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Abstract: Reducing fertilizer-N rate, applying nitrification inhibitor (NI), and incorporating straw are widely
recommended to improve N use efficiency of crops and decrease N losses. However, how these practices affect
crop N uptake by regulating the fertilizer-N fate during the growing season is not well understood. We
conducted a field N tracer study to explore the effectiveness of reduced N application, NI, and straw
incorporation on fertilizer-N fates for maize cultivation in Northeast China. The following six treatments were
used: 1) no N fertilization (control); 2) 200 kg urea-N ha™! (100%N); 3) 200 kg urea-N ha™' and 2400 kg dry-straw
ha™! (100%N+S); 4) 160 kg urea-N ha™' (80%N, i.e., 20% reduction of N fertilization); 5) 160 kg urea-N ha™ and
nitrification inhibitor (Nitrapyrin) (80%N+NI); 6) 160 kg urea-N ha™, nitrification inhibitor and 2400 kg dry-
straw ha' (80%N+NI+S). Our results showed that the five N fertilization treatments yielded 16%—25% more
grain and 39%—-60% more crop N uptake than the control receiving no N fertilizer, but the differences among
the five treatments were not statistically significant. In contrast to plant growth, changes in fertilizer-N fates in
soil and plant pools were more pronounced. Compared with the 100%N treatment, 20% fertilizer-N reduction
(80%N) decreased ®N concentration in topsoil and plant pools but increased the proportion of plant ®N
recovery at harvesting (N use efficiency, NUEsN, 60% vs. 50%) (P < 0.05). Nitrapyrin co-application (80%N-+NI)
delayed soil nitrification and increased soil N retention at harvesting (52% vs. 36%), thereby decreasing
NUEisn significantly (P <0.05). Straw incorporation (100%N+S) decreased fertilizer-N retention compared with
NI co-application because it promoted NUEus~ significantly (P < 0.05). The combined application of NI and
straw (80%N+NI+S) was more conducive to fertilizer-N retention in soil. Our findings demonstrate that NI and
straw additions are efficient strategies for stabilizing fertilizer-N in soils and potentially minimizing N loss;
however, their effects on NUEisn vary and the related mechanism must be further clarified in long-term trials.

Keywords: soil N turnover; straw application; nitrification inhibitor; >N labeling; *N recovery; ®N
retention; nitrogen use efficiency; Mollisol
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1. Introduction

Nitrogen fertilizer is applied to increase crop yield but may pollute the nearby environment
when it is not managed well [1,2]. A high accumulation of soil mineral N after N fertilization,
especially at the early stage of crop growth, has an increased risk of loss via leaching or gas emissions,
eventually leading to water eutrophication, climate change, and losses of biodiversity [3,4]. Therefore,
designing appropriate measures to enhance fertilizer-N conservation in cropland is crucial. In recent
decades, split applications have been created to meet the N requirements of crops in different growth
periods while avoiding excessive mineral N accumulation in the early stages [5,6]. However, because
of the interference of field crops, topdressing is hard to apply on large scales by machinery and must
be spread by hand, which increases labor inputs. Based on technical and economic considerations,
most of the small household farms in China still prefer using a single fertilization regime instead of
split fertilization [6,7].

In addition to split fertilization, other strategies such as reduced N application, nitrification
inhibitor (NI) application, and straw incorporation have also been developed to regulate N
transformations, avoid mineral N accumulation in the soil at the early stage, and reduce fertilizer-N
losses [8-10]. Based on data from several field, lysimeter, and monitoring studies, Ju et al. found that
knowledge-based N reduction in intensive double-cropping systems in China can potentially
maintain crop yields and decrease N loss to the environment [11]. Nitrification inhibitor application
can also reduce nitrate accumulation and its leaching and denitrification losses. Several meta-
analyses have suggested that NI amendment enhanced fertilizer-N use efficiency (NUE) by 11%-27%
in various cropping systems [5,12-14] while reducing N2O emission by 34%-48% [15-17]. Straw
incorporation can enhance the transformation from fertilizer-N to soil organic N through microbial-
mediated immobilization in the early stage of crop growth, then release it to benefit crop growth at
later stages [18]. The vital role of the exogenous organic matter input on soil N cycling has been
widely confirmed [19-21]. Through modeling, Wang et al. estimated that corn yield in Northeast
China can increase by 5.8% under the optimal straw return rate (48% of the straw at harvesting) [22].

