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• N fertilization improved soil structure
by forming large macroaggregates
(N2 mm).

• N addition increased TN, fungi and NAG
activity in macro- but not in micro-
aggregates.

• However, SOC in all aggregates
remained constant, suggesting acceler-
ated C turnovers.

• Macroaggregates are more sensitive to
N fertilization than microaggregates.

• N fertilization shifted localization of mi-
croorganisms to the macroaggregates.
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Long-term nitrogen (N) fertilization affects soil aggregation and localizations of soil organic carbon (SOC), N and
microbial parameters within aggregates. The mechanisms of these N effects are poorly understood. We studied
these processes in a loamy soil from a 23-year repeated N addition field experiment under a rice–barley rotation.
Nitrogen fertilization increased plant productivity and the portion of large macroaggregates (N2 mm). However,
SOC contents in macro- andmicro-aggregates remained constant despite an N-induced increase of 27% in root C
input into soil. Therefore, N fertilization accelerated SOC turnover. Nitrogen addition increased total N (TN) con-
tent in bulk soil and two macroaggregates (N2, and 1–2 mm), but not in microaggregates (b0.25 mm). Also, N
fertilization increased the phospholipid fatty acids (PLFAs) contents of fungi in the large macroaggregates, but
not in the microaggregates. In contrast, the effect of N addition on contents of bacterial and total microbial
PLFAs was not apparent. Nitrogen fertilization increased N-acetyl-β-D-glucosaminidase (NAG) activities in the
two larger macroaggregate size classes (N2, and 1–2 mm), but not in the aggregates (b1 mm). In both control
and N fertilization, the large macroaggregates localized more TN, microbial PLFAs, and NAG activities than the
microaggregates. In conclusion, long-term N fertilization not only directly promotes soil N resource but also
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indirectly improves soil structure by forming large macroaggregates, accelerates SOC turnover, and shiftes local-
ization of microorganisms to the macroaggregates.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Soil structure plays an important role in agroecosystem productivity
and sustainability (Bronick and Lal, 2005). Aggregation, the formation of
soil structure, rearranges the distribution and localization of organic
matter and nutrients (Six et al., 2004; Jastrow et al., 2007). Changes in
aggregation and aggregate-associated soil organic matter (SOM) and
total nitrogen (TN) affect the microbial community and enzyme activi-
ties (Dorodnikov et al., 2009; Helgason et al., 2010).

Aggregation, resulting from rearrangement, flocculation, and ce-
mentation of primary particles, is mediated by physicochemical mecha-
nisms (i.e., ligand exchange and polyvalent cation bridging) and biotic
binding agents (e.g., organicmatter, plant andmicrobial debris, polysac-
charides, and roots and hyphae) (Bronick and Lal, 2005; Jastrow et al.,
2007). Two aggregate size classes are commonly differentiated:
microaggregates (b0.25 mm) and macroaggregates (N0.25 mm)
(Tisdall and Oades, 1982; Miller and Jastrow, 1990) and fractions of
those size classes are often used. Abiotic mechanisms primarily control
the formation of microaggregates, and biotic mechanisms play crucial
roles in the formation of macroaggregates (Six et al., 2004;
Blankinship et al., 2016). SOM is partly embedded and boundwithin hi-
erarchical aggregates and is more inaccessible by decomposers within
microaggregates rather than within macroaggregates (Bird et al.,
2002). Therefore, the turnover (formation and destruction) ofmacroag-
gregates is a critical process influencing SOMdynamics (Six et al., 2004).

Nutrient replenishment by fertilization is a conventional practice to
maintain and increase crop productivity. Returning crop residues to
fields alongwith the fertilizer application serves to promote soil organic
carbon (SOC) sequestration (He et al., 2015) and aggregation in the
formofmacroaggregates (Sall et al., 2016). In contrast,microaggregates,
as preliminary aggregates, generally exhibit very little response to the
input of crop residues (Mikha and Rice, 2004). Most N fertilizations do
not affect SOC sequestration when straw residues are not returned to
the soil (Alvarez, 2005; He et al., 2015; Xu et al., 2016). One reason for
this is that despite higher C input by plant residues into the soil, the N
fertilization favorsmicrobial activity and stimulates SOMmineralization
(Balesdent et al., 1998). Various effects of N fertilization on the TN con-
tent in soils have been reported, including positive (Chen et al., 2015),
negative (Dai et al., 2017) and no effects (Huang et al., 2010; He et al.,
2015).

