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Abstract: A maize pot experiment was conducted to compare the difference of N distribution be-
tween bulk and rhizospheric soil after chemical fertilizer with or without soil straw amendment at
an equivalent N rate using a ®N cross-labeling technique. Soil N pools, maize N and their >N
abundances were determined during maize growth. The urea plus straw treatment significantly (p
< 0.05) increased the recovery of urea N in soil and 26.0% of straw N was assimilated by maize.
Compared with urea treatment in bulk soil, urea plus straw treatment significantly (p < 0.05) in-
creased the concentration and percentage of applied N as dissolved organic N (DON) and micro-
bial biomass N (MBN) from milk stage to maturity, increased those as particulate organic N (PON)
and mineral associated total N (MTN) throughout maize growth and decreased those as inorganic
N (Inorg-N) from the eighth leaf to the silking stage. Compared with bulk soil, rhizospheric soil
significantly (p < 0.05) decreased the concentration and percentage of applied N as PON and in-
creased those as Inorg-N and MTN in both applied N treatments from the silking stage, and sig-
nificantly (p < 0.05) decreased the concentration and percentage of applied N as microbial biomass
N (MBN) in the urea plus straw treatment. Overall, straw N was an important N source and com-
bined application of chemical fertilizer with straw increased soil fertility, with the rhizosphere
regulating the transformation and supply of different N sources in the soil-crop system.

Keywords: bulk soil; rhizosphere soil; soil N pools; maize N uptake; pot experiment

1. Introduction

Nitrogen (N) has made a large contribution to crop production to meet the food
demand of an increasing world population since World War 1II [1]. However, long-term
uncontrolled chemical fertilizer N application has aggravated soil acidification,
groundwater eutrophication, and greenhouse gas emissions [2-4]. Moreover, large
amounts of straw are generated as a result of the high grain yields produced. Straw
burning leads to atmospheric particulate and oxynitride pollution. Instead, the combined
application of chemical fertilizer and straw at controlled rates may be an efficient method
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of alleviating these detrimental effects and increasing soil nutrient status [5,6], although
small amounts of greenhouse gas emissions might be stimulated [7-9]. In addition, straw
incorporation provides a useful source of N and also provides carbon (C) sources for soil
microbes, affecting the distribution of N in the crop-soil system [10,11]. Thus, under-
standing the distribution of chemical fertilizer- and straw-N in crop—soil systems is nec-
essary to evaluate the application of chemical fertilizer combined with straw.

The rhizosphere is a zone of high nutrient content for soil microorganisms and roots
[12]. Relative to the bulk soil the higher microbial biomass in the rhizosphere results in
higher competition for N [13]. When large amounts of easily available C derived from
root exudates in the rhizosphere, this situation promotes microbial N immobilization
which contributes to the increasing competition for N [14,15]. On the other hand, sub-
stantial crop N assimilation generates relative N deficiency in the rhizosphere during
crop growth [16]. This strong depletion, caused by competition between roots and mi-
crobes, promotes the transport of N into the rhizosphere from the bulk soil [17]. How-
ever, this transportation is closely correlated with the formations of N, e.g., NOs~ diffuses
rapidly, while NHs* diffuses slowly [18,19]. All of the above factors make the transfor-
mation of N more complicated in the rhizosphere than in the bulk soil. Therefore, a
comparison of N behavior in bulk and rhizospheric soils is necessary to understand how
the crop rhizosphere affects changes in soil N during crop growth.

Chemical fertilizer N application can stimulate soil organic matter mineralization
and promote soil N transformation among the different soil N pools in agricultural sys-
tems [20]. Correspondingly, soil N can be divided into labile and stable pools. The labile
N pools, easily decomposed by microbes, are highly sensitive to fertilizer management
and the stable pools promote soil N retention [21]. The labile soil N pools are separated
from soil inorganic N (Inorg-N), microbial biomass N (MBN), dissolved organic N
(DON), and particulate organic N (PON) [20]. Inorg-N, the main source of N to crops, is
derived mainly from chemical fertilizers and can be immobilized into or released from
organic N pools in agricultural soils [20], and MBN regulates the immobilization of In-
org-N and the mineralization of soil organic N. DON can be directly or indirectly assim-
ilated by crops and microorganisms, and DON is derived from microbial metabolism
and root exudation and can be further decomposed to Inorg-N via microbial activity
[22,23]. PON represents partly decomposed plant residues and is an important N source
for soil microorganisms [24]. When particulate organic matter is removed from the whole
soil through wet sieve, the residual N is regarded as mineral-associated total N (MTN).
MTN holds the largest proportion of the soil total N [25] and retains N substrates by
sorption on mineral surfaces or the formation of organic-mineral complexes [26,27].
These N pools can therefore reflect soil biological, chemical, and physical properties.
Thus, the investigation of these soil N pools may provide important information on soil
N transformations.

Straw returned to the soil provides C sources for microorganisms and increases soil
Inorg-N immobilization [28,29]. Previous studies show that the combined application of
chemical fertilizer with straw increased the size of the MBN pool [30,31]. Bai et al. [32]
reported that chemical fertilizer combined with straw return increased the contribution
of applied N to MBN, PON, and MTN compared with chemical fertilizer alone. Wang et
al. [33] found that application of organic materials greatly increased the concentration of
DON in comparison with chemical fertilizer applications. Overall, these studies have
focused mainly on changes in the distribution of applied N in soils without plants with
equivalent N rates. However, competition for N occurs between microorganisms and
crops to greatly alter the retention of N in different soil N pools.

Here, we quantified the effect of applied N in plant (shoots, grains, roots) and soil N
(Inorg-N, MBN, DON, PON, MTN) pools with chemical fertilizer application with or
without straw amendment, and compared the difference of urea N and straw N in dif-
ferent N pools in bulk and rhizospheric soils under chemical fertilizer application with or
without straw amendment during the growth of maize. We hypothesized that a portion
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of straw N can be assimilated by maize, and that the transformation of organic N would
be accelerated in the rhizosphere. A pot experiment was conducted with '>N-labeled urea
and ®N-labeled maize straw in order to address these issues.

2. Materials and Methods
2.1. Soil

Soil samples were collected from an arable field (0-20 cm depth) at Heilongjiang
Academy of Agricultural Sciences near Harbin city, Heilongjiang province, northeast
China (45°50" N, 126°51" E). The soil is classified as a Mollisol according to the USDA
classification system [34]. This region is characterized by low temperatures and a conti-
nental monsoon climate with an average annual precipitation of 486 mm, mean annual
temperature of 3.6 °C, and mean monthly temperature of 19.3 °C from May to September
during crop growing season. Selected soil physicochemical properties are shown in Table
1.

Table 1. Selected physicochemical properties of the chernozem soil studied.