Northeast China is a vital food production base due to its high soil fertility [23]. However,
intensive agrarian management with high synthetic fertilizer input and low crop residue return has
led to the degradation of soil quality [24]. Since the 2010s, the Ministry of Agriculture and Rural
Affairs of China has implemented the “double reduction” (reducing fertilizer and pesticide
applications) and “black land protection and utilization” strategies to improve fertilizer-NUE and
enhance the sustainability of soil nutrient supply. These strategies include reduced N application, NI,
and straw incorporation. However, how these strategies change the fertilizer-N fates during the crop
growing season is still unclear, and their effectiveness on grain yield, crop N uptake, NUE, fertilizer-
N retention by soil, and losses remain to be evaluated in this region.

Here, we conducted a field N tracer study in Northeast China to track the fates of fertilizer-N
in soil and plant pools and the effects of reduced N application, NI, and straw incorporation during
the first growing season. We hypothesized that these practices would improve the fertilizer-N
transformation to more favorable pathways, eventually benefiting fertilizer-N use and minimizing
fertilizer-N loss.

2. Materials and Methods

2.1. Study Site

The trial was conducted on a maize field in Gongzhuling, Jilin Province (43°30'N, 124°48’E),
which lies in the Songnen Plain, a critical corn production base in China. The site has a semi-humid
continental monsoon climate and has been cultivated for decades. The average annual precipitation
and temperature for the study site during 2011-2020 were 666 mm and 6.8 °C, respectively
(http://tjj.jl.gov.cn/tjsj/tinj/). The soil is named black soil and is classified as a Mollisol according to the
US soil taxonomy. Two days before this trial, we collected soil samples (0-20 cm) and measured soil
characteristics: organic C, 19.1 g kg™; total N, 1.52 g kg™'; NH4*-N, 14.5 mg kg™'; NOs~-N, 29.6 mg kg™;
pH, 6.19.
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2.2. Experimental Design

Three blocks were arranged on the field in 2016, each containing six plots with an area of 25 m?
each, which were assigned six treatments: 1) Control, no N fertilization; 2) 100%N, applying 200 kg
urea-N ha™; 3) 100%N+S, applying 200 kg urea-N ha™! and 2400 kg dry straw ha™; 4) 80%N, applying
160 kg urea-N ha™; 5) 809%N+NI, applying 160 kg urea-N ha™ and nitrification inhibitor (Nitrapyrin,
CsHsCuN, 1.6 kg ha™); 6) 80%N+NI+S, applying urea 160 kg N ha, nitrification inhibitor (Nitrapyrin,
CeHsCuN, 1.6 kg ha™'), and straw. The amount of straw added was 2400 kg dry straw ha’,
approximately 25% of the aboveground biomass (excluding grain) at the physiological maturity stage
of maize.

We arranged the trial as ridge-furrow cultivation and strip fertilization, similar to the
management practice used by local farmers. In detail, after plowing and ridging, all fertilizers,
nitrification inhibitors, and maize straw were placed in each ridge and then covered with soils from
the furrows. The abundance of applied '*N-urea was 1.19%, corresponding to 85N (%o) of 2276. In
addition, all plots received 90 kg P20s ha! and 90 kg K20 ha'. The maize straw was applied after
being crushed into pieces smaller than 3 cm. After fertilization, a hand-powered hole-drilling
machine was used for sowing on the ridge.

The maize variety in this study was Xianyu 335, and the planting density was 70000 plants per
hectare. The row and plant spacings were 60 and 20 cm, respectively. Other agronomic practices
during the maize growth period followed local farmers’ procedures. Irrigation and fertilization were
no longer carried out during the growth period. A nearby meteorological station recorded daily mean
air temperature and precipitation during the trial period (Figure 1).
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Figure 1. Daily mean air temperature and precipitation during the experiment. Data for the growing
season came from a nearby weather station. Soil and plant samples were collected 42, 82, and 152 days
after fertilization, at the six-leaf (V6), tasseling (VT), and physiological maturity (R6) stages of maize,
respectively.

