratio retained on every sieve,
and n refers sieve’s number.

Soil biological aggregating agents

Soil MBC was determined in 10 g fresh soil by the direct extraction method of chloroform fumigation
(Vance et al., 1987). A TOC analyzer (Multi N/C3000, Analytik Jena, Germany) was used to calculate
extractable C. The conversion factor of 0.45 was used to estimate MBC (Wu et al., 1990) as the difference in
extractable C between the non-fumigated and fumigated samples.

The common method of potassium dichromate oxidation was used to determine soil organic carbon (SOC)
(Lu, 2000). A 0.25 g sieved soil of < 0.149 mm was digested in K,Cr,0O7-H2SO4 solution using oil-bath heating
at 220-230 °C. The determination of SOC content in the solution was titrated with the FeSOy4 solution.

Wright and Upadhyaya (1998) method was used to isolate and determine the glomalin-related soil
proteins (GRSP). A 0.25 g sieved soil of <2 mm was incubated at 121 °C for 90 min with 2 mL of 50 mmol L™
citrate buffer (pH 8.0). After five extractions, the supernatant of each sample was gathered and centrifuged
(SIGMA 3-18K, Germany) at 10000 g (10319 rpm) for 10 min. The GRSP content in the supernatant at 595
nm was determined using a spectrophotometer (UV-2450, Shimadzu, Japan). The standard used for the
Bradford assay was bovine serum albumin.

Statistical analysis

Two-way Analysis of Variance (ANOVA) by using IBM SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was
used to test the main effects and interactions between the N application rate and straw management on crop
yield, soil chemical properties, biological binding agents and structural stability. The least significant
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difference (LSD) of Fisher’s test (LSD at P < (0.05) was used for multiple comparisons among means of them
(n = 3). Linear regression function was used to describe the relationships between MWD and the SOC, GRSP,
MBC and the pH, TN, NH4*, NOs™ contents (Guo et al., 2019a). All regressions and figures were conducted
using Origin 9.0 (Origin Lab, Northampton, MA, USA).

RESULTS
Crop yields

The annual yields of wheat and maize (2014-2018) are affected differently by the N application rate and
straw management (Fig. 1). When the N rates increased from 360 to 630 kg ha™!, the wheat and maize yields
under straw removal conditions gradually increased by 9.7-22.7% and 1.63-2.9%, respectively. Relative to N
fertilization at a rate of 630 kg ha! when straw was not added, the N rate of 720 kg ha! slightly reduced the
wheat and maize yields by 2.13% and 1.9%, respectively. However, the straw return treatments significantly
increased maize yield by 5-17% in comparison to the straw removal treatments (P < 0.001), but this effect was
not observed for wheat yield (P > 0.05). Coupled incorporation of crop straw with a rate of 630 kg N ha™! could
achieve desired crop yields in this region (8710 kg ha™ for wheat and 9928 kg ha™! for maize). Clearly, N
fertilizer is still essential input for increasing or maintaining crop yields of the intensively agricultural soils in

this region.
Fig. 1

Fig. 1 Wheat yield (upper) and maize yield (bottom) under different nitrogen fertilizer rates and straw management on
a Vertisol (2014-2018).

Soil chemical properties

Under straw removal conditions, there was a rapid decline in soil pH by 0.51-1.67 units over 12 years
period when the N rates increased from 0 to 720 kg ha™! (P < 0.001), and straw return did not alleviate the
acidification process (P > 0.05) (Table 1). It was not surprising that N fertilization increased the TN, NH4"-N,
and NOs™-N content significantly (P < 0.001). The straw return treatment substantially increased TN by 20.5-
46.2%, and NOs™-N by 53.8-126% compared with the straw removal procedure, but decreased NH4*-N by 6.84-
31.3% (P < 0.001). Our results indicate that long-term increased N fertilization strongly influence soil pH and
N forms (NH4" and NOy") in intensively farmland soils.

TABLE I

The effects of nitrogen fertilizer rates and straw management on some basic soil properties of a Vertisol after 12 years.