Microbial biomass and community structure are related to aggregate
structure and substrate availability (Wang et al., 2017; Dai et al., 2017).
Microorganisms and roots engineer aggregateswith biotic glues andhy-
phae, and regulate the turnover and stabilization of SOMandN (Jastrow
et al., 2007). In general, fungi and bacteria differ in aggregates formation
and C and N cycles (Jastrow et al., 2007). Compared with bacteria, fungi
play a more important role in macroaggregate formation because their
mycelium (Denef et al., 2001; Ding and Han, 2014) and release of glyco-
proteins glue soil particles more effectively (Rillig andMummey, 2006).
Fungi predominantly proliferate in larger pores among macro- and
micro-aggregates; whereas bacteria reside mostly in smaller pores
within microaggregates (Tisdall and Oades, 1982; Ding and Han,
2014). Compared with bacteria, fungi have a lower metabolic nutrient
demand (Danger et al., 2016) and wider enzymatic capabilities, which
allow them to mineralize low-quality substrates like coarse particulate
root residues (Güsewell andGessner, 2009).Microbial biomass general-
ly increases from micro- to macro-aggregates (Kanazawa and Filip,
1986; Helgason et al., 2010) due to the increase in substrate availability
(Chen et al., 2015) and higher particulate organic matter content in
macroaggregates. This leads to the redistribution of microbial groups
within macro- vs. micro-aggregates. At the same time, the turnover of
SOM in macroaggregates is faster, especially under N fertilization, lead-
ing to accelerated changes in themicrobial communities. Therefore, the
overall effect of long-termN fertilization on the formation ofmacro- and
micro-aggregates and the redistribution of microbial groups and activi-
ties within aggregate size classes remains unknown.

Enzyme activity is highly sensitive to the availabilities of C and N
(Aon et al., 2001). However, contradictory effects of N addition on en-
zyme activities have been reported, including positive (Nivelle et al.,
2016), negative (Wang et al., 2015a) and no effects (Sall et al., 2016).
Even though there are some studies investigating SOM turnover in ag-
gregates, the effect of aggregate size classes (macro- vs. micro-
aggregates) on enzyme activities have received much less attention
(Dorodnikov et al., 2009). Both positive (Kanazawa and Filip, 1986;
Wang et al., 2015a) and negative relationships (Allison and Jastrow,
2006; Dorodnikov et al., 2009) between aggregate size and enzyme ac-
tivities have been reported. Given that macroaggregates have faster
turnover rates for SOMandN (Six et al., 2004;Wang et al., 2017),we hy-
pothesize that under long-term N fertilization enzyme activities will
have greater responses in macroaggregates than in microaggregates.

The lower reach of the Yangtze River is one of the most important
grain-producing regions in China (Wang et al., 2015b). The croplands
of this area have been under long-term intensive N fertilization to en-
sure high and stable grain yields. However, it is unclear how N amend-
ment affects the aggregate formation and the distribution of SOM, N,
and microbial activities in the resultant size classes of aggregates. The
objectives of this studywere to investigate changes in SOM, TN, andmi-
crobial parameters within micro- vs. macro-aggregates in response to
23-years of N addition in a rice–barley rotation system, common for
the most upland soils in the middle of China. We hypothesize that
long-term N fertilization (1) increases soil aggregation, especially the
formation of large macroaggregates; and (2) increases contents of SOC
and TN, microbial biomass, and enzyme activities in macroaggregates
especially for the large macroaggregates; and (3) has little effect on
those same parameters in microaggregates because of their long-term
stability, slow turnover, and their formation being driven by physico-
chemical processes.

2. Materials and methods

2.1. Study site

The study site was a rice–barley rotation field (30°26′04″ N, 120°25′
01″ E, elevation 4ma.s.l.) at theNationalMonitoring Station for Soil Fer-
tility and Fertilizer Efficiency in Hangzhou of Zhejiang Province, China.
The site is flat and well-drained. The region is characterized by a sub-
tropical humid monsoon climate, with a mean air temperature of
16−17 °C, an annual precipitation of 1500−1600 mm, an annual
evapotranspiration of 1000−1100 mm. The annual frost-free period is
240–250 d and an annual sunshine duration is 1900–2000 h (Wang
et al., 2015b). The soil, classified as a Semihydromorphic Soil (Chinese
Soil Taxonomy) and an Inceptisol (US Soil Taxonomy), had a loam tex-
ture with 42% sand, 38% silt, and 20% clay (Chen et al., 2010).

Prior to the experiment, the study field had been intensively culti-
vated with mineral fertilizer additions for over 30 years. From autumn
1988 to autumn 1990, the soil in the fieldwas homogenized by growing
barley, early rice and late rice in rotation over 2 years without fertiliza-
tion. In autumn 1990, the soil properties at 0−20 cm depth were as
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follows: bulk density, 1.24 g cm−3; porosity, 53.2%; SOC, 16.6 g kg−1;
TN, 1.67 g kg−1; available N, 94.1 mg kg−1; total phosphorus (P),
2.53 g kg−1; available P, 37.4 mg kg−1; available potassium (K),
67.5 mg kg−1; cation exchange capacity (CEC), 14.6 cmol kg−1; and
pH, 6.4 (Wang et al., 2017).