2.3. Sampling

Soil and plant samples were collected three times during the growth period (Figure 1), on days
42 (V6, six-leaf stage), 82 (VT, tasseling stage), and 152 (R6, physiological maturity). Details of the
sampling process for soil and plant samples were similar to those of Quan et al. [25]. In detail, 040
cm soils were sampled in 10 cm intervals. Because fertilizer was unevenly distributed in the soil, a
stainless-steel sampling frame was used to sample soils, with a length, width, and height of 60 cm, 25
cm, and 20 cm, respectively. When sampling, the sampling frame was first pressed into the field using
a hammer (covering both ridge and furrow parts with a plant in the center), then all 0-10 cm and 10—
20 cm soils were dug out separately. After mixing the soil thoroughly by hand and taking a portion
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as soil samples, the 20-30 and 30-40 cm layers were directly sampled by a soil auger within the frame.
The soil bulk density was determined simultaneously with each sampling.

Three plants in the central area of each plot were sampled. Plant samples at different growth
stages were divided into one to five organs (cob, root, stem, leaf, and grain) and weighed separately.
Fresh samples of various organs were cut into small pieces of <3 cm with a chopper and mixed well
for later processes. Parts of the samples were bagged and brought to the laboratory and then dried in
an oven (70 °C) to determine their water content and calculate the dry weight of the plants. Only the
visible parts in the 0-20 cm layer were collected for maize roots. Dried plant samples were stored in
individually sealed bags to determine N concentration and ®N abundance.

2.4. Chemical and Isotope Analysis

Fresh soil samples were taken from the field to the laboratory and passed through a 2-mm sieve.
Sub-samples of fresh soil were extracted with 2M potassium chloride (soil:water=1:4) and shaken for
one hour, then filtered through filter papers. The mineral nitrogen (NHs*-N, NOs-N) concentrations
in the extracts were measured by a continuous chemical analyzer (Smart Chem 200, Italy).

Soil and plant samples were further pulverized, finely ground, and then analyzed for total N
(TN) concentration and N abundance using an elemental analyzer (Elementar Vario MICRO cube,
Germany) coupled with a stable isotope ratio mass spectrometer (Isoprime 100, UK). During the
measurement, four standard samples were used (acetanilide, L-histidine, glycine, and D-glutamic
acid) to correct the drift and blank.

2.5. Calculation

15N atomic abundance (Ax, N as a percentage of the total atomic N) and >N enrichment relative
to the standard (8"°x) in soil and plant samples were calculated as follows:
X

R
Ax = gg X 100 1)

15 Ry
§15x = (— - 1) x 1000%o @)
Rstandard
where Rx is the “N and N atomic ratio” in the tested sample, which can be measured directly with
the stable isotope mass spectrometer. The isotope values of dinitrogen in the atmosphere were
assumed to be constant and considered the standard (Rgiqngara= 0.003676, Agianaara= 0.3663%,
615Nstandard= 0%o).

The fate of fertilizer-N in the soil and plant maize pools was calculated as follows [25]:

A —A
Ndff, = ——8 x 100% 3)
AU — Apg
: -1

Rec 5, = NdffxxNxxBull;densnyxVx10 % 100% (4)

- N

-4

Rec P, = NdfoxN,;xDleo % 100% (5)

- N

where Ndff, is the proportion of crop N derived from in-season applied fertilizer and N, is N
concentration (%). Ay, Apg, and Ay represent N atomic abundance of the related N pools,
background (in the control), and tracer (*N-labeled urea), respectively. Rec s and Rec p_represent
recovery (%) of *N-labeled urea in the related soil and plant N pools. Fy is the rate of 1*N-urea
applied (200 kg N ha™). V is the volume of the soil (1000 m? ha™ in every 10-cm layer), and DW is the
dry weight of related organs (kg ha1).