NHsOA c-Extract

Organic C Total N Olsen P pH Soil Texture (%)
able K (units)
(g kg (g kg) (mg kg™) (mg kg™) Sand Silt Clay
19.4 1.8 9.6 155.9 6.9 27.4 48 24.6

2.2. Preparation of Labeled and Unlabeled Straw

15N-labeled straw was obtained by conducting a greenhouse pot experiment. As
previously reported by Qiu et al. (2012) [5], labeled straw with a relatively high N
abundance was produced by growing maize (cv. Zhengdan 958) in soil with 30.16 %
15N-labeled (NH4)2SO4, NaH2POs and KCl at rates of 150 mg N, 65.5 mg P and 124.5 mg K
per kg soil. To ensure sufficient soil N supplied, topdressing fertilizer was applied at the
8th leaf and tasseling growth stages of the labeled maize at rates of 1 and 2 g plant!
(**NHa4)2504 at 30.16% >N abundance, respectively. Maize grain formation was prevented
by covering the corn cobs with paper bags before the silking stage. The unlabeled maize
was grown in a field near the greenhouse with the same soil type and maize cultivar. The
sowing and harvest dates of the unlabeled maize were the same as those of the labeled
maize. After harvest the experimental straw materials were analyzed to determine their
total C, N, P, and K concentrations and ®N abundance according to Qiu et al. [9]. In the
labeled straw, total N concentration and ®N abundance were 9.6 + 0.2 g kg™! and 15.24 +
0.06%, total C, N, P, and K concentrations were 435.5 + 1.2, 1.4 + 0.02, and 11.2 £+ 0.03 g
kg™; in unlabeled straw, total N concentration and ®N abundance were 11.3 + 0.2 g kg!
and 0.37 + 0.0001%, total C, N, P, and K concentrations were 449.7 + 0.17, 11.3+ 0.2, 1.1 +
0.01, and 14.2 +1.2 g kg

2.3. Experimental Design

An equivalent N amendment pot experiment with a completely randomized design
was carried out in a greenhouse with a glass roof. The treatments were: (I) control (CK);
(IT) ®N-labeled urea (U); (IlI) urea plus straw (US). In order to distinguish the contribution
of urea-N and straw-N to plant and soil N pools, two subtreatments were conducted in
the US treatment: (1) *N-labeled urea plus straw (U + S) and (2) *N-labeled straw plus
urea (U + 15S). In the US treatment, both of the subtreatments received the same man-
agement except for the difference of labeled N source, and the ratio of urea N to straw N
was 6:4 according to Zhu and Wen [35]. Each 25-cm-diameter pot contained 10.0 kg
air-dried soil uniformly treated with 1.5 g N, 0.655 g P20s, and 1.245 g K20 in all fertilizer
treatments. In the controls the soil was treated with the same amounts of P and K ferti-
lizers. The synthetic fertilizers used were urea, superphosphate, and potassium chloride.
The 5N abundance of the urea was 15.10% which was produced by Shanghai Research
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Institute of Chemical Industry in China. The ground straw was passed through a
0.25-mm sieve. In order to ensure that the N, P, and K application rates were equivalent
in each pot, the contents of N, P, and K in the straw were included in the total fertilizer
allocation. In order to explore N uptake and soil N transformation during whole maize
growth, three replicate pots of each treatment were prepared to allow destructive sam-
pling at the 8th leaf (V8), silking (R1), milk (R3), and physiological maturity (R6) growth
stages, i.e., 35, 70, 90, and 111 days after the maize was sown, giving a total of 12 pots for
each treatment.

Two maize seeds (cv. Zhengdan 958) were sown in the center of each pot and
thinned to one plant after emergence. In order to prevent root growth along the inner
wall of each pot, three PVC tubes (diameter 13.8 cm, height 35 cm) were inserted verti-
cally into the soil. The base of each PVC tube was about 5 cm above the base of the pot
and the PVC tubes were about 5 cm from the pot inner wall. Each PVC tube had three
holes 8 cm from the base and the holes and the PVC tubes were enclosed with 0.5-mm
mesh to prevent soil entering the PVC tube so that water in the tube flowed rapidly into
the soil. Distilled water was added daily to each pot from the PVC tubes to constant
weight, and then the top of each tube was sealed with a rubber stopper to prevent water
loss. During maize growth the soil water content was adjusted daily to 60 % using the
weight balance method.

At each stage the shoots (aboveground) and roots (belowground) were separated
from the maize upper node brace root. During maize growth the “less green” bottom
leaves were cut, oven-dried, stored, and then mixed into the same plant sample when the
maize plant was taken, Then the sampled shoots, roots, and grains were oven-dried at 60
°C and weighed with a balance.

Rhizosphere and bulk soils were sampled as described by Peng et al. [36]. Briefly,
the roots were removed from the pot and shaken to remove the loosely attached soil with
roots, then the soil adhering to the root system was placed in a paper bag, vigorously
shaken, and brushed to collect the closely adhering soil with roots. The soil adhering to
the roots was regarded as rhizosphere soil and the remaining soil in each pot was mixed
thoroughly and regarded as bulk soil. Any visible roots in either soil fraction were re-
moved.

2.4. Sample Analysis

Soil organic C was analyzed with a CN analyzer (Macro cube, Elementar, Hanau,
Germany). Soil Olsen-P was extracted with 0.5 M NaHCOs and determined at 880 nm ,
soil NHsOAc-extractable K was extracted with 1 M NH«OAc and determined using
atomic absorption spectrophotometry [37], and pH was measured in a 1:2.5 soil/water
suspension (Thomas, 1996). Soil texture was determined with a laser particle size ana-
lyzer (LS13320, Beckman Coulter, Brea, CA, USA).

Total N in shoots, roots, grain, and soil was determined with an elemental analyzer
(Macro cube, Elementar, Hanau, Germany). Plant samples were passed through a
0.25-mm sieve and soil samples through a 0.15-mm sieve. The '®N abundance of shoot N,
root N, grain N, and soil TN was determined using an isotope ratio mass spectrometer
(Finnigan MAT251, Thermo Fisher, Waltham, MA, USA).

Soil Inorg-N was extracted with 1M KCl solution (1:5, w/v) on a reciprocal shaker for
1 h and then determined with a continuous flow analyzer (FIAstar 5000, FOSS, Hillered,
Denmark). For inorganic >N abundance the 10 mL KCl-extracted solution was reduced
using Devarda’s alloy and distilled. The distillates from the KCl extracts were quantified
by titration and then acidified and oven-dried at 60 °C for N isotope analysis by mass
spectrometry (Finnigan MAT251, Thermo Fisher, Waltham, MA, USA) according to
Hauck et al. [38].

Soil MBN was determined using the CHCls fumigation-K250: method as described
by Brookes et al. [39]. Briefly, fresh soil was fumigated with CHCls for 24 h at 25 °C and
then the N in fumigated and unfumigated samples was extracted with 0.5 M Kz50s (1:4
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w/v, 0.5 h). Fumigated and unfumigated solutions (20 mL) were analyzed using the
Kjeldahl method. Soil microbial biomass N was calculated as the difference in N concen-
tration between fumigated and unfumigated samples divided by a conversion coefficient
of 0.45 [40]. Soil DON was calculated by subtracting Inorg-N from the N concentration in
unfumigated solution extracted with 0.5 M K2504 [20,41]. The N abundance of fumi-
gated and unfumigated solutions was determined as the ®N abundance of Inorg-N as
described above.