2.2. Experimental design

The long-term field experiment was launched in autumn 1990. Two
fertilization regimes, no fertilization (Control) and N fertilization, were
established using a random design with three field replicates. Each rep-
licated plot had an area of 100 m2. The N fertilization was applied as
urea (46% N) at a rate of 315 kg N ha−1 year−1. During the first
10 years (1990−2000), a rotation of barley–early rice–late rice was ar-
ranged for annual cropping. The annual N fertilization quotas were 20%
for barley, 40% for early rice, and 40% for late rice. Afterwards, fields
were converted to barley–rice rotation, and annual N fertilizer quotas
were 32% for barley and 68% for rice. In every growing season, 70% N
was applied as base fertilizer; while the remaining 30% N was used as
top dressing. In the three-crop rotation, the early rice was seeded in
mid-May and harvested in late July, and the late rice was seeded in
late July and harvested in early November. In the two-crop rotation,
the rice was seeded in middle June and harvested in early November.
The barley was always seeded in late November and harvested in
early May of the next year throughout the entire experimental period.
The barley and ricewere both harvested byhand. All othermanagement
practices (e.g. tillage and planting) were the same for both treatments.
The aboveground biomass was removed except for 3-cm stubbles
(Wang et al., 2015b).

2.3. Soil sampling and aggregate size fractionation

A composite soil sample (homogenized from three subsamples) in
each replicated plot was collected from 0−20 cm depth using a soil
auger after the rice harvest in November 2013. This sampling time
was chosen to minimize the growing season influences such as plant
growth and N addition. Fresh soil samples were stored on ice until
they were transported to the laboratory. The gravimetric soil moisture
of approximately 15% was the best condition for aggregates fraction-
ation using field moisture sieving method (Dexter and Bird, 2001;
Kristiansen et al., 2006; Helgason et al., 2010).

Four aggregates size classes (N2, 1–2, 0.25–1, and b0.25 mm) were
separated by field moisture sieving of fresh soil using the combination
of sieving method described by Kristiansen et al. (2006) and Helgason
et al. (2010). Briefly, 400 g fresh soil was sieved four times in turn
using the 2-mm sieve for 15 s on a Retsch AS200 sieving machine
(Retsch GmbH., Haan, Germany) and the retained macroaggregates
N2 mm were collected. The passed soil was then transferred to 1-mm
sieve for a further 20 s sieving, and the residual aggregates (1–2 mm)
were isolated. The soil passing 1-mm sieve was sieved using 0.25-mm
sieve for 45 s and the other two aggregate fractions (0.25–1 mm, and
b0.25 mm) were finally separated. All visible plant residues, fauna,
and stones were removed before the sieving procedure. Preliminary
tests showed that the sieving durationswere sufficient to quantitatively
isolate the four aggregate size classes while minimizing aggregate
abrasion during the sieving. Finally, four aggregates size classes were
obtained: N2 mm, large macroaggregates; 1–2 mm, medium-size mac-
roaggregates; 0.25–1 mm, small macroaggregates; and b0.25 mm,
microaggregates which included fine sand and silt particles.

2.4. Measurements of bulk density, soil moisture, SOC and TN

Bulk density (BD) was measured using a conventional core method
with a volume of 100 cm3. Gravimetric soil water content was deter-
mined by measuring water loss from fresh soil after drying at 105 °C
for 8 h. Air-dried soil from each aggregate size class was analyzed for
SOC and TN using an elemental analyzer (Elementar, Germany). Soil C
stock at 0–20-cm depth per hectare (Mg C ha−1) was calculated using
measured SOC content (g C kg−1) and bulk density (g cm−3) values
(Eq. (1)).