Crop NUE at the R6 stage was calculated as the total >N recovery by the maize plant:

NUE;sy = Recp, .+ Recp,  +Recp . +Recp . + Recfpgrain (6)

where NUEsn is the sum of all crop Recp,_.

2.6. Statistical Analysis

Statistical analysis in this study was performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
One-way analysis of variance was used to test differences among the six treatments (n=3 for each
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treatment), and multiple comparisons were performed using the least significant difference (LSD)
test with a 95% confidence interval. In addition, the linear mixed effect model was used to test the
effects of fertilization treatment, sampling time, soil layer or plant organs, and their interactions on
soil and plant N index. Figures were made with SigmaPlot 14.0 software.

3. Results

3.1. Soil Mineral N Dynamics

Soil NHs* and NOs concentrations decreased along with the increase of soil depth and growth
stage, and the differences among treatments were mainly displayed in the 0-10 cm soil layer (Figure
2). Soil mineral N (NH+* + NOs') concentrations in the 0-10 cm were < 30 mg N kg during the whole
growth period in the Control and N fertilization significantly enhanced their concentrations. Soil
mineral N concentrations in the 100%N treatment were 180, 65, and 12 mg N kg at the V6, VT, and
R6 stages, respectively. Compared with the 100%N treatment, mineral N concentrations in the
100%N+S, 80%N, 80%N+NI and 80%N+NI+S treatments were reduced by 15%-42% in 0-10 cm soil
layer at the V6 stage.
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Figure 2. Temporal patterns of soil extractable NH4* (left), NOs- (middle), and mineral N (NH4* + NOs®
, right) concentrations in different layers of soil at three sampling periods during cultivation. “V6”,
“VT”, and “R6” below the x-axis represent six-leaf, tasseling, and physiological maturity stages,
respectively. Error bars in the figure are standard errors (n = 3). Different lowercase letters above the
columns in the same cluster of the same soil layer and the same sampling indicate significant
differences (LSD, P < 0.05). The same applies to the following figures.

Compared with the 80%N treatment, soil NHs* concentration in 0-10 cm in 80%N+NI treatment
was significantly enhanced by 150%, 410% and 290% at V6, VT and R6 stages, respectively (P<0.05),
while soil NOs- concentration was significantly reduced by 54% and 52% at the V6 and VT stages
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(P<0.05) (Figure 2). Compared with the 80%N+NI treatment, soil NH+*-N concentration in 0-10 cm in
80%N+NI+S treatment was significantly reduced by 36% and 61% at the V6 and R6 stages (P<0.05).

3.2. Soil Total and Fertilizer-Derived N Concentrations

Fertilizer-N mainly remained in the 0-10 cm soil and was less distributed in the 10-40 cm soil.
Compared with the control, soil TN concentrations in the 0-10 cm layer were enhanced by 2%-18%
in the five N-fertilized treatments (Figure 3). As the growing season progressed, the proportion of
TN derived from fertilizer in the 0-10 cm soil layer decreased significantly from 10% (V6) to 2% (R6)
for the 100%N treatment and from 6% (V6) to 2% (R6) for the 80%N treatment. Compared with the
80%N treatment, the 80%N+NI+S treatment increased fertilizer-derived TN by 71% and 90% in the
0-10 cm soil at the VT and R6 stages (P < 0.05), and reduced fertilizer-derived TN by 63% and 68% in
20-30 cm and 3040 cm soil, respectively, at the VT stage (P < 0.05).
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Figure 3. Soil total N concentrations (left), fertilizer-derived proportions (middle), and amounts
(right) of fertilizer-derived TN in different layers of soil at three sampling periods during cultivation.

3.3. Maize Biomass, Yield, and Fertilizer-Derived N Uptake

Grain yield and crop N uptake in the control were 10.2 t ha and 180 kg N ha™' at harvesting (R6
stage), respectively. N-fertilized treatments had significantly higher grain yields (16-25%), plant N
concentration (25%—48%) and crop N uptake (39%-60%) (Figure 4, Figure S1). However, the
differences among the five N-fertilized treatments were not statistically significant. Across the five
N-fertilized treatments, 72% of the >N taken up by crops was distributed to grain, with the remaining
28% distributed to other organs (2%, 3%, 10%, and 13% for cob, root, stem, and leaf, respectively).