Soil PON and MTN particles were fractionated as described by Bronson et al. [42].
Briefly, fresh soil at each growth stage, equivalent to 25 g oven-dried soil (<2 mm), was
dispersed in 5% sodium hexametaphosphate solution (soil:solution ratio 1:4, w/v) on a
reciprocal shaker for 60 min. The slurry was sieved using a 53-pum mesh until the deion-
ized water became clear. The <53 and >53 pum soil fractions were transferred to beakers
separately and oven-dried at 60 °C. Nitrogen in both isolated soil fractions is defined as
PON (>53 pm) and MTN (<53 pum) and their N concentrations were determined using an
elemental analyzer (Macrocube, Elementar, Hanau, Germany) after particulate organic
matter and mineral associated matter were passed through a 0.15-mm sieve. The N
abundance of PON and MTN was determined as total ’N as described above.

2.5. Calculations

The concentration of applied N present as MBN was calculated by the difference
between the fumigated N concentration and the unfumigated N concentration derived
from urea or straw and then divided by a conversion coefficient of 0.45. Correspondingly,
DON derived from applied N was calculated by the difference between the unfumigated
N content derived from urea or straw and the Inorg-N derived from urea or straw.

The concentrations and percentages of applied N in different soil N pools and plant
parts were calculated using the following formula [32].

Ndep = (CONp X APEp)/APEa

Percentage of Ndfxp (%) = Ndfxp/CONp x 100

where Ndfx is N derived from urea or straw, CON is the concentration of N (mg N kg™),
the subscript P is the soil or plant N pool, APE is ®N atom percent excess calculated by
subtracting the ®N abundance of the control treatment from the applied N (straw N or
urea N) treatments. The percentage of applied N in soil N pools and plant parts is the
total N of each N pool present as urea N and straw N. Thus, in the US treatment, the
percentage of applied N in each N pool is the sum of labeled straw N percentage in "NU
+S and labeled urea N percentage in ®NU + S in the target pool.

Here, the recovery rate is the percentage of applied N present in the target fraction at
the harvest period [32].

2.6. Statistical Analysis

Data are expressed on oven-dried basis and presented as the mean of three repli-
cates. One-way ANOVA statistical analysis of variance was conducted using the SPSS
16.0 software package (SPSS Inc., Chicago, IL, USA). Student’s t-test was used at each
growth stage to compare the differences in all variables of specific N pools between
urea-only and urea plus straw treatments as well as between bulk and rhizospheric soils,
and least significant difference (LSD) at the 0.05 protection level was used to assess the
differences in mean values of the recovery rate among '“N-labeled urea, *N-labeled urea
plus straw and '*N-labeled straw plus urea treatments at maturity.
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3. Results

3.1. Crop Biomass

From stages R1 to R6 (Figure 1), the significance (p < 0.05) of the shoot and grain
values among the treatments was U > U + S > CK, and that of roots was U + S> U > CK
except for R6 stage. The grain yields among CK, U, and U + S treatments were 33.6, 121.8

and 85.0 g plant™, respectively.

Shoot Root
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150 2 U
b Il US
400 - 100 a 40 a
~ 50 Hb C ~ a
ol || I i X b
& 300 4 R3  R6 & 30 - L ag
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Maize growth stages Maize growth stages

Figure 1. Biomass of maize shoots (a), grains, and roots (b) among control (CK), urea (U), and urea plus straw (US)
treatments during maize growth stages of 8th leaf (V8), silking (R1), milk (R3), and physiological maturity (R6). Data
shown are mean + standard deviation of three replicates. Each replicate in US treatment was the mean of >N labeled urea
plus straw and N labeled straw plus urea treatments. Different letters indicate significant differences among treatments
at p <0.05. Shoot biomass includes leaf, stem, cob, husk, and grain fractions (all whole-plant fractions except roots).

3.1. Plant N Uptake

The accumulation of applied N in plant shoots, grains, and roots in the US treatment
significantly (p < 0.05, Figure 2a,b) increased by 46.9-48.4%, 48.4-55.2%, and 24.6-27.7%
relative to the U treatment except for shoots at stage V8. The percentages of applied N in
shoots and roots in the US treatment were significantly (p < 0.05, Figure 2c,d) 12.3% and
12.0% higher than the U treatment at stage V8, and the opposite trend occurred in shoots,
roots, and grains from stages R1 to R6 (Figure 2c,d).
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Figure 2. Concentration (a,b) and percentage (c,d) of labeled applied N (Ni) present as N taken up by maize shoots,
grains, and roots in different fertilizer treatment during maize growth. White-only bars represent urea treatment (U).
White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6 re-
spectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean + standard
deviation of three replicates; * and ** denote significant differences at p < 0.05 and p < 0.01, respectively; n.s., not signifi-
cant (p > 0.05). Shoot N includes leaf, stem, cob, husk, and grain fractions (all whole-plant fractions except roots).

3.2. Effect of Fertilizer Management on Applied N Distribution in Soil

Compared with the U treatment, the US treatment significantly (p < 0.05, Figure 3a—
d) increased the concentration and percentage of applied N as soil TN by 24.0-253.0%
and 28.1-242.1% in the bulk soil from stages V8 to R6 and increased those by 7.3-59.6%
and 11.7-68.5% in rhizospheric soil from stages R1 to R6.
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Figure 3. Concentration (a,b) and percentage (c,d) of labeled applied N (Nr) present as total N (TN) in bulk and rhizo-
sphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treatment (U). White
plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6 respectively
represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean + standard deviation
of three replicates; * and ** denote significant differences at p < 0.05 and p < 0.01, respectively; n.s., not significant (p >

0.05).

The concentration and percentage of applied N as Inorg-N in the US treatment were
significantly (p < 0.05, Figure 4a—d) 23.1-92.7% and 38.2-73.5% lower in bulk soil and
41.4-92.8% and 36.4-74.9% lower in rhizospheric soil than the U treatment from stages
V8 to R1. The US treatment significantly (p < 0.05, Figure 4a—d) increased the concentra-
tion and percentage of applied N as Inorg-N at stage R3 in comparison with the U
treatment.
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Figure 4. Concentration (a,b) and percentage (c,d) of labeled applied N (Nv) present as inorganic N (Inorg-N) in bulk and
rhizosphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treatment (U).
White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6 re-
spectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean + standard
deviation of three replicates; * and ** denote significant differences at p < 0.05 and p < 0.01, respectively; n.s., not signifi-
cant (p > 0.05).

The US treatment significantly (p < 0.05, Figure 5a—d) increased the concentration
and percentage of applied N as DON by 71.0-76.9% and 53.8-58.6% in bulk soil from
stages R3 to R6 and increased those by 32.3-201.1% and 23.5-60.5% in rhizospheric soil
from stages V8 to R6.
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Figure 5. Concentration (a,b) and percentage (c,d) of labeled applied N (Nv) present as dissolved organic N (DON) in
bulk and rhizosphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treatment
(U). White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6
respectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean *
standard deviation of three replicates; * and ** denote significant differences at p <0.05 and p < 0.01, respectively; n.s., not
significant (p > 0.05). Not detected in bulk soil at the V8 stage.

