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Nitrification inhibitor promotes
fertilizer N stabilization in soil as
organic forms during a growing
season of maize: a field °N
tracer study
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There is limited knowledge regarding the impact of nitrification inhibitors (Nls)
and straw application on fertilizer N retention and in-season release. We
conducted a trial to study the transformation of °N-labeled urea in soils
during the growing season of maize. To facilitate multiple destructive
samplings throughout the season, we utilized a larger plot (25 m?) and a lower
abundance **N-fertilizer (1.193%) than usual. Soil extractable mineral N, mineral
fixed ammonium, and organic N (ON) recovered 20 + 21% (mean + standard
deviation), 6 + 5%, and 25 + 6% of the applied fertilizer N across three sampling
stages of the growing season. On average, the bioavailability of fertilizer N in
extractable mineral form was four times higher than that of mineral fixed
ammonium. In contrast, fertilizer-derived ON represented a relatively stable N
pool, maintaining high content throughout the growing period and becoming
the major form (82%-93%) in the pool of total soil *°N at the physiological
maturity stage of maize. Moreover, the co-application of nitrapyrin (a type of NI)
significantly promoted fertilizer N storage in the ON form while the effect of
straw was not significant. In conclusion, the NI-induced promotion of fertilizer-
derived ON likely plays a critical role in storing fertilizer N for subsequent
cultivations, rather than providing N nutrients for crop uptake during the
current season.
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1 Introduction

Fertilizer nitrogen (N) applied to agricultural soil can be rapidly
converted into mineral N forms (ammonium and nitrate), which
increases the soil N supply to crops and contributes to yield
improvements (1). However, the prematurely accumulated
mineral N in the topsoil is easily lost to the environment, failing
to synchronize the soil N supply with root N absorption (2, 3). Two
measures to conserve fertilizer N in soils are the application of
nitrification inhibitors (NIs) and the incorporation of straw. These
strategies aim to transform fertilizer-derived mineral N into stable
N pools during the early stage of crop growth, ensuring a gradual
release that meets the crop’s N demand during the middle and late
stages (4, 5). However, due to a lack of experimental methods, it
remains unclear whether and to what extent these measures can
enhance the release of early-conserved fertilizer N during the
middle and late stages of crop growth (6).

The "N tracer technique is the primary tool used to trace the
transformation and fate of fertilizer N in soil-crop systems. Over the
last four decades, many studies utilizing this technique have explored
the effects of various management practices on fertilizer N fate (7, 8).
However, due to limitations in the detection accuracy of 15N, most
experiments required the use of high abundance "’N-fertilizer, which
increased costs. To reduce expenses, researchers have limited the size
of plots (e.g., <2 m?). As a result, most sampling occurred only at
harvest, as small plot sizes restricted the frequency of destructive
sampling (9). However, with advancements in testing technology
over the past decade, the detection accuracy of '°N has significantly
improved (10, 11), allowing for the use of lower abundance I5N-
fertilizer and enabling larger plot sizes.

We conducted a tracer study using lower abundance '’N-
fertilizer and a larger plot size to monitor the seasonal dynamics of
fertilizer-derived N in soil under different nutrient management
practices (i.e., NI and straw application). Our goal was to compare
the bioavailability of various soil N constituents to root uptake during
one growing season of maize. We hypothesize that these practices can
enhance the transformation of fertilizer N into fixed ammonium and
organic N pools, which can be released for crop absorption and
utilization during the middle or late stages of maize growth.

2 Materials and methods
2.1 Experimental design

The field '°N tracer trial was conducted in a suburban area of
Gongzhuling City, Northeast China (43°30°N, 124°48’E). The site
features a semi-humid continental monsoon climate. From 2011 to
2020, the average annual precipitation and temperature at the study
site were 666 mm and 6.8°C, respectively. Maize, the region’s
primary cereal crop, has been cultivated annually for decades
without any rotation with other crops. The soil in the area is
classified as a Mollisol according to the US soil taxonomy and is
typical black soil in China. Two days prior to the trial, soil samples
were collected from a depth of 0-20 cm to assess soil characteristics.
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The background information of the soil: pH, 6.19; total carbon, 19.1
g/kg; total N, 1.52 g/kg; sand, 15%; silt, 52%; clay, 33%.