Straw N rate pH TN® NH4-N NO;-N
management (kg ha'!) o kgl mg kg'!
0 7.10 Aa 0.87 Bc? 4.53 Ac 2.26 Bb
360 6.59 Ab 0.93 Be 4.78 Abc 3.25Ba
Removal 450 6.34 Ab 0.97 Bbc 5.97 Aabc 3.40 Ba
540 5.53 Ac 0.99 Bbc 6.31 Aab 3.25Ba
630 5.57 Ac 1.17Ba 6.45 Aab 4.02 Ba
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720 5.43 Ac 1.08 Bab 7.69 Aa 3.57 Ba

0 7.14 Aa 1.08 Ab 4.22 Ab 3.64 Ac
360 6.45 Ab 1.36 Aa 4.14 Bb 5.00 Ab
450 6.28 Abc 1.29 Aa 4.10 Bb 5.57 Ab
Return

540 5.87 Acd 1.35 Aa 4.66 Bb 7.35 Aa
630 5.62 Ade 1.41 Aa 4.53 Bb 7.17 Aa
720 5.55 Ae 1.35 Aa 6.58 Aa 5.39 Ab

N rate effect sk etk ootk sk
Straw effect ns Hokok gk otk

N rate x Straw effect ns ns ns ok

dDistinct lowercase characters within the same column represent the significant difference among different nitrogen
fertilization treatments; Distinct uppercase characters represent the significant difference between different treatments for
straw management.
* % *and * * * represent significant difference at P <0.05, P <0.01, and P < 0.001 level; ns: not significant (P > 0.05).
YTN: total nitrogen.

Biological binding agents

The impacts of straw management and N fertilizer rates on three biological aggregating agents shown in
Table 2. N fertilization under straw removal conditions substantially increased the SOC content by 11.1-23.7%
and decreased the MBC content (P < 0.001) but did not alter the content of GRSP (P > 0.05). In comparison
to the straw removal treatment, the straw return treatment significantly improved the SOC content by 28-36%,
GRSP content by 13.1-22.7%, and MBC content by 86.9-224% (P < 0.001). Our results demonstrate that the
negative effects of N fertilization on GRSP and MBC should not be ignored; however, the benefits of straw
incorporation on soil binding agents should be further highlighted.

TABLE I

The effects of nitrogen fertilizer rates and straw management on the SOC, GRSP, and MBC content of a Vertisol after

12 years

Straw N rate Soct GRSP® MBCH

management (kg ha'!) g kg-l

Removal 0 9.25 Bb* 1.37 Ba 0.15Ba
360 10.3Bab 1.47 Ba 0.14 Ba
450 10.3Bab 1.47 Ba 0.15Ba
540 11.2 Ba 1.40 Ba 0.06 Bb
630 11.4 Ba 1.40 Ba 0.08 Bb
720 11.3Ba 1.43 Ba 0.05 Bb

Return 0 12.0 Ab 1.61 Aa  0.28 Aa
360 14.0 Aa 1.67 Aa 0.29 Aa
450 14.0 Aa 1.67 Aa 0.32 Aa
540 14.4 Aa 1.72 Aa 0.26 Aa
630 14.3 Aa 1.71 Aa 0.25 Aab
720 15.1 Aa 1.67Aa  0.17 Ab

N rate effect otk ns oAk
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Straw effect ok ok ok ok -

N rate x Straw effect ns ns ns

aDistinct lowercase characters within the same column represent the significant difference among different nitrogen
fertilization treatments; Distinct uppercase characters represent the significant difference between different treatments for
straw management.

* % *and * * * represent significant difference at P <0.05, P <0.01, and P < 0.001 level; ns: not significant (P > 0.05).
YSOC: soil organic carbon;

9GRSP: glomalin-related soil proteins; YMBC: microbial biomass carbon.