The concentration and percentage of applied N as MBN in the US treatment were
significantly (p < 0.05, Figure 6a-d) 152.2-226.2% and 90.8-159.7% higher than the U
treatment in bulk soil from stages R1 to R6 and 14.2-156.7% and 12.9-61.6% higher than
the U treatment in rhizospheric soil from stages V8 to R3.
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Figure 6. Concentration (a,b) and percentage (c,d) of labeled applied N (Nr) present as microbial biomass N (MBN) in
bulk and rhizosphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treatment
(U). White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6
respectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean *
standard deviation of three replicates; * and ** denote significant differences at p <0.05 and p < 0.01, respectively; n.s., not
significant (p > 0.05).

Compared with the U treatment the US treatment significantly (p < 0.01, Figure 7a—
d) increased the concentration and percentage of applied N as PON by 2.7-7.1 and 2.6-7.2
times in bulk soil and increased those by 1.8-3.6 and 1.7-3.1 times in rhizospheric soil.
The US treatment also significantly (p < 0.01, Figure 8a—d) increased the concentration
and percentage of applied N as MTN by 1.9-2.2 and 1.9-2.3 times in bulk soil and in-
creased those by 0.3-1.6 and 0.4-1.3 times in rhizospheric soil.
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Figure 7. Concentration (a,b) and percentage (c,d) of labeled applied N (Nt) present as particulate organic N (PON) in
bulk and rhizosphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treatment
(U). White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and R6
respectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean *

standard deviation of three replicates; ** denote significant differences at p <0.01.
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Figure 8. Concentration (a,b) and percentage (c,d) of labeled applied N (Ni) present as mineral associated total N (MTN)
in bulk and rhizosphere soil in different fertilizer treatment during maize growth. White-only bars represent urea treat-
ment (U). White plus gray bars represent urea combined with straw treatment (US). Maize growth stage: V8, R1, R3, and
R6 respectively represent 8th leaf stage, silking stage, milk stage, and physiological maturity. Data shown are mean +
standard deviation of three replicates; ** denote significant differences at p <0.01.

3.3. Comparison of N Distribution between Bulk and Rhizospheric Soils

Compared with bulk soil in the urea treatment, rhizospheric soil showed significant
(p <0.05, Table 2) increases in the concentration and percentage of urea N as TN, Inorg-N
and MBN from stages R1 to R6 and MTN from stages V8 to R6. Conversely, rhizospheric
soil showed decreased concentrations of urea N to PON from stages R1 to R6.

Compared with bulk soil in the US treatment, rhizospheric soil significantly (p <
0.05, Table 2) decreased the concentrations of applied N (urea N plus straw N) and urea
N as TN from stages R3 to R6, decreased concentrations and percentages of applied N
and urea N as MBN and PON from stages R1 to R6, and increased concentrations and
percentages of applied N and urea N as Inorg-N from stages R1 to R6 and MTN from
stages V8 to R6. The rhizospheric soil significantly (p < 0.05, Table 2) decreased the con-
centration of straw N as TN from stage R1 to R6, decreased the concentrations and per-
centages of straw N as PON from stages R1 to R6, and increased the concentrations and
percentages of straw N as Inorg-N from stages R1 to R6 and MTN from stages V8 to Ré.
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Table 2. Statistical analysis of the concentration and percentage of applied N in different soil N pools between bulk soil
and rhizospheric soil under urea (U) and urea plus straw (U + S) treatments at maize growth stages of 8th leaf (V8), silk-
ing (R1), milk (R3), and physiological maturity (R6) (data shown in Figures 2-8).

Concentration Percentage
Treatment Stage

TN Inorg-N DON MBN PON MTN TN Inorg-N DON MBN PON MTN

V8 **’ + *3(-, _ nd nd *3(-, + **’ + *, + **’ _ nd nd *’ + *’ +

U Rl >(->{-, + >(->(-’ + >(->{-, + >(->{-, + >(-’ _ >(->{-, + >(->(-’ + >(-, + >(-, + >(->(-’ + *, _ >(->{-, +
R3 >(-, + >(->(-’ + ns’ _ >(->{-, + >(->(-’ _ >(->{-, + >(->(-’ + >(->{-, + ns’ + >(->(-’ + >(-, _ >(->{-, +

R6 *>(>’ + >H(-, + ns, + *>(>’ + *, _ *, + >H(-, + *>(>’ + ns’ + >H(-, + *’ . *>(>’ +

AV£] ns, + >e>(-, _ nd x-, _ x-, + >f->e’ + ns,— *’ _ nd *’ _ >f->e’ + >f->e’ +

U N N R1 ns, + >(->(-’ + >(->{-, + >(-’ _ x—x—l _ >(->{-, + ns,— x-, + >4->(-’ + >4->(-’ _ >(->{-, _ >(->{-, +

rea + Straw R3 % 4 N L + %y + *k _ E% * 4

7 7 nsl 7 7 7 nsl 7 ns/ 7 7 7

R6 *>(>’ _ >H(-, + ns, + *>(>’ _ **, _ *, + ns, + *’ + ns’ + **, _ *>(>’ _ *>(>’ +

V8 ns, + **/ - nd */ - */ + */ + ns, — */ - nd */ - */ + */ +

US Rl ns’ + >(-’ + >(->{-, + >(->{-, _ *>(-’ _ >(->{-, + ns’ + >(-, + >(->(-’ + >(->(-’ _ >(->{-, _ >(->{-, +

R3 >(->{-, _ >(->(-’ + ns’ _ >(->{-, _ >(->(-’ _ >(-’ + ns’ + >(->{-, + ns’ + >(->(-’ _ >(->{-, _ >(-, +

R6 *>(>’ _ *>6+ ns, + *>(>’ _ **, _ *, + ns, + *’ + ns’ + **, _ *’ . >H(-+

V8 ns, + * - nd ns,+ *+ * + ns, — * - nd. ns, - *+ *+

R]- */ - >(-/ + ns, + ns, + >(-/ - >(-/ + ns, — */ + ns, + ns, + >M‘/ - */ +

R3 */ - >(-/ + ns, — ns, + **/ - >(-/ + ns, + */ + ns, + ns, + */ - >M‘/ +

R6 ™, - %+ ns,— ns,+ *,— *+ ms,+ *,+ ns+ ns+ F - T+

TN, soil total N; Inorg-N, inorganic N; DON, dissolved organic N; MBN, soil microbial biomass N; PON, soil particulate
organic N; MTN, mineral associate total N. * and ** denote significant at p < 0.05 and p < 0.01, respectively; ns, not signif-
icant at p <0.05. nd, no data. +, values higher in rhizosphere soil than in bulk soil; —, values lower in rhizosphere soil than

in bulk soil.

3.4. Applied N Recovery in Plant and Soil N Pools

The recovery of urea N in the whole plant (mainly in the grain) was maximum in the
U treatment, with only 18.5% urea N retained in the soil remaining mainly in the form of
MTN, and accumulated urea N loss reached 10.0%. Straw addition significantly (p < 0.5,
Table 3) reduced the recovery of urea N in the whole plant and N loss and increased urea
N retained in the soil especially in the forms of PON and MTN. The recovery of straw N
in the whole plant (26.0%) was significantly lower than that of urea N and most straw N
was retained in the soil in the form of MTN (50.2%), with no loss of straw N.