Soil C stock ¼ SOC� BD� 2 ð1Þ

2.5. Phospholipid fatty acids analysis

Phospholipid fatty acids (PLFAs) were extracted using the method
described by Helgason et al. (2010). Briefly, fatty acids were extracted
from8 g freeze-dried soil (0–20 cmdepth) using a single-phasemixture
of chloroform:methanol:phosphate buffer (1:2:0.5). The isolated
fatty acid methyl esters (FAMEs) were analyzed using a gas-
chromatographymass-spectroscopy system (TRACE GC Ultra ISQ, Ther-
mo Fisher Scientific) with helium as the carrier gas and a DB-5 column
(30m length × 0.25mm I.D. × 0.25 μm film thickness) as the separation
tube (Xu et al., 2015). The temperature program started at 150 °C for
4 min, after which the temperature was ramped to 250 °C at a rate of
4 °C min−1 and held at 250 °C for 5 min. The PLFAs were identified by
a comparison of retention times to known standards (FAME 37
47885-U, Supelco, Inc.) and a standard bacterial acid methyl ester mix-
ture (BAME 26 47080-U, Supelco, Inc.) (Xu et al., 2015). Concentrations
of PLFAs (nmol g−1 dryweight soil) were quantified based on the inter-
nal standard (nonadecanoic acid methyl ester 19:0).

Summing the concentrations of eleven PLFAs (i15:0, a15:0, 15:0,
i16:0, 16:1ω9, 16:1ω7t, i17:0, a17:0, 17:0, cy17:0 and cy19:0) consti-
tuted the bacterial biomass component (Frostegård and Bååth, 1996;
Zogg et al., 1997), and fatty acids 18:2ω6 and the isomer 18:1ω9c
were used as indicators for fungal biomass component (Frostegård
et al., 1993). The sumof the bacterial biomass component and the fungal
biomass component was considered as the total microbial biomass
(nmol g−1).

2.6. Analyses of enzyme activities

Based on the methods of Dorodnikov et al. (2009), we used
fluorogenically labelled substrates to measure activities of four en-
zymes: (1) β-glucosidase (BG), which catalyzes one of the final steps
in cellulose breakdown, (2) N-acetyl-β-D-glucosaminidase (NAG),
which is involved in chitin degradation, (3) phosphatase, which aids
the decomposition of deoxyribonucleotide/ribonucleotide triphos-
phates and proteins, and (4) sulfatase, which catalyzes the hydrolysis
of sulfate esters of a range of substrates, including steroids, carbohy-
drates and proteins. Briefly, four 4-methylumbelliferone (MU)-labelled
fluorogenic substrates were used: MU-β-D-glucopyranoside (MU-BG;
Enzyme commission number = EC 3.2.1.21) for the determination of
BG activity, MU-N-acetyl-β-D-glucosaminidase dehydrate (MU-NAG;
EC 3.2.1.52) for NAG activity, MU-phosphate disodium salt (MU-phos-
phate; EC 3.1.3.2) for phosphatase activity, and MU-sulfate potassium
salt (MU-sulfatase; EC 3.1.6) for sulfatase activity. 2 mL of 2-
methoxyethanol (Hoppe, 1983) was used to dissolve the MU-
substrates. PredissolvedMU-substrateswere further dilutedwith sterile
distilled water to give the correct contents. All chemicals were obtained
from Sigma-Aldrich (Germany).

The fresh soil samples (1 g dry weight) were suspended in 20 mL
sterile distilled water. The suspensions were shaken forcefully for
15 min to ensure thorough mixing. 1 mL of the suspension was added
to 3 mL MU-substrate solution (containing either 400 μmol MU-BG, or
200 μmol of either MU-NAG, or MU-phosphate, or MU-sulfatase)
which had already been pipetted into deep-well plates (24-wells ×
10 mL, HJ-Bioanalytik GmbH, Germany), and was incubated at 25 °C
for 4 h. Calibration solutions were prepared using 1 mL soil suspension
and 3 mL MU of different concentrations (0–100 μmol). The deep-well
plateswith soil-MU-substrate and soil-MU-calibrationwere centrifuged
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at 20 g for 5 min. Subsequently, 0.5 mL of the supernatant was pipetted
to the 24-well microplates (Becton Dickinson, Franklin Lakes, NJ, USA)
which already contained 1.25 mL sterile distilled water and 0.25 mL of
20 mmol glycine–NaOH buffer solution (pH 11) to stop enzyme reac-
tions. A microplate reader (Bio-Tek FLx800, USA) was used to measure
fluorescence at an excitation wavelength of 365 nm and an emission
wavelength of 460 nm. Calibration curves were included with every se-
ries of enzymemeasurements. Enzyme activities were expressed asMU
release in micromole per gram bulk soil/aggregates in dry weight per
hour.

2.7. Measurements of grain yield, straw biomass, and total shoot biomass

Every year, grain and straw from each cropwere carefully harvested
and air-dried. The grain yield and straw biomass of each crop were cal-
culated separately and then summed to obtain the total shoot biomass
of each crop.

2.8. Estimates of root C input into soil

The 23-year cumulative root C input of each plot was calculated
using Eqs. (2)–(4).