The proportion of crop N derived from fertilizer (%Ndff), calculated by plant N9, varied widely
among growth stages and treatments, but little among organs (Table S1, Figure S2). The %Ndff for
the whole maize plant decreased from 59%-72% at the V6 stage to 47%—-64% at the VT stage, and
finally to 31%—42% at the R6 stage. Nitrification inhibitor application (80%N+NI and 80%NI+NI+S)
significantly reduced the %Ndff by 4%-12%, 12%-15%, and 13%-18% at the V6, VT, and R6 stages,
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respectively, compared with the 80%N treatment. The effect of straw incorporation was not

significant.
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Figure 4. Biomass (top), crop N uptake (middle) and fertilizer-derived proportions (bottom) in
different organs of maize at three sampling periods during cultivation.

3.4. N Recoveries in the Soil-Maize System

As maize growth progressed, soil residual "N concentration gradually decreased and maize
uptake of N gradually increased (Figure 5). At harvesting (R6 stage), 28%—-59% was retained in the
soil, and 50%—-60% was taken up by maize. Most soil >N was recovered from the 0-10 cm layer (19%—
46%). Compared with the 100%N treatment, the 100%N+S treatment increased >N retention in the 0—
10 cm soil layer by 12% (P > 0.05) and significantly promoted plant >N recovery (NUEusn) by 20% at
the R6 stage (P < 0.05). NI co-application enhanced N retention in the 0-10 cm soil layer by 98%
(80%N+NI, P> 0.05) and 108% (80%N+NI+S, P < 0.05) at the R6 stage (Figure 3), and reduced NUEsn
by 15% (P < 0.05) and 12% (P > 0.05), compared with the 80%N treatment.

Because of error propagation, the proportion of fertilizer-N loss calculated by the difference
method varied largely and had negative values (Figure 5). Reduced N application, nitrification
inhibitor co-application and straw incorporation were all beneficial to mitigate the proportion of
fertilizer-N loss (*N-loss%). Compared with the 100%N treatment, the 80%N treatment significantly
reduced “N-loss% from 22% to 4% (P < 0.05), while the 80%N+NI+S treatment further reduced
fertilizer-N loss to —13% at the R6 stage (P < 0.05).
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Figure 5. Temporal patterns of >N recovery in different layers of soil and different organs of maize
and the unaccounted loss at four sampling stages during cultivation.

The N absorbed by crops was mainly derived from the applied fertilizer at the V6 and VT stages,
and then shifted to being derived mainly from the soil at the R6 stage (Figure 6). At the V6 stage, NI
application treatments had much higher fertilizer-derived N uptake than the 100%N+S treatment
(2.4-2.5 kg N ha? vs. 1.5 kg N ha, P < 0.05). However, from the V6 to VT stage, the 80%N+NI
treatment had much lower fertilizer-derived N uptake than other treatments. From the VT to R6
stage, compared with the 100%N and 80%N treatments, the 100%N+S and 80%N+NI treatments
significantly promoted fertilizer-derived N uptake (P < 0.05).
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Figure 6. Fertilizer- and soil-derived N uptake in three time periods of the maize cultivation (from
sowing to V6, V6 to VT, and VT to R6).

4. Discussion

This study compared the effect of reduced N application, NI, and straw incorporation on
fertilizer-N fates. Reducing N application by 20% improved NUEin and reduced '>N-loss%
remarkably, while maintaining crop N uptake. In contrast, NI co-application significantly increased
fertilizer-N turnover and retention in soil, resulting in decreases in NUEsn and *N-loss%. Compared
with NI, straw incorporation decreased the magnitude of fertilizer-N retention and promoted
NUEisn.