Soil structural stability

The use of N fertilization under straw removal conditions did not alter soil bulk density, while the straw
return treatment reduced the soil bulk density by 6-12% (P < 0.001) as compared to the straw removal treatment
(Fig. 2). It was noted that 720 kg N ha™! under straw return conditions slightly increased soil bulk density by
6.26% relative to the 630 kg N ha'! level. The MWD under straw removal conditions presented a sharp decrease
from 1.26 mm to 1.03 mm when the N input levels increased from 0 to 720 kg ha™! (P < 0.05) (Fig. 3). However,
the straw return treatment increased the MWD by 26-48% (P <0.001) compared to the straw removal treatment.

Fig. 2

Fig. 2 The effects of nitrogen fertilizer rates and straw management on soil bulk density of a Vertisol after 12
years.

Fig. 3

Fig. 3 The effects of nitrogen fertilizer rates and straw management on soil aggregate stability (MWD) of a
Vertisol after 12 years.

The associations among aggregate stability and SOC, GRSP, and MBC under different N fertilization
rates combined with straw management are shown in Fig. 4. Under the straw removal conditions, MWD had
a significant association with MBC (R? = 0.61, P < 0.05) and a negative association with SOC (R?>=0.93, P <
0.001) but no interaction with GRSP (R?= 0.08, P > 0.05). These relationships between MWD and binding
agents became weak when straw return was involved. Interestingly, MWD also demonstrated a highly positive
association with pH (R* = 0.87, P < 0.01) and negatively associated with NH4" (R® = 0.68, P < 0.05) and NO5"
(R? =0.83, P < 0.05) under straw removal conditions (Fig. 5a, ¢ and d). Thus, optimized N input and straw
incorporation could minimize risks of soil structural deterioration in the study region.

Fig. 4

Fig. 4 Relationships among soil aggregate stability (MWD) and soil organic carbon (SOC), glomalin-related
soil proteins (GRSP), and microbial biomass carbon (MBC) in the Vertisol after 12 years.

Fig. 5

Fig. 5 Relationships among soil aggregate stability (MWD) and pH, total nitrogen (TN), NH4", and NO;" in
the Vertisol after 12 years.



280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324

DISCUSSION

N fertilization under straw removal conditions substantially lowered soil aggregate stability (P < 0.05)
compared with the non-N fertilized treatment (Fig. 3), although the SOC content also considerably increased
(P <0.001) (Table 2), which is inconsistent with many reports in the literature that N fertilization not only
increased SOC content but also improved soil aggregation and MWD (Guo et al., 2018, 2019a; Mustafa et al.,
2020). This discrepancy may be related to the changes in some aggregating agents (e.g., GRSP and MBC). In
this study, we found that N fertilization did not alter the GRSP content (Table 2), which is in agreement with
previous results from a Cambisol (Guo et al., 2019a) and Fluvisol (Dai ef al., 2013), but differs from other
data obtained in a Vertisol (Guo et al., 2018) and Cambisol (Xie et al., 2015) that the N application from
inorganic sources increased the GRSP content. The effect of N fertilization on GRSP content produced by
arbuscular mycorrhizal fungi (AMF) is largely related to N application rate (Sun et al., 2018). Here, the N
application level in our present study and the first two studies mentioned above is higher than 300 kg N ha™’.
This high-level N input could decrease the amount of AMF biomass (Jeske et al., 2018) and thus inhibit GRSP
production (Dai et al., 2013; Sun et al., 2018; Guo et al., 2019). We also found that the content of MBC has
decreased substantially with an increased amount of N inputs (P < 0.001) (Table 2) and a positive correlation
of MBC with MWD (Fig. 4c). Some previous studies have demonstrated that the leading cause of this reduced
MBC appears to be a rapid decline in soil pH induced by long-term elevated N fertilization (Zang et al., 2016;
Dai et al., 2018). These findings confirm the part of our hypothesis that soil acidification from high-level N
input can inhibit GRSP and reduce MBC and consequently decrease soil aggregation.