Root C input ¼ ΣBarleyRoot þ ΣRiceRoot ð2Þ

where Root C input is the 23-year cumulative root C input (Mg C
ha−1), ΣBarleyRoot refers to the 23-year cumulative barley root C
input (Mg C ha−1), ΣRiceRoot is the 23-year cumulative rice root C
input (Mg C ha−1).

ΣBarleyRoot ¼ BS � 1−WBð Þ � RB−R=S � CBR � 23 ð3Þ

where BS represents annual barley shoot (grain + straw) biomass
(Mg C ha−1), WB refers to mean water content of barley shoot
(12%), RB−R/S, the average ratio of root to shoot biomass of barley
(0.179) (Wang et al., 2015b), CBR is the C concentration of dried bar-
ley root (42%).

ΣRiceRoot ¼ ERS þ LRSð Þ � 10þ SRS � 13½ � � 1−WRð Þ � RR−R=S
� CRR ð4Þ

where ERS and LRS are annual shoot (grain + straw) biomass of early
rice and late rice (Mg C ha−1) during the first 10 years, respectively,
SRS is the annual shoot (grain + straw) biomass of single cropping
rice (Mg C ha−1) during 1991−2013, WR refers to water content of
rice shoot (14%), RR−R/S, the average ratio of root to shoot biomass
of rice (0.087) (Wang et al., 2015b), and CBR is C concentration of
dry barley root (41%).

2.9. Recovery calculation and statistical analysis

The recoveries of SOC, TN, PLFAs, and enzyme activity in aggregate
size classeswere calculated as the ratios of theweighted sum of four ag-
gregate size classes to the bulk soil. Two-way analysis of variance
(ANOVA)was used to test themain effects of fertilization and aggregate
size, and their interactions on a SOC, TN, PLFAs, and enzyme activities.
Multiple comparisons were performed using a one-way ANOVA with a
Tukey's HSD post hoc test of SPSS 17.0 forWindows (SPSS Inc., Chicago,
Illinois). Principal components analysis (PCA) was based on the
CANOCO 5.0. Figures were prepared in ORIGIN 9.0 (OriginLab Corpora-
tion, Northampton, MA).
3. Results

3.1. Cumulative crop biomass and C input into soil

Twenty-three years of mineral N fertilization increased the cumula-
tive grain yield, straws biomass, and shoot biomass compared with the
unfertilized control (Table 1). Similarly, N addition led to a
4.1 Mg C ha−1 increase in root C inputs into the soils when compared
with the control (Table 2).

3.2. Soil aggregates size distribution

Mineral N fertilization increased the portion of large macroaggre-
gates (N2 mm) by +7.2% compared with the control (p b 0.05)
(Fig. 1a). In contrast, effect of N addition on the portion of the other
two macroaggregate size classes (1–2, and 0.25–1 mm) and the
microaggregates (b0.25 mm) was not apparent (Fig. 1a). For both the
control and the N addition soils, the dominant aggregate size class was
the large macroaggregates (N2 mm) (Fig. 1a).

3.3. SOC and TN in bulk soil and aggregate size classes

Despite N fertilization, SOC content remained constant in the bulk
soil and across the four aggregate fractions (Fig. 1b). For both the control
and the N fertilization soils, the four aggregate size classes had similar
SOC contents (Fig. 1b). The SOC stocks at 0–20-cm depth of the control
and N fertilization soils were each about 38 Mg C ha−1. In contrast, N
fertilization did increase the TN content of the bulk soil, and this in-
crease was exhibited in the two larger macroaggregates (N2, and
1–2 mm), but not for the microaggregates (b0.25 mm) and the macro-
aggregates (b1 mm) (Fig. 1c). Under the control, the four aggregates
size classes had similar TN contents. However, under the N addition,
the large macroaggregates (N2 mm) had higher TN than the
microaggregates (Fig. 1c). The C/N ratio of the four aggregates remained
constant under both the control and the N fertilization soils (Fig. 1d).
The recoveries of SOC and TN were 95–104% in isolated aggregate size
classes.

3.4. Microbial PLFAs

The effect of N fertilization on total microbial and bacterial PLFAs
contents was not apparent (Fig. 2a, b). In contrast, N addition increased
the fungal PLFAs contents of the bulk soil, and this was exhibited in the
large macroaggregate fractions (N2 mm) (p b 0.05) but the effect was
not apparent in the other three aggregate size classes (Fig. 2c). Likewise,
N fertilization increased the fungal/bacterial-PLFAs ratio (F/B) of the
large macroaggregate (N2 mm) (p b 0.05) (Fig. 2d).