Table 3. Recovery rate of applied N in plant and soil N pools under urea (U) and urea plus straw (U + S) treatments at

maturity. Unit: %.

Plant Parts Soil Pools
T N Whole Plant Soil Total N N L
reatmentN Source Shoots _Grains 0 ¢ "™ [norg N (x10)DON (x102) MBN __PON __ MTN 0. 'otalN Nloss
U Urea 45:01a670%1.1a469+08a 715:23a 12:0.07ab 20.0£04b2.1£005c26+02c 13.6+04c 185:08¢c 100+ 1.1a

Urea 53+02a49.6+21b32.7+1.7b 549+1.7b 08+0.06b 335+28a 75+0.8a83+16b37.7+1.8b405+1.1b 4.6+05b
Straw 2.7+0.1b23.3+1.6c157+13c 26.0+1.1c 19+0.04a 323+3.0a 65+02b11.7+0.3a50.2+12a 749+23a 0

Us

Values are mean + standard deviation of three replicates. Shoot N includes leaf, stem, cob, husk, and grain fractions. TN,
soil total N; Inorg-N, inorganic N; DON, dissolved organic N; MBN, soil microbial biomass N; PON, soil particulate or-
ganic N; MTN, mineral associate total N; ’NU, labeled urea-only; ’NU + S, labeled urea + straw; '>NS + U, labeled straw +
urea; N, labeled fertilizer N. Values followed by different lower-letters in the same column for different treatments are
significantly different at p <0.05.

4. Discussion
4.1. Crop N Uptake

Generally, crop biomass is positively related to crop N uptake within the optimum
N rate range [43,44]. In this equivalent N experiment, urea N immobilization in soil in-
duced by straw and plenty of recalcitrant N in straw [30,45] in the US treatment signifi-
cantly (p < 0.05) decreased shoot or grain biomass (Figure 1a) as well as N accumulation



Agronomy 2021, 11, 1134

15 of 19

and applied N percentage (Figure 2) from the R1 stage compared with the U treatment.
The US treatment had a significantly (p < 0.05, Table 3) lower applied N recovery at ma-
turity compared with the U treatment, significantly higher applied N percentage in
shoots and roots (p < 0.05, Figure 2c,d) at stage V8, and no significant difference in ap-
plied N content in the shoots (Figure 2a). The significantly lower N content in the roots (p
< 0.05, Figure 2b) in the US treatment indicates that the U treatment enhanced crop up-
take of soil “native” N because the straw active C stimulated microbial activity and
promoted the immobilization of the applied N and the re-immobilization of the miner-
alized “native” soil N [8]. This is also supported by the lower Inorg-N concentration in
the US treatment (Figure 4a,b).

Nitrogen shortage can stimulate an increase in root biomass to acquire available N
sources [46,47], thus the US treatment significantly (Figure 1b) increased root biomass
from stages R1 to R3 in comparison with the U treatment. Root senescence as crop
growth proceeded led to a decrease in root biomass [48,49] as shown by the roots from
stage R1 in Figure 1b. Moreover, N remobilization occurs preferentially from below-
ground to sustain the aboveground N under low-N conditions [50], and both explana-
tions above resulted in the accumulation of applied N in the roots showing a declining
trend from stage R1 in both N application treatments (Figure 2b).

Straw N appeared from the V8 stage of maize in the US treatment in stover, grain,
and roots at a range of 24.4-28.7% (Figure 2), and at maturity the straw N recovery was
26% (Table 3), indicating that straw N can be assimilated by the crop and similar to re-
sults of Li et al. [51], this confirmed our hypothesis that a portion of straw N was assim-
ilated by the crop. However, the lower shoot biomass and grain in the US treatment than
the U treatment (Figure 1) indicates that some of the straw N was unavailable to the crop.

4.2. Soil N Pools

Straw incorporation increased the soil retention of applied N and promoted soil N
transformation. On one hand, part of the recalcitrant N in straw was unavailable to mi-
crobes and the crop, resulting in a larger amount of straw N detained in the soil [52]. On
the other hand, the labile C and N sources in straw provided energy for microbial N
immobilization [53-55]. Hence, the US treatment significantly (p < 0.05) decreased the
concentrations and percentages of applied N as Inorg-N from stages V8 to R1 (Figure 4)
and urea N loss (Table 3), and significantly (p < 0.05) increased the concentrations and
percentages of urea N as TN and MBN at most growth stages compared with the U
treatment in both bulk and rhizospheric soils (Figures 3 and 6). At stage V8, the maize
was in rapid vegetative growth stage, both inorganic N and low-molecular-weight
compounds can be assimilated by crops [56,57], and the shortage of available N resulting
in competition for N between maize and microorganisms may be responsible for the
disappearance of applied N in the DON in both treatments and in MBN in the U treat-
ment in the bulk soil (Figures 5a,b and 6a,b) [17].

Straw was an important component of soil particulate organic matter [58,59] and
decomposed straw N and chemical fertilizer N can be adsorbed onto soil mineral parti-
cles (<53 um) with a high specific surface area [60]. Thus, relative to the U treatment, the
US treatment significantly (p < 0.01, Figure 7a,c) increased the concentrations and per-
centages of PON and MTN and the markedly higher concentration and percentage of
straw N at each growth stage. Particulate organic matter is an unprotected soil fraction
that provides C substrates for microorganisms and thus promotes microbial turnover
[18,21]. The N from microbial residues or low-molecular-weight compounds from de-
composable straw is further associated with <53 um soil particles around particulate or-
ganic matter [21], therefore the US treatment increased the concentrations and percent-
ages of urea N as PON by 25.6-305.6% and 14.1-260.9% in the bulk and rhizospheric soils
relative to the U treatment (Figure 7). Immobilization of chemical fertilizer N by micro-
organism and adsorption by <53 um fractions [27,] resulted in increases in the concen-
trations and percentages of urea N as MTN by 64.7-70.9% and 65.9-76.4% in the US
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treatment in comparison with the U treatment in bulk soils (Figure 8a,c). The contribution
of straw N to the concentration of MTN was 41.1-49.1% from growth stages V8 to R6.

Straw N entered different soil N pools and straw decomposition was microbially
driven [56], as shown in Figures 3-8. In different N pools during maize growth (Figures
3-8) the decrease in straw N in PON in rizhospheric soil was maximum (Figure 7) be-
cause the straw was “temporal” particulate organic matter in the soil and the N from
decomposable particulate organic matter was transformed to the other N pools by mi-
croorganisms [32,59].