The increase in some dispersive ions (e.g., NH4") could be another reason for the adverse effect on soil
aggregation (Haynes and Naidu, 1998). In our research, a negative association between aggregate stability and
NH4" (R? = 0.68, P < 0.05) (Fig. 5¢) was observed. This indicate that the accumulation of NH4" may also be a
primary explanation for decreased aggregate stability after long-term increased N fertilization. In several soils
of China (Yan et al., 2013; Xin et al., 2015; Zhou et al., 2017; Guo et al., 2019a) and other regions in the world
(Blanco-Canqui et al., 2014), soil structural deterioration has been reported as a consequence of a high level
of NH4"-forming fertilizer. They speculated that this could happen because soil colloids were dispersed by the
accumulated NH4" from the synthetic N fertilizers in soil. However, due to limited data points (only with or
without N addition treatments) or a narrow range of N application rates (from 0 to 200 kg N ha! yr'), an
evidence of the relationship between aggregate stability and NH4" has not yet definitive. In reality, the high
crop yields in this area is depend largely on the excessive use of synthetic N fertilizers (from 325 to 805 kg N
ha! yr'!) (unpublished data). The annual N application rate in the present study ranged from 0 to 720 kg ha’!,
providing an opportunity to evaluate the adverse structural effects of NH4" fertilization. Shen et al. (2010)
reported that a 2-year overuse of N fertilizer (456 and 570 kg N ha™') on vegetable soil in China significantly
reduced the NH4" nitrify ability of soil organisms in low pH conditions and hence the NH4" content increased
sharply by 71-83%. Sun et al. (2015) also observed that the content of NH4" in the acidified soil (Vertisol)
increased massively by 60% in the wheat harvest over a period of 30 years, owing to its lower abundance and
diversity of ammonia oxidizing archaea (AOA). Furthermore, the 4-year nitrification experiment verified that
nitrification during the fall-through-spring period is highly inhibited by low temperatures (Kyveryga et al.
2004). Due to its long persistence, this slow nitrification accelerated NH4" accumulation in the surface soil
until late spring, causing the dispersion of soil particles. In our study, higher rates of N fertilization at low
temperature during the wheat season (averaged 10 ° C) and relatively acidic conditions (pH < 6) may have
led to the accumulation of NHy4". Clearly, N fertilization, particularly when overly applied, may add a
significant amount of NH4" in some undesirable circumstances, by limiting ammonia oxidizers for nitrification
and degrading soil aggregation.
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Straw incorporation has great potential to reduce the dependency on higher N fertilizers, and sequester
more carbon in soil. It is estimated that a return of 100% crop straw to the soil could counterbalance 29% of
the total N fertilizer consumption (Yin et al., 2018) and contribute approximately 40% of the total SOC storage
(Zhao et al., 2018). Furthermore, several incubation experiments (Rahman et al., 2017, 2018; Yu et al., 2019)
and field trials (Zhang et al., 2014; Zhang et al., 2017; Guo et al., 2018) have revealed the beneficial effects
of incorporating straw on soil aggregation. Reasons may be provided for the greatest increase in SOC, GRSP
and MBC content serving as binding agents in the aggregation process. In this study, we observed that
integration straw with N fertilization did not display a declining trend in MWD, in comparison with N
fertilization alone treatments; however, aggregate stability improved by 2-6% relative to 360 kg ha™! of N
fertilization (Fig. 3). This is because the positive effects of straw incorporation on soil binding agents (SOC,
GRSP and MBC) may offset the negative effects of N fertilization on soil aggregation. On the other hand, we
also found that integrating straw incorporation with N fertilization (ranged from 0 to 630 kg N ha™') accelerated
the conversion of NH4" into NOs™ (Table 1), which may be due to the increase in abundance and diversity of
ammonia-oxidizing bacteria (AOB) (Zhang et al., 2019). Our findings highlight that a consistently high N
inputs may not be feasible for the intensive wheat-maize rotation in this region, coupled incorporation of crop
straw with optimized N input as a sustainable management strategy could alleviate some adverse structural
effects of excessive N fertilization.