In the unfertilized soil, the large macroaggregates (N2 mm) had
higher microbial and bacterial PLFAs content than the other three size
classes (p b 0.05) (Fig. 2a, b). However, in soil with N fertilization,
there was no significant difference among the aggregate size classes
(Fig. 2a, b). In contrast, under both the control and N addition, the
large macroaggregates (N2 mm) had higher fungal PLFAs contents and
F/B-PLFAs ratios than the microaggregates (b0.25 mm) (p b 0.05)
(Fig. 2c, d). N fertilization and aggregate size had interacting effects on
fungal (p=0.010), but not on the total microbial (p=0.32) and bacte-
rial PLFAs (p=0.07). The PLFA recoveries were 97–123% in isolated ag-
gregate size classes.

3.5. Enzyme activities

Compared with the control, the N fertilization did not affect the ac-
tivities of BG, phosphatase, and sulfatase in the bulk soil and the four ag-
gregate size classes (Fig. 3a, c, d). In contrast, N fertilization increased
NAG activities in the two macroaggregates (N2 mm, 1–2 mm) and the
bulk soil compared with the unfertilized soil (Fig. 3b). Under both the



Table 1
23-year cumulative grain yield, straw biomass, and total shoot biomass.

Treatments Grain yield (Mg ha−1) Straw biomass (Mg ha−1) Total shoot biomass (Mg ha−1)

Barley Rice Barley Rice Barley Rice Barley + Rice

Unfertilized control 50 ± 9 147 ± 5 54 ± 7 123 ± 6 105 ± 16 269 ± 11 374 ± 27
N fertilization 68 ± 2⁎ 176 ± 10⁎ 74 ± 3⁎ 148 ± 8⁎ 142 ± 5⁎ 323 ± 16⁎ 465 ± 21⁎

Each value refers to mean ± SD (n = 3).
⁎ Denotes significant differences between the unfertilized control and N fertilization soils at p b 0.05 level.
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control and N fertilization, BG and sulfatase activities were similar for
all aggregate size classes (Fig. 3a, d). In contrast, the large macroaggre-
gates (N2 mm) had higher NAG activities compared with the
microaggregates under both the control and N addition (Fig. 3b). How-
ever, microaggregates had elevated phosphatase activities compared to
the macroaggregates (N0.25 mm) under both the control and N addi-
tion soils (Fig. 3c). N addition and aggregate size interacted to affect
NAG activity (p = 0.007), but not the activities of the other three en-
zymes (p = 0.74–0.93).

3.6. Principal components analysis

The 1st and 2nd principal components (PC1 and PC2) explained
72.4% and 20.8% of total variance, respectively (Fig. 4). Compared with
the microaggregates (b0.25 mm), the large macroaggregates (N2 mm)
localized more TN, microbial (bacterial + fungal) PLFAs, ratios of F/B-
PLFAs and NAG activities in both the control and the N fertilization
soils (Fig. 4). However, aggregates size classes (macro- vs. micro-
aggregates) had similar SOC (Fig. 1b), C/N ratio (Fig. 1d), BG activity
(Fig. 3a), and sulfatase activity (Fig. 3d).

4. Discussion

4.1. Effects of N fertilization on soil aggregation and its associated SOC and
TN

Under the control and the N fertilization soils, the portions of large
macroaggregates (N2 mm) were higher than the other aggregate size
classes based on the field moisture sieving method (Fig. 1a). The out-
come of this aggregate distribution is in agreement with other studies
using the same method (e.g. Dorodnikov et al., 2009; Chen et al.,
2015; Wang et al., 2017) and the air-dried soil sieving method
(Blankinship et al., 2016), but is different from studies based on the
wet sieving procedure (e.g. Denef et al., 2001; Huang et al., 2010). Min-
eral N fertilization increased the portion of large macroaggregates
(N2mm) by 7% comparedwith the control (Fig. 1a), which is consistent
with previous studies (Guo et al., 2012; Hua et al., 2014). This result is
explained by the N-induced increase in root biomass (Table 2) and fun-
gal biomass in the large macroaggregates (N2 mm) (Fig. 2c). Root and
fungal biomass are twomain biotic parameters crucial for the formation
of macroaggregates (Bronick and Lal, 2005; Jastrow et al., 2007). In con-
trast, the portions of the other two macroaggregate size classes (1–2,
and 0.25–1 mm) and themicroaggregates (b0.25 mm) responded little
to N fertilization (Fig. 1a). The result is in agreement with previous
Table 2
Estimated cumulative (23 years) root C inputs (Mg C ha−1) into soil.