4.3. Comparison between Bulk and Rhizospheric Soils

The rhizosphere is a zone of intense microbial activity [52] and the continuing N
uptake by maize promotes N transport from bulk to rhizospheric soil [57]. This may be
explained by the U treatment having the higher concentrations and percentages of ap-
plied N as TN from stages V8 to R6 and as MBN from stages R1 to R6 in rhizospheric soil
than in bulk soil (Table 2). With crop N uptake under the relatively low available N rate
in the US treatment, the immobilization of chemical fertilizer N and the recalcitrant N in
straw due to straw application limited N transport from bulk to rhizospheric soil [54,55],
thus the rhizospheric soil in the US treatment significantly (p < 0.05, Table 2) decreased
the concentrations of applied N as TN from stages R3 to R6, and the concentrations and
percentages of applied N as MBN from stages R1 to R6 in comparison with bulk soil.
Compared to the bulk soil in the US treatment, the significantly lower concentrations and
nonsignificant percentage of applied N or urea N to soil TN in rhizospheric soil from
stages R3 to R6 suggested that rhizodeposition triggered microbial activity and acceler-
ated the mineralization of soil native N to meet crop N demand under the low N availa-
bility situation [58]. Moreover, the decomposition of straw N also increased in rhizo-
spheric soil in the US treatment as shown by the higher percentages of straw N in In-
org-N and MBN and the lower values in PON and DON in rhizospheric soil from stage
R1 overall (Figures 4-8), this supported our hypothesis that the rhizosphere accelerated
the transformation of organic N. The Mollisol is dominated by 2:1 type soil clay minerals
[61] and low-molecular-weight compounds from rhizodeposition can restrain NHs4* dif-
fusion from interlayer of soil minerals to the soil solution [9]. Furthermore, part of the
microbial residue associated with soil mineral particles was not reutilized by microor-
ganisms [30], and this may have resulted in the significantly (p < 0.05, Table 2) higher
concentrations and percentages of applied N as MTN in both N application treatments in
the rhizospheric soil compared with the bulk soil.

5. Conclusions

The results indicated that a substantial amount of straw recalcitrant N in the US
treatment suppressed maize yields at the equivalent N rate despite the 26.0% straw N
recovery in maize at maturity. The combination of chemical fertilizer and straw de-
creased the soil inorganic N content and increased the immobilization of chemical ferti-
lizer N or the transformation of straw N to different soil N pools, and limited N flow
from the bulk soil to the rhizospheric soil. However, the rhizosphere promoted the bio-
availability of straw N and the transformation of chemical fertilizer N and straw N from
PON to MTN. In general, the results contributed to our understanding of the transfor-
mation of different N sources in the soil-crop system under the combined application of
chemical fertilizer and straw and the N regulatory effect of the rhizosphere on different N
sources requires further consideration in farming practice.

Author Contributions: Data analysis, Writing, and Revision, J.Z.; Experimental condition support,
Review, P.H,, DW,, L], L.Z, LL, S.Z, XX, W.Z; Supervision, L.Z.; Experimental design, Data
analysis, Project administration, Funding acquisition, Revision, S.Q. All authors have read and
agreed to the published version of the manuscript.



Agronomy 2021, 11, 1134 17 of 19

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 41101277; the National Key Research and Development Plan, grant number
2018YFD0200804, 2016YFD0200101, and 2018YFD0201001; the Fundamental Research Funds for
Central Non-Profit Scientific Institutions, grant number 1610132019014

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Relevant data applicable to this research are within the paper.
Acknowledgments: We are very grateful for the valuable suggestions and modifications made by
Peter Christie in this research work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Erisman, JW,; Sutton, M.A.; Galloway, J.; Klimont, Z.; Winiwarter, W. How a century of ammonia synthesis changed the world.
Nat. Geosci. 2008, 1, 636-639, doi:10.1038/ngeo325.

2. Zhu, Z,; Chen, D. Nitrogen fertilizer use in China—Contributions to food production, impacts on the environment and best
management strategies. Nutr. Cycl. Agroecosystems 2002, 63, 117-127, d0i:10.1023/a:1021107026067.

3.  Haygarth, P.M.; Bardgett, R.D.; Condron, L.M. Phosphorus and nitrogen cycles and their management. In Soil Conditions and
Plant Growth; Gregory, P.J., Nortdliff, S., Eds.; Wiley-Blackwell: West Sussex, UK, 2013; pp. 132-159.

4.  Singh, B. Are Nitrogen Fertilizers Deleterious to Soil Health? Agronomy 2018, 8, 48, doi:10.3390/agronomy8040048.

5. Calabi-Floody, M.; Medina, J.; Rumpel, C.; Condron, L.M.; Hernandez, M.; Dumont, M.; de la Luz Mora, M. Smart Fertilizers as
a Strategy for Sustainable Agriculture. Adv. Agron. 2018, 147, 119-157, doi:10.1016/bs.agron.2017.10.003.

6. Zahid, A; Ali, S.;; Ahmed, M.; Igbal, N. Improvement of Soil Health through Residue Management and Conservation Tillage in
Rice-Wheat Cropping System of Punjab, Pakistan. Agronomy 2020, 10, 1844, doi:10.3390/agronomy10121844.

7. Jiang, D.; Zhuang, D ; Fu, J.; Huang, Y.; Wen, K. Bioenergy potential from crop residues in China: Availability and distribution.
Renew. Sustain. Energy Rev. 2012, 16, 1377-1382, doi:10.1016/j.rser.2011.12.012.

8.  Quan, Z;Li, S,; Zhu, F.; Zhang, L.; He, J.; Wei, W.; Fang, Y. Fates of 15N-labeled fertilizer in a black soil-maize system and the
response to straw incorporation in Northeast China. J. Soils Sediments 2017, 18, 1441-1452, doi:10.1007/s11368-017-1857-3.

9. Qiu, S-J.; Peng, P.-Q.; Li, L.; He, P,; Liu, Q.; Wu, J.-S;; Christie, P.; Ju, X.-T. Effects of applied urea and straw on various nitrogen
fractions in two Chinese paddy soils with differing clay mineralogy. Biol. Fertil. Soils 2011, 48, 161-172,
doi:10.1007/s00374-011-0613-x.

10. Zhang, L.; Zheng, J.; Chen, L.; Shen, M.; Zhang, X.; Zhang, M.; Bian, X.; Zhang, ].; Zhang, W. Integrative effects of soil tillage
and straw management on crop yields and greenhouse gas emissions in a rice—~wheat cropping system. Eur. . Agron. 2015, 63,
47-54, doi:10.1016/j.eja.2014.11.005.

11. Toukabri, W.; Ferchichi, N.; Hlel, D.; Jadlaoui, M.; Kheriji, O.; Zribi, F.; Taamalli, W.; Mhamdi, R.; Trabelsi, D. Improvements of
Durum Wheat Main Crop in Weed Control, Productivity and Grain Quality through the Inclusion of FenuGreek and Clover as
Companion Plants: Effect of N FertilizaTion Regime. Agronomy 2020, 11, 78, doi:10.3390/agronomy11010078.

12.  Kuzyakov, Y.; Xu, X. Competition between roots and microorganisms for nitrogen: Mecha-nisms and ecological relevance. New
Phytol. 2013, 198, 656—669.

13. Blagodatskaya, E.; Dannenmann, M.; Gasche, R.; Butterbach-Bahl, K. Microclimate and forest management alter fun-
gal-to-bacterial ratio and N2O-emission during rewetting in the forest floor and mineral soil of mountainous beech forests.
Biogeochemistry 2009, 97, 55-70, doi:10.1007/s10533-009-9310-3.

14. Hodge, A.; Robinson, D.; Fitter, A. Are microorganisms more effective than plants at competing for nitrogen? Trends Plant Sci.
2000, 5, 304-308, doi:10.1016/s1360-1385(00)01656-3.

