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Abstract: Returning residue to soils is not only an effective nutrient management method, but also
can reduce the air pollution caused by residue burning, which has become an important factor in
global warming. However, it is not clear whether returning residue to the soil can affect the nitrogen
mineralization and the nitrogen cycle process, and the environmental impact caused by the nitrogen
loss in gaseous forms. Therefore, a pot experiment was conducted to study the effects of residue
placement on the nitrogen turnover process, including microbial biomass N (MBN) and C (MBC),
inorganic N, crop N uptake, and the contribution of residue-derived N to maize at different maize
growth stages. Three treatments were assessed: no residue addition (T0), residue addition to the soil
surface (T1), and residue incorporation into the 0-10 cm soil layer (T2). Soil samples were taken at
the 0-5 and 5-10 cm layers for all residue treatments. Residue retention (T1 and T2) significantly
affected the MBC and MBN contents and decreased MBC/MBN ratio at different maize growth
stages. MBC/MBN markedly increased at the R1 stage compared to other growth stages. The
differences in total inorganic nitrogen (TIN) were attributed to the balance in net N immobilization
and net mineralization in the different maize growth stages. In addition, T2 significantly increased
the residue-derived N source for maize by 11.3% compared to T0 in the R3 growth stage. Overall,
relative to T1, T2 is a better agriculture management measure to promote N transformation and
supply, and enhance residue-derived N release and uptake in maize.

Keywords: residue retention; microbial biomass; net mineralization; N uptake; residue-derived N

1. Introduction

Returning crop residues to soils is a nutrient-conserving strategy within soil fertility
management and can enhance crop production [1,2]. Residues returned can not only reduce
environmental pollution, but also affect greenhouse gas emissions by increasing soil carbon
(C) sequestration potential [3], which reduces soil CO, emissions and the contribution to
global climate change [3,4]. Furthermore, the addition of maize (Zea mays L.) residues to
soils can also provide various micronutrients and macronutrients such as nitrogen (N) for
plants [5], and could maintain the ecosystem. The maize residue comprises about 80 kg
N ha~!, so it could supply an N source for soil N pools, promote crop N uptake [6,7] and
affect N cycle in croplands in the agroecosystem [8]. Therefore, returning crop residue to
the soils may promote nutrient availability and increase nutrient release for plant growth
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compared to the mineral fertilizer application [9,10]. Crop residue retention could play
a crucial role in affecting the N availability to plants. Added legume residues, having a
low C/N ratio, may result in N mineralization, while the addition of cereal residue (like
maize) having high C/N ratio could result in N immobilization in the process of residue
decomposition [11,12]. How crop residues are returned to soils, such as incorporation
into the soil or left on the soil surface, will affect soil nutrient input and change the soil
microenvironment. Different methods of residue addition can also modify soil properties,
including water content, temperature and oxygen content, and thus could regulate the
decomposition of returned residue and influence soil health. The position in the soil profile
of returned residue had a significant effect on the residue decomposition rate [13]. Some
studies have demonstrated that decomposition of residue remaining on the soil surface was
slower than residue incorporated into the soil [14,15]. Moreover, incorporation of residue
into the soils promotes a strong diversification of microbial biomass and activity, which in
turn affects soil N mineralization [15].

Nitrogen is an essential nutrient for plant and microbial growth, so N transformation
between organic and inorganic forms is a key process to maintain productivity and relevant
ecological functions and services in the terrestrial ecosystem [16]. Due to insufficient
available N in most arable soils, a large quantity of mineral fertilizers is applied to soils for
crop production. The proportion of mineral fertilizers utilized in China is estimated to be
one quarter of total mineral fertilizers used worldwide [17,18]. Excessive input of mineral
fertilizers to arable soils has resulted in serious environmental consequences [19].

The net N mineralization and net N immobilization are two important decomposition
processes acting on residue after it is returned to the soils, and are partly manifested in the
dynamics of inorganic N and microbial biomass nitrogen (MBN) contents. The microbial
biomass is a living part of soil organic matter, and it could be a sensitive indicator of soil
health [20]. Microbes decompose the crop residue returned to the soil, while at the same
time, release N to inorganic mineral forms. Inorganic nitrogen is the main form of plant
available N. It has been verified that the characteristics of residue returned, particularly
the lignin content and C:N ratio, could change soil inorganic N content. Furthermore,
the variation in N concentration in the soil may influence uptake of N by plants and
the potential N loss [21]. Therefore, the location of returned residue in the soil profile
could affect N turnover. In the process of biological decomposition, microbes need to
take in nutrients from soil for their growth. If the residue N does not meet the N demand
of microbial growth, soil inorganic N will be absorbed by microbes as their N source
in the early decomposition stage; this is regarded as biological immobilization [22,23].
Additionally, the N immobilized by microbes could be released back into the soil when the
microbes die. The processes of microbial immobilization and mineralization are affected by
organic amendments [24].