Treatments Barley Rice Total

Unfertilized control 6.9 ± 1.0 8.3 ± 0.3 15.2 ± 1.4
N fertilization 9.4 ± 0.3⁎ 9.9 ± 0.5⁎ 19.3 ± 0.8⁎

Each value refers to mean ± SD (n = 3).
⁎ Denotes significant differences between the unfertilized control and N fertilization

plots at p b 0.05 level.
studies (Huang et al., 2010; Chen et al., 2015). Besides root and fungi,
SOC and bacteria also serve as main binding agents for aggregates for-
mation (Denef et al., 2001; Ding and Han, 2014), but N fertilization
had little effect on SOC content (Fig. 1b). Also, the bacterial and fungal
biomass in the two macroaggregates (1–2, and 0.25–1 mm) and the
microaggregates remained independent of N fertilization (Fig. 2b, c).
Because of increased root and fungal biomasses, the dynamics (forma-
tion and destruction) of large macroaggregates (N2 mm) are more
sensitive to N fertilization than those of the smaller aggregates. Further-
more, coarse root residues, commonly accumulated in the macroaggre-
gates, are more attractive to fungi than bacteria (Güsewell and Gessner,
2009). Based on these, we conclude that compared with fungi, the in-
crease of root biomass is the initial cause for the formation of largemac-
roaggregates (N2 mm) under N addition.

SOC content responded little to N fertilization (Fig. 1b) despite the
increase of C input by roots (Table 2). This result is consistent with
many previous studies (Alvarez, 2005; Huang et al., 2010; He et al.,
2015). One possible reason is that N fertilization improves the quality
of root residues and thus accelerates the decomposition of residual
roots (Balesdent et al., 1998). Based on the aggregate hierarchy concept
(Tisdall and Oades, 1982; Six et al., 2004), the process of aggregation is
generally frommicro- to macro-aggregates. Root-derived C was prefer-
entially localized in macroaggregates compared with microaggregates.
Therefore, it is reasonable that microaggregate-associated SOC
responded little to N addition (Fig. 1b). However, macroaggregate-
linked SOC also remained constant despite N addition (Fig. 1b). In addi-
tion toN-accelerated residual roots decomposition, the relative low root
C input rate (0.18 Mg C ha−1 year−1) is another possible reason.

Mineral N fertilization increased the TN contents in the soil under
rice–barley rotation (Fig. 1c) which is consistent with a paddy soil
with 233 kg N ha−1 year−1 fertilization (Chen et al., 2015). In contrast,
the lack of response of TN content to N addition was reported in upland
soilswith similarN application level to our study (Huang et al., 2010;He
et al., 2015). The contradictory effects of N fertilization on the TN con-
tents may be attributed to land use types: paddy field vs. dryland.
Paddy fields can reduce N loss compared with drylands (Li et al.,
2017; Dai et al., 2017). Furthermore, TN increased in macroaggregates
(N2, and 1–2 mm) under N fertilization, but TN in microaggregates
remained independent of N fertilization (Fig. 1c). Andmacroaggregates
localized more total N compared with microaggregates (Fig. 4). These
results justify the aggregate hierarchy concept with respect to the lon-
ger stability of the microaggregates and faster turnover of themacroag-
gregates. In addition, C/N ratio was independent of N fertilization
(Fig. 1d) and aggregate size classes (Fig. 4). This results from the fact
that despite N fertilization, SOC generally remained constant (Alvarez,
2005; He et al., 2015; Xu et al., 2016), andmineral N fertilizer was large-
ly removed by plant uptake, and lost by nitrification, denitrification, and
leaching.

4.2. Responses of aggregate-associated microbial groups to N fertilization

The field moisture sieving of soil (Kristiansen et al., 2006; Helgason
et al., 2010; Wang et al., 2017) was used to separate aggregates and to
study indigenous aggregate-linked microbial parameters. The conven-
tional wet sieving or air-dried soil sieving procedures were avoided



Fig. 1. Effects of long-term (23 years) N fertilization on soil aggregation and its associated SOC, total N, and C/N ratio (dry weight basis). Each value refers to mean (n = 3) ± standard
deviation (SD). Different uppercase letters denote statistically significant differences between the unfertilized control and N fertilization plots at p b 0.05 level. Different lowercase
letters indicate differences among the four aggregate size classes within the unfertilized control and N addition plots at p b 0.05 level.