CONCLUSIONS

Our study provides a direct evidence that long-term N fertilization degrades soil aggregation because it
creates more monovalent ions (H, NH4") in soil acidification despite increasing SOC, especially when the
applied N rate exceed 360 kg ha™! in a wheat-maize cropping system. In contrast with sole N fertilization, straw
incorporation increased remarkably the aggregating agents but did not affect the dispersing agents and thus
improved soil aggregation. Thus, the optimized N input and straw incorporation should be considered while
sustaining agricultural system in the future.

ACKNOWLEDGEMENTS

REFERENCES

Blanco-Canqui H, Ferguson R B, Shapiro C A, Drijber R A, Walters D T. 2014. Does inorganic nitrogen
fertilization improve soil aggregation? Insights from two long-term tillage experiments. J Environ
Qual. 43: 995-1003.

Dai J, HuJ L, Lin X G, Yang A N, Wang R R, Zhang J B, Wong M H. 2013. Arbuscular mycorrhizal fungal
diversity, external mycelium length, and glomalin-related soil protein content in response to long-term
fertilizer management. J Soils Sediments. 13: 1-11.

Dai Z M, Su W Q, Chen H H, Barberan A, Zhao H C, Yu M J, Yu L, Brookes P C, Schadt C W, Chang S X,
Xu J M. 2018. Long-term nitrogen fertilization decreases bacterial diversity and favors the growth of
actinobacteria and proteobacteria in agro-ecosystems across the globe. Glob Chang Biol. 24: 3452-
3461.

Guo Z C, Zhang J B, Fan J, Yang X Y, Yi Y L, Han X R, Wang D Z, Zhu P, Peng X H. 2019a. Does animal
manure application improve soil aggregation? Insights from nine long-term fertilization experiments.

9



370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

Sci Total Environ. 660: 1029-1037.

Guo Z C, Zhang Z B, Zhou H, Wang D Z, Peng X H. 2019b. The effect of 34-year continuous fertilization on
the soc physical fractions and its chemical composition on a Vertisol. Sci Rep. 9: 2505.

Guo Z C, Zhang Z B, Zhou H, Rahman M T, Wang D Z, Guo X S, Li L J, Peng X H. 2018. Long-term animal
manure application promoted biological binding agents but not soil aggregation on a Vertisol. Soil Till
Res. 180: 232-237.

Haynes R J, Naidu R. 1998. Influence of lime, fertilizer and manure applications on soil organic matter content
and soil physical conditions: A review. Nutr Cycl Agroecosyst. 51: 123-137.

Jeske E S, Tian H, Hanford K, Walters D T, Drijber R A. 2018. Long-term nitrogen fertilization reduces
extraradical biomass of arbuscular mycorrhizae in a maize (zea mays 1.) cropping system. Agric
Ecosyst Environ. 255: 111-118.

Kyveryga P M, Blackmer A M, Ellsworth J W, Isla R. 2004. Soil pH effects on nitrification of fall-applied
anhydrous ammonia. Soil/ Sci Soc Am J. 68: 545-551.

Le Bissonnais Y. 1996. Aggregate stability and assessment of soil crustability and erodibility: 1. Theory and
methodology. Eur J Soil Sci. 47: 425-437.

LiD C, Zhang GL, Gong Z T, 2011. On taxonomy of shajiang black soils in china. Soils (in Chinese). 43:
623-629.

LiW, QiaoYQ, ChenH, CaoCF, DuSZ, ZhaoZ. 2014. Effects of combined straw and N application
on the physicochemical properties of lime concretion black soil and crop yields. Acta Ecol Sin (in
Chinese). 34: 5052-5061.

Lu R K. 2000. Analytical methods of soil agrochemistry (in Chinese). Chinese Agricultural Science and
Technology Press, Beijing. pp. 106-108.

Luo S S, Gao Q, Wang S J, Tian L, Zhou Q, Li X J, Tian C J. 2020. Long-term fertilization and residue return
affect soil stoichiometry characteristics and labile soil organic matter fractions. Pedosphere. 30: 703-
713.