Many studies have focused on the effects of residue decomposition on the soil N after
a certain period of time, but there is little information on the dynamics of soil N over the
whole maize growing season. It was deemed necessary to clarify the dynamics of microbial
transformations from organic to inorganic N and subsequent N processes resulting from
different positions of returned residue in the soil profile.

Residue addition, either on the soil surface, or incorporated into the soil profile,
stimulates growth of microbes to decompose residue, which releases more available N
for plant growth. We hypothesized that residue incorporation into the soil is the best
way to increase the microbial biomass, promote more N utilization by microbes, supply
more residue-derived N available for crop use, and enhance total N uptake in maize.
Therefore, we set up a pot experiment with returned residue placed at different positions
in the soil to test these hypotheses. The objectives of the present study were (1) to assess
the changes in microbial activities and microbial biomass in 0-5 and 5-10 cm layers at
different maize growth stages; (2) to determine the dynamics of soil net N mineralization
or immobilization at different maize growth stages; (3) to determine the distribution of
N (organic and mineral) derived from maize residue, and (4) to quantify the potential N
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supply from maize residue available for plant growth, and subsequent plant N uptake. This
study was conducted in an extreme condition where no mineral fertilizers were applied to
the soil to isolate residue N, to determine how much N was released from the residue and
how much N was provided for the growth of maize.

2. Materials and Methods
2.1. Soils and Maize Residue Preparation

This study was conducted as a pot experiment. Soils were collected from the long-
term experiment station affiliated with Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences, in Changchun city, Jilin Province, China (44°59’ N, 125°23' E)
in November, 2018. The field site had continuous maize crop under conventional tillage
management for the past seven years. This site has a temperate continental monsoon
climate. The mean annual temperature is 6.4 °C, and the mean annual precipitation is
614 mm. The soil is a clay loam (Typic Hapludoll, USDA Soil Taxonomy) with an average
of 36.0% clay, 24.5% silt, and 39.5% sand. Subsamples were taken from the soil samples
and were sieved through a 2 mm mesh to determine SOC, TN, pH, SWC, NO3;~, NH;* and
MBN. Soil properties were determined using standard procedures. SWC was determined
gravimetrically from 10 g soil which was oven dried at 105 °C to constant weight. Soil pH
was measured using an acidity meter (pHS-3B, Leici, Shanghai, China) in 1:2.5 soil: water
solution (w/v). The total C and total N were determined using the FlashEA 1112 Elemental
Analyzer (Thermo Finnigan, Milan, Italy). Because the soil was free of carbonates, the
SOC was assumed to be equal to the total C. Methods for determination of the NO3;~,
NH,;* and MBN are given in Section 2.3. Initial soil properties are shown in Table 1.
The remaining soil samples were air-dried after large stones and visible maize residues
materials were removed, and then sieved to pass an 8 mm sieve for homogenization. The
plastic buckets with a 34 L volume (32 cm dia.; 42 cm high) were filled with these soils for
the pot experiment. The soils were gently pressed by hand after each 20 cm layer in order
to prevent voids.

Table 1. Selected initial properties of soil used in the pot experiment.

SOC TN pH SWC NO;3;~ NH,* MBN
gkg1 gkg1 - % mgNkg! mgNkg 1 mgNkg!
Value 11.64 (0.06) 1.10(0.02)  7.01(0.03) 22.30(0.87) 13.10(0.27) 9.22 (0.09) 40.86 (2.00)
Abbreviation: SOC, soil organic carbon; TN, total nitrogen; SWC, soil water content; NO3 ™, nitrate; NHy*,

ammonia; MBN, microbial biomass nitrogen. The standard errors of the measurements (n = 4) are given
in parenthesis.