15. Zak, D.R; Pregitzer, K.S,; King, J.S.; Holmes, W.E. Elevated atmospheric CO2, fine roots and the response of soil microorgan-
isms: A review and hypothesis. New Phytol. 2000, 147, 201-222, doi:10.1046/j.1469-8137.2000.00687 ..

16. Jungk, A. Root hairs and the acquisition of plant nutrients from soil. |. Plant Nutr. Soil Sci. 2001, 164, 121-129,
doi:10.1002/1522-2624(200104)164:23.3.CO;2-Y.

17.  Tinker, P.B.; Nye, P. Solute Movement in the Rhizosphere; Oxford University Press (OUP): Oxford, UK, 2000.

18. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, ].M. The role of root exudates in rhizosphere interactions with plants and
other organisms. Annu. Rev. Plant Biol. 2006, 57, 233-266, d0i:10.1146/annurev.arplant.57.032905.105159.

19. Matimati, I.; Verboom, G.A.; Cramer, M.D. Nitrogen regulation of transpiration controls mass-flow acquisition of nutrients. J.
Exp. Bot. 2014, 65, 159-168, doi:10.1093/jxb/ert367.

20. Qiu, S,; Gao, H.; Zhu, P.; Hou, Y.; Zhao, S.; Rong, X.; Zhang, Y.; He, P.; Christie, P.; Zhou, W. Changes in soil carbon and ni-

trogen pools in a Mollisol after long-term fallow or application of chemical fertilizers, straw or manures. Soil Tillage Res. 2016,
163, 255-265, d0i:10.1016/j.still.2016.07.002.



Agronomy 2021, 11, 1134 18 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Luce, M.S.; Whalen, J.K.; Ziadi, N.; Zebarth, B.J.; Chantigny, M.H. Labile organic nitrogen transformations in clay and
sandy-loam soils amended with 15N-labelled faba bean and wheat residues. Soil Biol. Biochem. 2014, 68, 208-218,
d0i:10.1016/j.s0ilbio.2013.09.033.

Jones, D.L.; Shannon, D.; Murphy, D.; Farrar, ]. Role of dissolved organic nitrogen (DON) in soil N cycling in grassland soils.
Soil Biol. Biochem. 2004, 36, 749-756, d0i:10.1016/j.s0ilbio.2004.01.003.

Kalbitz, K.; Solinger, S.; Park, J.-H.; Michalzik, B.; Matzner, E. Controls on the dynamics of dissolved organic matter in soils: A
review. Soil Sci. 2000, 165, 277-304, doi:10.1097/00010694-200004000-00001.

Gregorich, E.; Beare, M.; McKim, U.F.; Skjemstad, J.O. Chemical and Biological Characteristics of Physically Uncomplexed
Organic Matter. Soil Sci. Soc. Am. . 2006, 70, 975-985, doi:10.2136/sssaj2005.0116.

He, Y.; Zhang, W.; Xu, M,; Tong, X.; Sun, F.; Wang, J.; Huang, S.; Zhu, P.; He, X. Long-term combined chemical and manure
fertilizations increase soil organic carbon and total nitrogen in aggregate fractions at three typical cropland soils in China. Sci.
Total Environ. 2015, 532, 635644, doi:10.1016/j.scitotenv.2015.06.011.

Lutzow, M.V.; Kégel-Knabner, I.; Ekschmitt, K.; Matzner, E.; Guggenberger, G.; Marschner, B.; Flessa, H. Stabilization of or-
ganic matter in temperate soils: Mechanisms and their relevance under different soil conditions — A review. Eur. |. Soil Sci. 2006,
57,426-445, d0i:10.1111/j.1365-2389.2006.00809.x.

Sokol, N.W.; Sanderman, J.; Bradford, M. Pathways of mineral-associated soil organic matter formation: Integrating the role of
plant carbon source, chemistry, and point of entry. Glob. Chang. Biol. 2019, 25, 12-24, d0i:10.1111/gcb.14482.

He, H.; Zhang, W.; Zhang, X.; Xie, H.; Zhuang, ]. Temporal responses of soil microorganisms to substrate addition as indicated
by amino sugar differentiation. Soil Biol. Biochem. 2011, 43, 1155-1161, d0i:10.1016/j.s0ilbio.2011.02.002.

Fontaine, S.; Henault, C.; Aamor, A.; Bdioui, N.; Bloor, ].M.; Maire, V.; Mary, B.; Revaillot, S.; Maron, P. Fungi mediate long
term sequestration of carbon and nitrogen in soil through their priming effect. Soil Biol. Biochem. 2011, 43, 86-96,
d0i:10.1016/.s0ilbio.2010.09.017.

Pan, F.-F.; Yu, W.-T.; Ma, Q.; Zhou, H; Jiang, C.-M.; Xu, Y.-G.; Ren, ].-F. Influence of 15N-labeled ammonium sulfate and straw
on nitrogen retention and supply in different fertility soils. Biol. Fertil. Soils 2017, 53, 303-313, doi:10.1007/s00374-017-1177-1.
Said-Pullicino, D.; Cucu, M.A.; Sodano, M.; Birk, ].J.; Glaser, B.; Celi, L.R. Nitrogen immobilization in paddy soils as affected by
redox conditions and rice straw incorporation. Geoderma 2014, 228-229, 44-53, d0i:10.1016/j.geoderma.2013.06.020.

Bai, J.; Qiu, S; Jin, L.; Wei, D.; Xu, X.; Zhao, S.; He, P.; Wang, L.; Christie, P.; Zhou, W. Quantifying soil N pools and N20
emissions after application of chemical fertilizer and straw to a typical chernozem soil. Biol. Fertil. Soils 2020, 56, 319-329,
doi:10.1007/s00374-019-01422-2.

Wang, L.; Zheng, X; Tian, F.; Xin, J.; Nai, H. Soluble organic nitrogen cycling in soils after application of chemical/organic
amendments and groundwater pollution implications. J. Contam. Hydrol. 2018, 217, 43-51, doi:10.1016/j.jconhyd.2018.08.003.
Boerma, J.A.K,; Luo, G.; Huang, B. People’s Republic of China, reference soils of the Liaohe plain, Liaoning Province. In Soil
Brief CN 10; The Institute of Soil Science, Academica Sinica: Nanjing, China; International Soil Reference and Information
Centre: Wageningen, The Netherlands, 1995; p. 20.

Zhu, Z.L.; Wen, Q.X.; Freney, J.R. Nitrogen in Soils of China; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997.
Peng, Y.; Yu, P.; Zhang, Y.; Sun, G.; Ning, P.; Li, X;; Li, C. Temporal and spatial dynamics in root length density of field-grown
maize and NPK in the soil profile. Field Crop. Res. 2012, 131, 9-16, doi:10.1016/j.fcr.2012.03.003.

Kuo, S. Phosphorus. In Methods of Soil Analysis: Part 3. Chemical Methods; Bigham, ].M., Ed.; Soil Science Society of America:
Madison, WI, USA; American Society of Agronomy: Madison, WI, USA, 1996; pp. 869-919.