Mustafa A, Minggang X, Ali Shah S A, Abrar M M, Nan S, Baoren W, Zejiang C, Saeed Q, Naveed M,
Mehmood K, Nufiez-Delgado A. 2020. Soil aggregation and soil aggregate stability regulate organic
carbon and nitrogen storage in a red soil of southern china. J Environ Manag. 270: 110894

NeftJ C, Townsend A R, Gleixner G, Lehman S J, Turnbull J, Bowman W D. 2002. Variable effects of nitrogen
additions on the stability and turnover of soil carbon. Nature. 419: 915.

Peng X H, Horn R, Hallett P. 2015. Soil structure and its functions in ecosystems: Phase matter & scale matter.
Soil Till Res. 146: 1-3.

Rahman M T, Zhu Q H, Zhang Z B, Zhou H, Peng X H. 2017. The roles of organic amendments and microbial
community in the improvement of soil structure of a Vertisol. App! Soil Ecol. 111: 84-93.

Rahman M T, Guo Z C, Zhang Z B, Zhou H, Peng X H. 2018. Wetting and drying cycles improving aggregation
and associated c stabilization differently after straw or biochar incorporated into a Vertisol. Soil Till
Res. 175: 28-36.

Shen W Y, Lin X G, Shi W M, Min J, Gao N, Zhang HY, Yin R, He X H. 2010. Higher rates of nitrogen
fertilization decrease soil enzyme activities, microbial functional diversity and nitrification capacity
in a chinese polytunnel greenhouse vegetable land. Plant Soil. 337: 137-150.

Sun L P, Jing H, Wang G L, Liu G B. 2018. Nitrogen addition increases the contents of glomalin-related soil
protein and soil organic carbon but retains aggregate stability in a pinus tabulaeformis forest. Peer.J.
6: €5039.

Sun R B, Guo X S, Wang D Z, Chu H Y. 2015. Effects of long-term application of chemical and organic
fertilizers on the abundance of microbial communities involved in the nitrogen cycle. App! Soil Ecol.

10



415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

95: 171-178.

Vance E D, Brookes P C, Jenkinson D S. 1987. An extraction method for measuring soil microbial biomass c.
Soil Biol Biochem. 19: 703-707.

Wright S F, Upadhyaya A. 1998. A survey of soils for aggregate stability and glomalin, a glycoprotein produced
by hyphae of arbuscular mycorrhizal fungi. Plant Soil. 198: 97-107.

Wu J, Joergensen R G, Pommerening B, Chaussod R, Brookes P C. 1990. Measurement of soil microbial
biomass C by fumigation-extraction—an automated procedure. Soil Biol Biochem. 22: 1167-1169.

Xie HT, LiJ W, Zhang B, Wang L F, Wang J K, He H B, Zhang X D. 2015. Long-term manure amendments
reduced soil aggregate stability via redistribution of the glomalin-related soil protein in
macroaggregates. Sci Rep. 5: 14687.

Xin X L, Zhang J B, Zhu AN, Zhang C Z. 2016. Effects of long-term (23 years) mineral fertilizer and compost
application on physical properties of fluvo-aquic soil in the north china plain. Soil Till Res. 156: 166-
172.

Yan X, Zhou H, Zhu Q H, Wang X F, Zhang Y Z, Yu X C, Peng X H. 2013. Carbon sequestration efficiency in
paddy soil and upland soil under long-term fertilization in southern china. Soil Till Res. 130: 42-51.

Yin HJ, Zhao W Q, Li T, Cheng X Y, Liu Q. 2018. Balancing straw returning and chemical fertilizers in china:
Role of straw nutrient resources. Renew Sust Energ Rev. 81: 2695-2702.

Yu Z H, Chen L, Zhang J B, Zheng Y Y, Zhang C Z, Ma D H, Zhou G X. 2019. Contributions of biotic and
abiotic processes to the presence of an aggregate hierarchy in three different mineral soils in an
experimental incubation study. J Soils Sediments. 19: 2809-2822.