The maize residue (a mixture including leaf, leaf sheath, stem and tassel) used in this
study was collected at harvest in August 2017, from a continuous maize field nearby the
place of soil sampling. The maize residue was oven-dried at 60 °C, cut into smaller pieces
(3-5 cm), and then stored in bags for subsequent use in the pot experiment. The residues
were sampled and ground with a ball mill and C and N contents were measured using the
FlashEA 1112 Elemental Analyzer (Thermo Finnigan, Milan, Italy). The TN (total nitrogen)
and C contents of maize residue were 19.80 and 437.6 g kg~ !, respectively.

2.2. Experiment Design

The pot experiment was started in a laboratory with artificial lights in December, 2018,
and consisted of four replicates; each pot was an experimental unit. Before residue addition,
pots were pre-cultured for one week in the lab at 25 °C and 0—40 cm soil samples were
taken for initial soil property measurements. Selected soil properties are given in Table 1.
After the pre-incubation, the maize residue was applied into the soil. There were three
treatments, consisting of no residue addition as a control (T0), residue added on the soil
surface (T1), and residue incorporated into 0-10 cm soil (T2), were set to assess the impacts
caused by the position of residue placement. The amount of residue added in each pot was
calculated according to 1.1 kg m~2, which is equivalent to 11 Mg ha~!, the actual amount
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of returned residues in the field. For the surface treatment (T1), the residue was spread
uniformly on the soil surface of the pot. For the incorporation treatment (T2), residue was
spread on the surface and then uniformly mixed into the 0-10 cm soil layer with a hand
trowel. No residue was added in the control treatment (T0). Soil moisture was adjusted to
40% of the field water holding capacity by weighing each bucket every week and adjusting
the mass by adding water when necessary.

In each pot, four maize seeds (cultivar Xiongyu 587) were sown at a depth of 3 cm
on 30 December 2018. New LED plant growth lights were used to supplement light. The
size of LED lamp was 600 x 73 x 130 mm and the model number was G96 * 3W (Institute
of Semiconductors, Chinese Academy of Sciences (CAS), Beijing, China), and included
a red light with a wavelength of 625 nm, a blue light with wavelength of 450 nm, and a
green light with a wavelength of 525 nm. The lights were used every day from 9:00 a.m.
to 9:00 p.m. considering the limitation of outdoor light. After all seeds had completely
germinated, and the plants emerged, the three weakest plants were removed leaving only
one plant per pot.

2.3. Soil Collection and Analysis

Soil samples were collected from the buckets down to a depth of 10 cm using a
hand core auger (2.54 cm internal diameter) at four growth stages of maize, including VE
(emergence), V5 (jointing), R1 (tasseling), and R3 (milk) stages. VE stage occurs when the
coleoptile tip breaks through the soil surface; V5 stage occurs when the fifth leaf collar is
visible; R1 stage occurs when silks are visible outside the husks; and R3 stage occurs when
kernels begin to display final coloring and inner kernel contents are milky white. Five soil
core samples were collected from each bucket, separated into two sections corresponding
to 0-5 and 5-10 cm depths and mixed into one composite sample for each depth. Fresh soil
samples were passed through a 2 mm sieve and stored at 4 °C for subsequent measurement
of MBC and MBN, NH,*, and NOs ™~ contents.

The MBN and MBC were measured using chloroform fumigation extraction; one
subsample was used as a non-fumigated reference and the other was fumigated [25,26].
Briefly, fresh soil samples of 10 g were placed on a watch glass and were fumigated by
ethanol-free chloroform in a vacuum desiccator for 24 h at 25 °C in the dark. Then, the
10 g of fumigated and non-fumigated soils were extracted with 0.5 M 30 mL K,SOy (the
ratio was 1:3, soil: extraction liquid), shaken at 150 rpm for 30 min and filtered through
a folded Whatman paper filter. Organic carbon and total N in the K,SO4 extracts were
determined with a total organic carbon (TOC) analyzer (TOC-L CPH, Shimadzu, Japan).
The MBC and MBN were estimated as the difference in the extracted carbon or nitrogen
between fumigated and non-fumigated soil, divided by a correction coefficient [25,27]. The
concentrations of NH; " and NO3~ were measured using a Flow Injection Analyzer (FIA)
(Skalar, Holland). Briefly, 5 g fresh soil was extracted in 50 mL 2 M KCl, then the suspension
was shaken in 160 rpm at 25 °C for 1 h, and filtered by the folded paper. Then, the extracted
NH4*-N and NO3;~-N were determined by FIA. The N mineralization and immobilization
were respectively defined as increasing or decreasing the inorganic N relative to the control
(the soil without residue addition) [28]. At the end of pot experiment, all the maize residues
remaining on the soil surface were collected manually using tweezers. Soil from the top
10 cm of each pot in the incorporated treatment (T2) was excavated and spread out on a
table to expose the residue to facilitate collection. The process was cross checked by three
persons to ensure as much as possible complete collection of straw residues. The plants
were cut at soil level, shoot length was measured, roots were extracted from each pot, soil
was washed off the roots, and shoots and roots were oven-dried at 60 °C to obtain dry
weight. The dry shoot and root were then ground and passed through a 0.053 mm sieve.
TN contents were measured using the FlashEA 1112 Elemental Analyzer (Thermo Finnigan,
Milan, Italy).
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2.4. Data Analysis