Hauck, R.D.; Hauck, R.D.; Meisinger, ].J.; Meisinger, ].J.; Mulvaney, R.; Mulvaney, R.; Bottomley, P.; Bottomley, P.; Angle, J.;
Angle, J.; et al. Practical Considerations in the Use of Nitrogen Tracers in Agricultural and Environmental Research. Methods
Soil Anal. Part 5 Mineral. Methods 2018, 907-950, d0i:10.2136/sssabookser5.2.c40.

Brookes, P.; Landman, A.; Pruden, G.; Jenkinson, D. Chloroform fumigation and the release of soil nitrogen: A rapid direct
extraction method to measure microbial biomass nitrogen in soil. Soil Biol. Biochem. 1985, 17, 837-842,
doi:10.1016/0038-0717(85)90144-0.

Jenkinson, D.S. Determination of microbial biomass carbon and nitrogen in soil. In Advances in Nitrogen Cycling in Agricultural
Ecosystems; Wilson, J.R., Ed.; CAB International: Wallingford, UK, 1988; pp. 368-386.

Cookson, W.; Osman, M.; Marschner, P.; Abaye, D.; Clark, I.; Murphy, D.; Stockdale, E.; Watson, C. Controls on soil nitrogen
cycling and microbial community composition across land use and incubation temperature. Soil Biol. Biochem. 2007, 39, 744-756,
doi:10.1016/j.s0ilbio.2006.09.022.

Bronson, K.F.; Zobeck, T.M.; Chua, T.T.; Acosta-Martinez, V.; Van Pelt, R.S.; Booker, ].D. Carbon and Nitrogen Pools of South-
ern High Plains Cropland and Grassland Soils. Soil Sci. Soc. Am. ]. 2004, 68, 1695-1704, d0i:10.2136/ss5aj2004.1695.

Parija, B.; Kumar, M. Dry matter partitioning and grain yield potential of maize (Zea mays L.) under different levels of farm-
yard manure and nitrogen. J. Plant Sci. Res. 2013, 29, 177-180.

Mueller, S.M.; Vyn, T.J. Maize Plant Resilience to N Stress and Post-silking N Capacity Changes over Time: A Review. Front.
Plant Sci. 2016, 7, 53, d0i:10.3389/fpls.2016.00053.

Glab, T.; Gondek, K.; Mierzwa-Hersztek, M.; Szewczyk, W. Effects of Straw and Biochar Amendments on Grassland Produc-
tivity and Root Morphology. Agronomy 2020, 10, 1794, doi:10.3390/agronomy10111794.



Agronomy 2021, 11, 1134 19 of 19

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li, Z; Li, D.; Ma, L;; Yu, Y,; Zhao, B.; Zhang, J. Effects of straw management and nitrogen application rate on soil organic
matter fractions and microbial properties in North China Plain. ]. Soils Sediments 2019, 19, 618-628,
doi:10.1007/s11368-018-2102-4.

Wang, Z.; Wang, Z.; Luo, Y.; Zhan, Y.-N.; Meng, Y.-L.; Zhou, Z.-G. Biochar increases 15N fertilizer retention and indigenous soil
N uptake in a cotton-barley rotation system. Geoderma 2020, 357, 113944, doi:10.1016/j.geoderma.2019.113944.

Hebbar, K.B.; Rane, J.; Ramana, S.; Panwar, N.R.; Ajay, S.; Rao, A.S,; Prasad, P.V.V. Natural variation in the regulation of leaf
senescence and relation to N and root traits in wheat. Plant Soil 2014, 378, 99-112, d0i:10.1007/s11104-013-2012-6.

Lehmann, J.; Zech, W. Fine root turnover of irrigated hedgerow intercropping in Northern Kenya. Plant Soil 1998, 198, 19-31,
doi:10.1023/a:1004293910977.

Ciampitti, LA,; Vyn, T.J. Grain Nitrogen Source Changes over Time in Maize: A Review. Crop. Sci. 2013, 53, 366-377,
doi:10.2135/cropsci2012.07.0439.

Li, Z.; Zhao, B,; Olk, D.C; Jia, Z.; Mao, J.; Cai, Y.; Zhang, J. Contributions of residue-C and -N to plant growth and soil organic
matter pools under planted and unplanted conditions. Soil Biol. Biochem. 2018, 120, 91-104, doi:10.1016/j.s0ilbio.2018.02.005.
Duong, T.; Baumann, K.; Marschner, P. Frequent addition of wheat straw residues to soil enhances carbon mineralization rate.
Soil Biol. Biochem. 2009, 41, 1475-1482, doi:10.1016/j.s0ilbio.2009.04.003.

Luxhgi, J.; Elsgaard, L.; Thomsen, I.K.; Jensen, L.S. Effects of long-term annual inputs of straw and organic manure on plant N
uptake and soil N fluxes. Soil Use Manag. 2007, 23, 368-373, doi:10.1111/j.1475-2743.2007.00126.x.

Burger, M.; Jackson, L.E. Microbial immobilization of ammonium and nitrate in relation to ammonification and nitrification
rates in organic and conventional cropping systems. Soil Biol. Biochem. 2003, 35, 29-36, d0i:10.1016/s0038-0717(02)00233-x.
Zhao, W,; Liang, B.; Yang, X.; Zhou, J. Fate of residual 15 N-labeled fertilizer in dryland farming systems on soils of contrasting
fertility. Soil Sci. Plant Nutr. 2015, 61, 1-10, doi:10.1080/00380768.2015.1066232.

Henry, F.; Nguyen, C.; Paterson, E.; Sim, A.; Robin, C. How does nitrogen availability alter rhizodeposition in Lolium multi-
florum Lam. during vegetative growth? Plant Soil 2005, 269, 181-191, doi:10.1007/s11104-004-0490-2.

Nicolardot, B.; Recous, S.; Mary, B. Simulation of C and N mineralisation during crop residue decomposition: A simple dy-
namic model based on the C:N ratio of the residues. Plant Soil 2001, 228, 83-103, d0i:10.1023/a:1004813801728.

Singh, B.; Rengel, Z.; Bowden, ].W. A quantitative size-density separation method to recover and characterise decomposing
crop residues added to soil. Biol. Fertil. Soils 2009, 45, 423-434, doi:10.1007/s00374-008-0351-x.

Diochon, A.; Gillespie, A.W.; Ellert, B.H.; Janzen, H.H.; Gregorich, E. Recovery and dynamics of decomposing plant residue in
soil: An evaluation of three fractionation methods. Eur. J. Soil Sci. 2016, 67, 196205, doi:10.1111/ejss.12316.

Chantigny, M.H.; Angers, D.A.; Beauchamp, C.J. Aggregation and Organic Matter Decomposition in Soils Amended with
De-Inking Paper Sludge. Soil Sci. Soc. Am. ]. 1999, 63, 1214-1221, doi:10.2136/s55aj1999.6351214x.

Qiu, S.; Xie, J.; Zhao, S.; Xu, X,; Hou, Y.; Wang, X.; Zhou, W.; He, P.; Johnston, A.M.; Christie, P.; et al. Long-term effects of
potassium fertilization on yield, efficiency, and soil fertility status in a rain-fed maize system in northeast China. Field Crop. Res.
2014, 163, 1-9, doi:10.1016/j.fcr.2014.04.016.