Zang H D, Wang J Y, Kuzyakov Y. 2016. N fertilization decreases soil organic matter decomposition in the
rhizosphere. Appl Soil Ecol. 108: 47-53.

Zhang H, Sun H, Zhou S, Bai N, Zheng X, Li S, Zhang J, Lv W. 2019. Effect of straw and straw biochar on
the community structure and diversity of ammonia-oxidizing bacteria and archaea in rice-wheat
rotation ecosystems. Sci Rep. 9: 9367.

Zhang M, Cheng G, Feng H, Sun B H, Zhao Y, Chen H X, Chen J, Dyck M, Wang X D, Zhang J G, Zhang A
F. 2017. Effects of straw and biochar amendments on aggregate stability, soil organic carbon, and
enzyme activities in the Loess Plateau, China. Environ Sci Pollut Res. 24: 10108-10120.

Zhang X K, Wu X, Zhang S X, Xing Y H, Wang R, Liang W J. 2014. Organic amendment effects on aggregate-
associated organic C, microbial biomass C and glomalin in agricultural soils. Catena. 123: 188-194.

Zhao Y, Wang M, Hu S, Zhang X, Ouyang Z, Zhang G, Huang B, Zhao S, Wu J, Xie D, Zhu B, Yu D, Pan X,
Xu S, Shi X. 2018. Economics- and policy-driven organic carbon input enhancement dominates soil
organic carbon accumulation in chinese croplands. Proc Natl Acad Sci U S 4. 115: 4045-4050.

Zhou H, Fang H, Hu C S, Mooney S J, Dong W X, Peng X H. 2017. Inorganic fertilization effects on the
structure of a calcareous silt loam soil. Agron J. 109: 2871-2880.

11



451

452
453

454
455
456
457
458
459
460
461
462

15000 - [Istraw removal [ Straw return

N rate effect: ***
Straw effect: ns
2000 N ratex Straw effect: ns

Aab Abc

AbAc _} % ]E;b _};’ Aizll;b

Wheat yield (kg ha’l)
(=) o
> [—)
=3 [—J
[—) [—)
1 1

3000
AcAd

LT

T
NO N360 N450 N540 N630  N720

150007 N rate effect: ***

Straw effect: ***
N ratex Straw effect: ns

12000+
' Aa
= Aa Aa BaAa Aa
&0 B Ba Ba Ba
£ 9000 =7 —I—% 7 ks
5
=
& 6000
‘= Ab
= B
3000
0 f

NO N360 N450 N540 N630  N720
N applicaton rate (kg ha™)

Fig. 1 Wheat yield (upper) and maize yield (bottom) under different nitrogen fertilizer rates and straw
management on a Vertisol (2014-2018). Bars are standard deviations on columns (Number = 3).
Distinct lowercase characters represent the significant difference among different nitrogen
fertilization treatments; Distinct uppercase characters represent the significant difference between
different treatments for straw management.

¥k *and * * * represent significant difference at P < 0.05, P < 0.01, and P < 0.001 level; ns: not
significant (P > 0.05).

12



463
464
465
466
467
468
469
470
471

472

473
474
475
476
477
478
479

[ ]Straw removal [//Z] Straw returning

N rate effect: ns
1 Straw effect: ***
N ratex Straw effect: **

2.0

=
wn
1

AaAa  Aa A A Aa
T FBab Tipp. . 2} EBbe

7R

Bulk density (g cm™)
2
1

e
wn
1

0.0
NO N360 N450 N540 N630 N720

N application rate (kg ha'l)
Fig. 2 The effects of nitrogen fertilizer rates and straw management on soil bulk density of a Vertisol
after 12 years.
Bars are standard deviations on columns (Number = 3). Distinct lowercase characters represent the
significant difference among different nitrogen fertilization treatments; Distinct uppercase characters
represent the significant difference between different treatments for straw management.
* k¥ *and * * * represent significant difference at P < 0.05, P < 0.01, and P < 0.001 level; ns: not
significant (P > 0.05).