In this paper, growth stage will refer to a point on the maize physiological growth
curve. Growth period will refer to the time interval between two growth stages and will be
named by the growth stage at the beginning and end of the growth period. The changes of
MBN content (AMBN) in the different growth periods were calculated as Equation (1):

AMBN = MBN;s — MBNpg 1)

where MBN s is the MBN content at the later growth stage; MBNpg is the MBN content at
the previous growth stage.

The net mineralization at each growth stage and depth was calculated as the content
of TIN under T1 or T2 minus the TIN content under TO at the same depth. If the value is
positive, it infers net mineralization, and if negative, it is net immobilization.

Plant N uptake (PNU) was calculated as Equation (2).

PNU = Y_DBM; x TN; @)
i

where i refers to plant part, stem, leaf or root; DBM,; is the dry weight of plant stem, leaf,
or root in the R3 stage; TN; is the N content of plant stem, leaf or root in the R3 stage.
The residue-derived plant N uptake (PNU ,¢5i4,e) Was calculated as Equation (3).

PNUyesigye = PNUT]- - PNUTO 3)

where T; is the treatment of different placement of residue (T1 or T2); TO is the control with
no residue return.
The residue-derived N release NR was calculated as:

NR = TNresidue—initial - TNresidue—end (4)

where TN, ,sidue—initial 1 the initial content of total N in the residue added; TN, ,s;dye—end 1S
the final total nitrogen of residue at the end of experiment.

In our study, some of the data were derived from differences, i.e., subtracting TO from
T1 or T2. This method has an inherent short coming; subtraction decreases the mean, but
increases the variance, i.e., variance of A minus B equals sum of variance of A and variance
of B. This has the effect of always increasing the coefficient of variation (standard deviation
divided by the mean).

The statistical analysis of all data was performed using SPSS 17.0 software. One-
way analysis of variance (ANOVA) and t-test were used to test the effect induced by
different positions of residue addition in soils on the contents of the MBC and MBN,
AMBN, inorganic N (NH;* and NO; ™), residue-derived N uptake, and total residue-
derived N release. Regression analysis was used to explore the relationships between
N uptake in plant and shoot length, and between N uptake and total residue-derived N
release. The significance of the difference among treatments was at the p < 0.05 level and
treatment means were separated by the protected least significant difference (LSD) with a
Tukey adjustment, calculated at p = 0.05. All the graphs were drawn using Sigmaplot 12.5.

3. Results
3.1. Soil Microbial Biomass

In the 0-5 cm layer, residue addition (T1 and T2) had a significant (p < 0.05) positive
effect on MBC and MBN contents except for the R3 stage (Figure 1a,b). However, the
MBC/MBN ratio significantly decreased in T1 and T2 compared to the control (p < 0.05,
Figure 1c). The MBN contents in T2 soils were 30.9%, 50.6% and 153% higher than in T1
at VE, V5, and R1 stages, respectively. In addition, the MBN content was lower while
the MBC/MBN was higher at the R1 stage than at the other three stages (Figure 1b,c).
Additionally, the MBN fluctuated over the growing stages under different treatments. In
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the first period (from VE to V5 stage), the highest positive value of AMBN was found in
T2, and the lowest value was found in TO (Figure 2). In the second period (from V5 to
R1 stage), negative values occurred in all treatments, and the lower negative values of
AMBN occurred in T1 and T2 compared to TO. The third period (from R1 to R3 stage)
had positive values again, and T1 had the greatest positive value of AMBN of all three
treatments (Figure 2a). The lowest MBN contents of T0, T1 and T2 occurred in the R1 stage
and were 3.29, 4.98, and 12.61 mg kg !, respectively; the highest contents under T0 and T1
were 22.74 and 38.13 mg kg ! respectively in the R3 stage, while the highest content under
T2 was 25.69 mg kg~ ! in the V5 stage.