4.1. Effects of Reduced N Application on Fertilizer-N Fates

Compared with the 100%N treatment, the control still achieved 83% of the grain yield and 73%
of the crop N uptake (Figure 4), implying that the soil had a high nutrient-supply capacity. Generally,
high-fertility soils with high nutrient-supply capacity can satisfy most of the crop demand for
nutrients in one or several growing seasons, even with no exogenous nutrient input. Consequently,
in this study, the differences in grain yield and N uptake between the 100%N and 80%N treatments
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were small and insignificant owing to the buffering effect of soil fertility (including the legacy fertility
of previously applied fertilizer). In a meta-analysis based on "N tracer studies in maize cropping
systems worldwide, Quan et al. found that reducing N rates from approximately 200 kg N ha* to 140
kg N ha™ maintained maize N uptake in the North China Plain (NCP) [26]; however, this practice
failed in the American Corn Belt. Cropland soils in the NCP were reported to have accumulated a
large amount of mineral N due to long-term over-fertilization and high atmospheric N deposition,
which may be related to the insensitivity of fertilizer-N reduction on crop N uptake and grain yield
[26,27]. Although the treatment of reducing the fertilizer-N rate improved NUEisn remarkably
because of the “law of diminishing return” (the efficiency of crop N uptake instinctively decreases
with the increase of N input), its potential effects on grain yield and crop N uptake must be further
assessed using long-term trials along with the soil fertility [28,29].

In this study, we found soil N imbalance, even in the 100%N treatment. Crop N uptake was
approximately 250 kg N ha™! for the N fertilization treatments, much higher than the application rate
of urea N (200 kg N ha) by local farmers. Even if the gap can be partly replenished by atmospheric
N deposition and non-symbiotic N fixation, it is unlikely to balance the input and output of soil N
stock. Straw incorporation may relieve the imbalance because 100% straw returning can provide
almost one-third of crop N uptake (approximately 85 kg N ha) (Figure 4). However, in the studied
region, most of the straw is removed from the field to feed livestock or for burning [30]. Another
critical evidence supporting soil N imbalance is the Ndfs (crop N derived from the soil), which ranged
from 154 to 186 kg N ha' among the five N fertilization treatments, much higher than the
corresponding fertilizer-N retention in 0—40 cm soil (only 56-96 kg N ha™) (Figures 2 and 5). Soil N
supply capacity is primarily sustained by human-controllable external N input, and long-term soil N
deficit weakens soil N fertility [29,31]. Therefore, reducing fertilizer-N application can only be
sustainable when soil N balance is considered and accompanied by other N-replenishing measures
to prevent soil N deficit.

4.2. Effects of Nitrification Inhibitor Co-Application on Fertilizer-N Fates

Our study showed that blending fertilizers with NI suppressed fertilizer-derived N uptake
(Figure 6), which might be related to the changes in soil N availability, as NI application changed the
relative proportions of NHs-N and NOs~-N [32,33]. The inhibitory effect of NI application on
ammonium oxidation increased the residence time of ammonium in the soil [14,34]. Consequently,
the fertilizer-N supply was stabilized by biotic NH4+*-N immobilization (microbial assimilation) and
abiotic NH4*-N fixation (2:1 clay minerals), which could be responsible for the increased >N retention
and decreased sN-nitrate. Therefore, maize roots absorbed less fertilizer-N because maize is a nitrate-
preferring crop [26,33,35]. This finding was roughly in line with other '*N studies using straw-biochar
as the exogenous additive to modify soil in wheat and cotton-barley cropping systems, where
increased fertilizer-N retention in the soil and decreased fertilizer-N uptake by crops were both
observed [36,37]. The effect of NI on crop N uptake varied among different soil conditions [38]. In a
meta-analysis by Quan et al., enhanced-efficiency N fertilizers (including urease inhibitor or NI
application and slow-release fertilizers) were also found effective in promoting fertilizer-N retention
and reducing ®N-loss%, %Ndff, and NUEn, but these effects were not significant [26]. As upland
crops prefer to absorb nitrate as N nutrition, we speculate that the major role of NI application in
upland agroecosystems may be the preservation of fertilizer-N to facilitate long-term N supply,
rather than the in-season utilization by crops.