[_IStraw removal [] Straw return

247 N rate effect: *
1 Straw effect: ***
N ratex Straw effect: ns

T T A
NN
é 1212_1 4 %
§1-2- Bb) Bl_)Ig Bbed|”] Bed Bd
=

0.6

0.0

NO N360 N450 N540 N630 N720
N application rate (kg ha'l)

Fig. 3 The effects of nitrogen fertilizer rates and straw management on soil aggregate stability (MWD)
of'a Vertisol after 12 years. Bars are standard deviations on columns (Number = 3). Distinct lowercase
characters represent the significant difference among different nitrogen fertilization treatments;
Distinct uppercase characters represent the significant difference between different treatments for
straw management.

* k¥ *and * * * represent significant difference at P < 0.05, P < 0.01, and P < 0.001 level; ns: not
significant (P > 0.05).

13



(a) O Straw removal @ Straw return (b) O Straw removal @ Straw return
1.6- H%\m 1.6 5 .
E 14 - E 141 RN
s y=-0.03 x + 1.9 El y=-0.35x+2.10
. Q 2_ a O 2_
= 1.2 R2 =0.50, P> 0.05 = 1.2 R2=0.07, P> 0.05
= =
7
1.0 \ ¥ =010x+2.13 1.0 0 X y=-0.59 x + 1.95
o8 RZ2 =0.93, P <0.001 R2=0.07, P>0.05
. . : . 0.8 . . : :
8 10 12 14 16 13 1.4 15 1.6 1.7 1.8
SOC (g kg™ GRSP (g kg'1)
1.8
() O Straw removal B Straw return
1.6 s
_ . Bm
£ 8 \ ER
E 14 y=024x+1.45
a O 2_
= 12 R2 =0.06, P> 0.05
=
1.0 y=1.43x+095
R2=0.61, P<0.05
0.8

0.05 010 0.5 020 025 030 035

430 MBC (g kg1

481  Fig. 4 Relationships among soil aggregate stability (MWD) and soil organic carbon (SOC), glomalin-
482  related soil proteins (GRSP), and microbial biomass carbon (MBC) in the Vertisol after 12 years.

1.8 1.8
(a) O Straw removal 8 Straw return (b) O Straw removal @ Straw return
1.6 o @ 1.6
R T |
) & B g T
£ 1.4 y=0.04 x +1.28 g 1.4 y=-0.26 x + 1.84
a R2=0.19, P> 0.05 - a o R% =0.35, P> 0.05
2 1.2 2 1.2
E = \ E /\DD\D\
O O
1.0 y=0.12x+0.39 107 y=-0.64x+1.74
o8 R2=0.87, P<0.01 o8 R%=0.64, P> 0.05
' 5.0 5.5 6.0 6.5 7.0 7.5 ' 0.8 0.9 1.0 1.1 1.2 1.3 14
pH TN (g kg™
1.8 1.8
(¢) O Strawremoval @ Straw return (d) O Straw removal @ Straw return
1.6 = 1.6
_ ! ® B
c o M ’é‘ 0 EEEE \
ElL y=-0.02x + 1.62 E 14 y=-0.002 x + 1.52
2 _
§1.z- - R”=0.18, P> 0.05 §1 ] R% = 0.004, P> 0.05
4 = | (] O 0
1.0 y2 0.06 x + 1.46 1.0 \Y=-013x+1.54
R==10.68, P<0.05 R2= 0.83, P < 0.05
0.8 T T T T 0.8 T T T T T
4 5 + 6 1 7 8 2 3 4 5 6 7 8
NH mg kg~ - -
47 (mg ke™) NO3™ (mg kg™

483

484  Fig. 5 Relationships among soil aggregate stability (MWD) and pH, total nitrogen (TN), NH4*, and
485  NOs in the Vertisol after 12 years.

14