208 1 =miTh 0-5cm (@)
o

MBC / MBN

MBC(mg C kg™ soil)
MBN(mg N kg! soil)

VE Vs R1 R3 VE Vs R1 R3 VE \E R1 R3
Growth Stage Growth Stage Growth Stage

- 10 - (n

< 5-10cm (d) i 5-10cm (e)

MBC / MBN

MBC(mg C kg soil)
MBN(mg N kg soil)

VE Vs R1 R3 VE Vs R1 R3 VE Vs R1 R3

Growth Stage Growth Stage Growth Stage

Figure 1. Soil microbial biomass carbon (MBC), soil microbial biomass nitrogen (MBN) and MBC/MBN ratio under three
different residue placement treatments (T0, no residue; T1, surface; and T2, incorporated) in 0-5 cm soil layer (a-c) and
5-10 cm soil layer (d—f) at four growth stages during maize-growing season in the pot experiment. Mean value + standard
error (n = 4) is shown. Different letters above the bars indicate statistically significant differences at p < 0.05.

60 60
- T0 0-S¢m - T 5-10cm
z T (a) = T1 (b)
Bal=n a 240 m T2
w 1
Ax .?tz n RS
< 20 z 20 -
=z g L l I
g 0 g 0 . . .
z s l
< a
220 -20 b
VE-V5 V5-R1 R1-R3 VE-V5 V5-R1 RI-R3
Growth Period Growth Period

Figure 2. AMBN in the three growth periods (VE—V5, V5—R1, R1—R3) under three different residue placement treatments
(TO, none; T1, surface; and T2, incorporated) in 0-5 cm (a) and 5-10 cm (b) soil layers during maize-growing season in
the pot experiment. Mean value + standard error (n = 4) is shown. Different letters above the bars indicate statistically
significant differences at p < 0.05.

In the 5-10 cm layer, the MBC content had no significant differences among the three
treatments in the four growth stages except for the V5 stage (Figure 1d), but T1 and T2 had
higher MBN contents than T0 in VE, V5, and R1 stages, except for T1 in R1. There were no
significant differences in MBN between T1 and T2 in maize growth stages except for the R1
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stage at which T1 had lower MBN content than T2 (Figure 1e). The MBC/MBN ratios of
T1 and T2 were markedly lower than T0 in the VE stage, and the MBC/MBN ratio of T2
was lower than T1 in the R1 stage (Figure 1f). In the 5-10 cm layer, the value of AMBN did
not show significant differences among three treatments in either the first or third growth
periods, but in the second growth period significant differences were found among three
treatments and T2 had the lowest negative value (Figure 2b).

3.2. Inorganic N Dynamics

At the VE stage, T1 and T2 decreased NO3™~ content by 35.36% and 53.74%, and
decreased TIN contents by 30.63% and 53.15% compared to TO, respectively (Figure 3a).
Net N immobilization occurred under both T1 and T2, and T2 had a lower value (p < 0.05)
than T1 at the VE stage. The TIN contents significantly differed and were higher in T1 and
T2 soils than TO at the V5 stage. Net N mineralization was found in these two treatments,
and T1 had a higher net N mineralization (p < 0.05) than T2 in the V5 stage. In R1 and R3
stages, all three treatments had no significant differences in the contents of NO3 ™ and TIN.
Nevertheless, T1 had a higher net immobilization than T2 (Figure 4).