Although NI decreased NUEis~ in some studies, it may maintain crop N uptake and grain yield
by changing native soil N conversion and availability, especially for alkaline soils where nitrification
is reported to be much stronger than in acidic soils [16]. In this study, we found that crop N uptake
was not affected because maize absorbed more N from the native soil N pool attributed to the so-
called “added N interaction” (AN, increased N uptake derived from native soil organic N induced
by NI addition) (Figure 6). Given that part of the increased crop N uptake under N fertilization cannot
be traced by ’N-tracer owing to the influence of ANI, the estimated NUEisn might be apparent and
usually lower than the actual value [29,36]. In non-labeling trials, the effect of NI on NUE
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enhancement tended to be positive [5]. The integrated effects of NI application on soil N supply and
crop N uptake still need to be tested in long-term studies by synthesizing results from both non-
labeling and labeling trials.

4.3. Effects of Straw Incorporation on Fertilizer-N Fates

Straw incorporation can increase soil N availability because it accelerates the process of soil N
mineralization and immobilization turnover (MIT). However, it may also decrease soil N availability
because it fuels denitrifiers and increases N gaseous losses [39-41]. In this study, straw incorporation
increased fertilizer-N retention in soil, promoted fertilizer-N uptake, and reduced fertilizer-N loss,
although the difference was mostly insignificant. Similar findings were also obtained by Yuan et al.
and Cao et al., where straw incorporation enhanced fertilizer-derived N uptake by 15%-23% [9,40].
The newly immobilized N after C source addition, like a biological controlled-release fertilizer, can
enhance native soil N availability, benefiting long-term crop N uptake [41]. The effect of organic
additives on the fate of fertilizer-N depends on the activity of the organic material [42,43]. In the
presence of an activated C source such as glucose, negative ANI was usually observed because of the
intense microbial immobilization, which reduced the crop N uptake derived from either fertilizer or
indigenous soil [44-46]. In contrast, in the presence of an inert C source such as maize straw, its effect
on fertilizer-N transformation would be much lower, mainly because of the slow degradation of
straw materials [41,47]

In addition to promoting the MIT and denitrification processes, straw returning also provides
other essential nutrients (e.g., phosphorus, potassium) for crop growth [25,48]. Thus, straw returning
is also considered an effective nutrient-conserving practice to increase nutrient supply capacity in the
long term [49]. Based on ®N tracer studies, Ding et al. reported that straw N is also a critical source
of maize growth, contributing approximately 10% to crop N uptake in the current season [50]. Straw
incorporation has a slower effect on the soil N cycle than NI, but its overall impact on the soil
environment is more prominent and needs to be tested in long-term trials. Based on published results,
soil microbial activity and buffering ability under the practice of long-term straw returning can be
continuously increased, resulting in improved soil fertility, weakened fertilizer dependency, and
strengthened crop yield [35,51-53].

5. Conclusions

Understanding the dynamic of fertilizer-N fate in soil-plant systems is vital for designing
appropriate N management strategies for high NUE in cultivated croplands. Through a field *N
tracer study, we quantified the fate of urea-N in a black soil-spring maize cropping system in
Northeast China and the effects of reduced N application, applying NI, and straw incorporation. Our
results show that reducing N application by 20% increased NUEisn, and simultaneously maintained
grain yield and crop N uptake, but might face a risk of soil N imbalance. NI addition and straw
incorporation are efficient strategies to stabilize fertilizer-N and maintain the short-term N supply of
soil in the maize cropping system, but the effect of NI application was more significant than straw
incorporation. This study was limited by the short study period, and whether those practices can
eventually improve soil fertility and long-term NUE should be examined on a prolonged temporal
scale.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1 Results (F values) of linear mixed effect model testing of the effects of
fertilization treatment (F), sampling time (T), soil layer or plant organs (D), and their interactions on soil and
plant N index. Figure S1 Carbon concentration (top), N concentration (middle) and C/N (bottom) in different
organs of maize at three sampling periods during cultivation. Figure 52 13Cd (top), and ®"Nd (bottom) in different
organs of maize at three sampling periods during cultivation.
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