Fig. 2. Effects of long-term (23 years) N fertilization on total microbial, bacterial, fungal PLFAs, and fungal/bacterial-PLFAs ratio (F/B) (n = 3). The error bar represents SD. Different
uppercase letters denote differences between the unfertilized control and N fertilization at p b 0.05. Different lowercase letters indicate differences among the four aggregate size
classes within the unfertilized control and N addition plots at p b 0.05.
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Fig. 3.Effects of long-term (23 years) N fertilization on activities ofβ-glucosidase,N-acetyl-β-D-glucosaminidase, phosphatase, and sulfatase (n=3). The error bar represents SD. Different
uppercase letters indicate differences between the unfertilized control and N fertilization at p b 0.05. Different lowercase letters indicate differences among the four aggregate size classes
within the unfertilized control and N addition plots at p b 0.05.
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because of their disturbance of indigenous microbial habitats
(Dorodnikov et al., 2009; Helgason et al., 2010). In contrast to the proce-
dure by Kristiansen et al. (2006), we did not isolate free fine sand and
silt fractions from the microaggregates to reduce bias in microbial
analyses.
Fig. 4. Principal components analysis (PCA) of soil properties andmicrobial parameters in
aggregate size classes under long-term (23 years) N fertilization. Black solid circles are
aggregate size classes. Solid arrows are soil properties and microbial parameters. *
represents soil properties and microbial parameters in plots with long-term N
fertilization. NAG refers to N-acetyl-β-D-glucosaminidase. TN represents total nitrogen.
A recent meta-analysis revealed that N fertilization led to a 15% in-
crease in microbial biomass (Geisseler and Scow, 2014). In our present
study, we found no effect of N fertilization on bacterial and microbial
biomass (based on PLFA) in bulk soil (Fig. 2a, b). This result is attributed
to the unchanged SOC content (Fig. 1b) and bacteria dominated themi-
crobial community. In contrast, fungal biomass increased in bulk soil
and large macroaggregates (N2 mm) under N fertilization (Fig. 2c, e).
Compared with bacteria, fungi predominantly proliferate in larger
pores and favor coarse particulate root residues which were increased
by N addition (Table 2). Also, the soil sampling time was only ten days
after the rice harvest, and consequently the fresh root residues were
abundant and contributed to fungal proliferation.

The localization of plant residues and living roots is a critical factor
for microbial colonies and growth within the soil matrix (Kuzyakov
and Blagodatskaya, 2015). Given that root residues accumulate in
large-size fractions (Jastrow et al., 2007), large macroaggregate
(N2 mm) has higher fungal biomasses compared with the
microaggregate (Fig. 2c; Fig. 4). Similarly and consistent with previous
studies (Chen et al., 2015; Wang et al., 2017), bacteria within the large
macroaggregates (N2 mm) were also more abundant than within the
microaggregates in both the N fertilized and unfertilized soils (Fig. 2b;
Fig. 4).

4.3. Responses of aggregate-linked enzyme activity to N fertilization

Enzyme activities depend mainly on active microorganisms
(Blagodatskaya and Kuzyakov, 2013) and growing roots. Enzymes
have various ecological functions: BG is for cellulose degradation and
NAG is for chitin breakdown (Allison and Jastrow, 2006). Phosphatase
and sulfatase are two nutrient-acquiring enzymes for stoichiometric
microbial growth (Sinsabaugh et al., 1993; Štursová and Baldrian,
2011).

Positive responses of BG activities to N fertilization had been widely
reported (Geisseler and Scow, 2014; Jian et al., 2016). However, BG
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activities in bulk soil and even in the macroaggregate fractions
remained independent of N addition (Fig. 3a). The activities of phospha-
tase and sulfatase were also independent of N fertilization (Fig. 3b,
c) because of unchanged SOM contents under N fertilization (Fig. 1b).
Contrary to these results, N fertilization increased the NAG activities in
the macroaggregates but not in the microaggregates (Fig. 3b). NAG ac-
tivity reflects the fungal activity for chitin breakdown (Miller et al.,
1998), and fungi predominantly reside in macroaggregates (Ding and
Han, 2014). Therefore, the patterns of NAG activities (Fig. 3b) were con-
sistent with that of fungal biomass, especially in the macroaggregates
(Fig. 2c; Fig. 4). Compared with the macroaggregates, the
microaggregates have lower NAG activities because of the lower TN N
content (Allison and Jastrow, 2006; Wang et al., 2015a). This result is
further confirmed in the present study (Fig. 3b).

5. Conclusions

In the rice–barley cropping system, the 23-year N fertilization not
only promotes plant growth but also improves soil structure by increas-
ing the number of large macroaggregates (N2 mm) because of the in-
creases in root and fungal biomasses. However, N fertilization
maintains SOC contents inmacro- andmicro-aggregates by accelerating
SOC turnover. In contrast, N addition increases total N, fungal biomass,
ratios of F/B and N-acetyl-β-D-glucosaminidase activities in the large
macro- but not in the micro-aggregates. Furthermore, the large macro-
aggregates localize more N resource, microbial biomass and activity
than the microaggregates. Consequently, the macroaggregates and
their-associated total N, fungal biomass and chitinase activities are
more sensitive to long-term N fertilization than the microaggregates.
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