; - NO,-N X -\0,-N
30/ @ 0-5cm NH,-N 30 (b) 5-10cm NH, N
z A o 2 o
> 2 A 2 2 A A
z = A
= =
J i £
Z 10 Z 10
[— I |_ II
0l I ill aEm mml P I -ll lll EnE
SO QALY QO DOV DAY QY QO DR
VE s R1 R3 VE Vs R1 R3
Growth Stage Growth Stage

Figure 3. Total inorganic nitrogen (TIN) under three different residue placement treatments (T0, none;
T1, surface; T2, incorporated) in 0-5 cm (a) and 5-10 cm (b) soil layers at four growth stages during
maize-growing season in the pot experiment. Mean value (n = 4) is shown. Different upper—case
letters at the same growth stage indicate statistically significant differences in TIN content at p < 0.05
among treatments, and different lower-case letters at the same growth stage indicate statistically
significant differences in NO3;~ content at p < 0.05 among treatments.

g
= | T1
g il - T2
= a
'é T
EZ °] >
2z =
S w !
= E
B = a
E 5 !
= 1 b
> a
z -

-10 A b

VE V5 R1 R3

Growth Stage

Figure 4. Net nitrogen mineralization—immobilization (negative values indicate net immobilization
while positive values indicate net mineralization) under T1 (surface residue) and T2 (incorporated
residue) treatments at four maize growth stages in the pot experiment. Mean value + standard error
(n = 4) is shown. Different lower-case letters at the same growth stage indicate statistically significant
differences at p < 0.05.
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Compared to the 0-5 cm layer, there were smaller changes of the NO3; ™ and TIN in
the 5-10 cm layer. The content of NO3; ™ at the VE stage was lower in TO than in T1 and
T2, but there were no significant differences in TIN contents among all treatments. At the
V5 stage, the T2 remarkably increased NO3; ™~ content relative to TO and T1 (p < 0.05). In
R1 and R3 stages, there were no significant differences in NO; ~ content among the three
treatments. T1 and T2 both had marked effects on TIN content in the R1 stage, and the
highest NO3; ™~ content was found in T2. At the other stages, there was negligible change of
TIN content in all treatments (Figure 3b).

3.3. The Relationship between N Uptake and Maize Growth

There were significant differences in total N uptake of maize among the three treat-
ments. The total N uptake of maize was 0.32, 0.37 and 0.50 mg kg~! in TO, T1 and T2,
respectively. T1 and T2 exhibited 15.6% and 56.3% higher N uptake (p < 0.05) respectively,
than TO (Figure 5a). Moreover, the regression analysis indicated that the shoot length was
significantly and positively correlated with N uptake (Figure 5b).

2.0
(a) “ (b)
g 1.9
b £
, & 1.8
9
—_
°® 1.7
=
=
7
1.6 1 R? = (.445
o$ P<0.05
TO T1 T2 0.3 0.35 0.4 0.45
Treatment N Uptake (g N kg' soil )

Figure 5. (a) Total N uptake under three different residue placement treatments (T0, none; T1, surface; T2, incorporated)
and (b) the regression of shoot length and N uptake at the R3 stage in the pot experiment. Mean value =+ standard error
(n = 4) is shown. Different lower-case letters indicate statistically significant differences at p < 0.05.

3.4. The Distribution of Residue-Derived N

At the end of experiment and in the T1 and T2 treatments, the total residue-derived
N release was 1.59 and 1.63 g kg~ ! residue, respectively; the residue-derived N uptake
was 0.05 and 0.18 g kg ! residue, respectively (Figure 6a). The amount of N uptake varied
greatly with different positions of residue addition; that is, 3.40-11.3% of the total residue-
derived N release was taken up by plants. In the T2 treatment, the total N release was
2.70% higher than in T1 (Figure 6a). Moreover, a significant positive relationship was found
between the proportion of residue-derived N uptake in the total N uptake by plants and
residue-derived N release (Figure 6b).
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Nrc\idue release (g N kg'l residue )

2.0

1.0

N Tk 9 0.25
N Uptake =
Bb Aa z - (b) -
s
S 015 -
P
E
‘5_ 0.10
<)
. % »
Z 0.05 R?=0.699
z. P<0.05
T1 T2 1.58 1.60 1.62 1.64

Treatment Nresidue release (g N kg™ residue )

Figure 6. (a) Maize residue-derived N release; therein, the grey part is residue-derived N uptake by the plants. (b) The
relationships between Negique Uptake/total N uptake and N release derived from maize residue at the end of stage in the
pot experiment. Mean value (n = 4) is shown. Different upper-case letters indicate statistically significant differences at
p < 0.05 in the residue-derived N release. Different lower-case letters indicate statistically significant differences at p < 0.05
in the residue-derived N uptake.

4. Discussion
4.1. Microbial Biomass

Residue retention is an essential factor in stimulating soil microbial biomass and
microbial activity. Our results are in agreement with some previous studies which showed
that residue addition increases microbial biomass in north central China [29,30], northeast
China [31-33], and central Mexico [34]. In addition, the MBC/MBN ratio reflected the
balance between microbial C and N utilization [35]. The present result showed that maize
residue retention markedly decreased the MBC/MBN, indicating microbe N utilization
increased more than microbe C utilization [35]. However, maize residue incorporation
could stimulate more microbial biomass and microbial activity. The reason for the above
results was that incorporation of residue into the 0-10 cm soil layer provided a more suitable
environment including moisture and contact with the soil for nutrients for microorganisms
to live; there was close contact between microbes, soils and residues necessary to promote
rapid decomposition of residues. Moreover, the results showed that the lowest MBN
content and the highest MBC/MBN ratio occurred at the R1 stage. This was likely because
in the grain-forming stage, a large amount of available N was needed to meet crop growth
demands, thus the microbial N contributed to crop N uptake [36]. Then, the MBC and
MBN contents increased again in all treatments, indicating that the number and activity of
microbes also increased again in this period. At the same time, residue on the soil surface
had a higher MBC content. We attributed this to accelerating residue decomposition on
the soil surface with increasing incubation time. Taken together, these findings indicate
that decomposition of incorporated residue proceeded more rapidly than that of the
surface residue.

The MBN content was lower in the 5-10 cm layer than in the 0-5 cm layer, which was
similar to the results of [8]. This was because higher moisture contents and greater distance
(isolation) from the atmosphere led to anoxia in the soil, which restricted microbial activity
in the deeper soils [37]. The placement of residue had no significant impact on the MBN
content in the deeper soil layer. We attribute this result to there being fewer microbes in
deeper soil, so there was not a strong response to residue addition at this depth. This is
probably because soil conditions such as oxygen concentrations change with depth and the
suitability of the environment for microbial activity declines with increasing soil depth [38].
However, further analyses are required to clarify the underlying mechanism of this result.
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4.2. N Dynamics Dominated by Microbes in the Growing Period

In the present study, residue addition decreased both TIN and NO3~ contents in the
0-5 cm soil layers at the initial growth stage, while the MBC and MBN contents increased.
This is because soil microbes use inorganic N from soil to decompose crop residues by
microbial immobilization, and thereby increase the competition for TIN between plant
and microbes [39,40]. The incorporated residues treatment (T2) had stronger ability for
net N immobilization than residues left on the soil surface treatment (T1). It has been
demonstrated that the increased microbial immobilization of N may decrease the risk of
mineral N losses, especially at earlier growing stages when plant N demand is low [21,41].
Over the growing season, increasing N mineralization occurred in both residue retention
treatments, which was similar to the result of [42]. They found that in the first week, soil
inorganic N content initially decreased due to immobilization by microbes, and then with
increased time, the amount of N mineralization significantly increased with increased
release of N accompanying the process of residue decomposition. Similar findings were
obtained by [43]. By the time of the R3 stage, NH;* content had increased markedly in all
treatments, which reflected that the living soil microbes could not reuse N in biomass of
dead microbes until the N had been mineralized by other microbes to NH4". Other studies
also reported that N assimilated in microbial biomass during early crop growth might be
released through mineralization in the late growth stages [44].

4.3. Maize N Uptake and Growth

The crop residues, as an available N source, contributed to the crop growth and
enhanced soil quality and N cycle activities [7,45]. In the present study, compared to TO,
residue additions (T1 and T2) significantly increased N uptake, indicating that returning
maize residue is a viable way to provide more available N for uptake by crops. This result
was in agreement with a previous finding that the crop could absorb more available N
from soil under residue return [46]. However, Soon and Lupwayi [47] got a contradictory
result that crop N uptake was decreased when crop residue was returned on the soil
surface compared to no residue returned to the soil; they did not have an incorporated
residue treatment. T2 had greater maize N uptake than T1 in the present study (Figure 5a),
indicating that T2 achieved more effective utilization of the residue N. The reason for this
result was that the environment for the microbes to decompose the residue was more
suitable for incorporated residue than surface residue. Hu et al. [7] also validated that a
lower N uptake occurred in the residue returned on the surface than incorporated into
the soil. In contrast, some studies showed that in sandy soils, residue on the surface had
a higher crop N uptake than residue incorporated into soils [44]. Our regression results
showed a positive relationship between the shoot length and N uptake of plants. Freeman
et al. [48] found a similar result in the later growth stages of maize, and Peng et al. [49] also
showed that the shoot length of maize was synchronized with shoot development.

4.4. The Distribution of Residue-Derived N in the Soil

N source (residue-derived or soil organic or inorganic N) is a crucial indicator which
can be used to quantify the N utilization efficiency. Organic resource input is an important
N source for maintaining crop productivity [50]. In this present study, it was shown that,
of the total N taken up by the crop, 3.4 and 11.3% was derived from residue in the T1
and T2 treatments, respectively. It was shown that residue incorporation into the soil
could stimulate microbial activity and the rate of microbial biomass turnover, and this
led to a faster release of N and an increase in the inorganic N supply. These values were
in agreement with a previous study that demonstrated that plant residue supplied less
than 20% of the N source for crop [7]. Some studies also demonstrated that maize residue
provided less than 10% of N sources for crop growth [50,51]. In fact, soil N derived from
residue or fertilizer from previous years would be the sole source of crop N for TO where
neither residue nor chemical N fertilizer was added. Therefore, returning residues into
the soil is a better way for sustaining soil fertility. In addition, it was shown that a large
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portion of crop residue N from the previous crop year appeared to not be readily available
to the current crop (Figure 6a). Instead, residue decomposed gradually and ended up in
the soil replenishing the soil N pool, likely as organic N in soil organic matter, and perhaps
some as soil mineral N that was not taken up by the plants; under certain conditions,
mineral N in the soil is vulnerable to loss by leaching or denitrification [52]. In addition,
the significant positive relationship (Figure 6b) showed that the residue-derived N release
affected the amount of residue-derived N taken up by crops. The difference between T1
and T2 in N uptake was attributed to the difference in the N supply between the two
residue placements. This implied that T2 could give a greater chance for crops to absorb
the N provided by the residue because of more residue-derived N released during the
growing season.

Overall, the present study quantified the mechanism of nitrogen utilization by mi-
crobes and crops in different maize growth stages under maize residue retention on the
surface and incorporated into the soil (Figure 7). Maize growth can be divided into two
stages: the vegetative stage and the reproductive stage. At the vegetative stage, including
VE and V5 stages, and because in this study returned residue was the only source of N
without fertilizer applied and then microorganisms used N sources to decompose residues.
The dead microbes became a new source of organic N in soil, which was mineralized by
living microorganisms into inorganic N for re-utilization, which stimulated the second
growth of microorganisms [44]. This may explain why residues returned to the soil first
lowered mineral N early in the growing season, and then later increased it.

Maize residue
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Figure 7. A conceptual model of nitrogen utilization by microbes and crops at different stages of maize growth when maize
residues are returned to the soil.

Our research focused on plant and microbial responses to different placement of
residue. However, residue incorporation requires some form of tillage and soil disturbance
which has negative aspects such as disruption of soil aggregation and fungal hyphae;
indeed, many studies have shown the adverse aspects of conventional tillage. Perhaps a
compromise could be achieved between no tillage and conventional tillage, where a light
shallow tillage could be used to incorporate residue without causing all of the negative
effects of mouldboard ploughing to a depth of approximately 20 cm. A very shallow
incorporation would get some soil mixed with the residue to help the microbes grow, while
minimizing the negative effects of conventional tillage.
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5. Conclusions

When there was no mineral fertilizer application, the maize residue incorporation
into the soils (T2) markedly increased soil microbial biomass compared to soil without
residue addition (T0) and residue addition on the soil surface (T1) at different growth stages.
Moreover, our results confirmed that residue addition promoted the inorganic N turnover
through changing net mineralization and immobilization in soils, enhanced N availability
and increased crop uptake of inorganic N. In particular, our findings demonstrate that
residue incorporation into the soil (T2) significantly increased net N immobilization accom-
panied by an initial decrease in net N mineralization in the maize early growth stage, which
could reduce potential N loss, thus increasing N use efficiency in soil, and T2 could supply
more inorganic N for crop growth. Further studies are needed to identify and quantify
the fate of the large portion of residue N not taken up by the crop. Meanwhile, using >N
isotope tracers, the complex residue N turnover in the soil-crop system will be assessed.
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