Five treatments were established: 1) 100%N, 200 kg urea N/ha; 2)
100%N+S (straw), 200 kg urea N/ha and 2400 kg dry straw/ha; 3) 80%
N, 160 kg urea N/ha; 4) 80%N+NI, 160 kg urea N/ha and nitrification
inhibitor (Nitrapyrin, CsH;C4N, 1.6 kg/ha); 5) 80%N+NI+S, 160 kg
urea N/ha, 1.6 kg Nitrapyrin/ha and 2400 kg dry straw/ha. Each
treatment consisted of three plots (replicates). To allow for multiple
samplings within the growing season, each plot had an area of 25 m?,
and all areas was labeled by '°N fertilizer. We arranged a trial for
ridge-furrow cultivation similar to the management practices used by
local farmers, as described by Quan et al. (9). Specifically, all fertilizers
(including 15N-urea), NI, and maize straws were placed on a ridge 5
cm below the ground before sowing, all on the same day (May 6). No
topdressing was performed during the growing period of maize. The
abundance of applied '"N-urea was 1.193%. After fertilization, a
hand-powered hole-drilling machine was used for sowing on the
ridge. The local farmers’ agronomic practices were followed during
the maize growth period.

The maize variety used in this study was Xianyu 335, with a
planting density of 70000 plants per hectare. The row and plant
spacings were set at 60 cm and 20 cm, respectively. Other
agronomic practices during the maize growth period adhered to
local farmers’ procedures. Irrigation and fertilization were not
conducted during the growth period. A nearby meteorological
station recorded daily mean air temperature and precipitation
throughout the trial period (Figure 1).

2.2 Soil and plant sampling

Soil samples were collected three times after fertilization and
sowing, on days 42, 82, and 152 (Figure 1). At these three time
points, maize growth stages were recorded as V6, VT, and R6,
corresponding to the six-leaf, tasseling, and physiological maturity
stages, respectively. To account for the uneven distribution of
fertilizers in the soil, we used a frame that covered both the ridge
and furrow to assist with sampling. In all cases, soil within the frame
was excavated from a depth of 0-10 cm, mixed thoroughly by hand
on plastic sheeting, and a portion was set aside for sampling.

Plant samples were collected exclusively during the maize
harvest. All aboveground plant material within the plot was
harvested to quantify the mass of both the straw and maize cobs.
Additionally, three maize plants were randomly selected and
divided into four parts: stem, leaf, cob, and grain. Each part was
weighed separately to determine their relative proportions. Fresh
samples were chopped into pieces smaller than 3 cm. Portions of
these samples were transported to the laboratory, where they were
dried in an oven at 70°C. This process determined their water
content and facilitated the calculation of the dry weight of each part.

2.3 Chemical and isotope analysis

Subsamples of fresh soil were extracted with 2 M potassium
chloride, shaken for one hour, and then filtered through filter paper
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FIGURE 1

Average daily air temperature and precipitation throughout the experiment.

to measure the mineral N (NH,"-N, NO; -N) concentrations.
Subsequently, ">N-NH," and '’N-NO;~ abundances in the
extracts were measured using the hypobromite oxidation/
hydroxylamine reduction method (10) and the modified azide
method (11). Dry soil and plant samples were pulverized and
finely ground to analyze the total nitrogen (TN) concentration
and "°N abundance using an elemental analyzer and a stable isotope
ratio mass spectrometer (EA-IRMS). Mineral fixed NH,"-N
concentration and its >N abundance in residual soils after
extraction were determined by the EA-IRMS after organic N was
removed by excessive alkaline KOBr solution (12). The fertilizer-
derived organic N (ON), mainly soil microbial biomass or
necromass N or other non-biologically synthesized organic
matter, was calculated by subtracting fertilizer-derived NH,"-N,
NO; " -N and mineral fixed NH,"-N from soil fertilizer-derived TN
based on the mass-balance principle (13). In fertilizer-derived ON
pool, extractable organic N (EON) was considered ignorable owing
to its low concentration and '°N recovery in our previous
studies (14).

2.4 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 five treatments, and multiple
comparisons were performed using the least significant difference
(LSD) test with a 95% confidence interval.

3 Results and discussion

Over the course of growth from the V6 to R6 stage, the °N
recoveries of the extractable ammonium (NH,") and nitrate (NO5")
pools decreased from 21%-52% to 0.1%-4% and from 9%-18% to 1%-
4%, respectively, primarily due to soil turnover, crop uptake, and
environmental losses (Figure 2). Compared with conventional
fertilization (100%N and 80%N), the application of NI (80%N-+NI
and 80%N+NI+S) slowed the nitrification process, increased the
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residence time of fertilizer-derived extractable NH,", enhanced root-
or soil microbe-mediated N immobilization, and decreased the
accumulation of highly mobile NO5;™ (15, 16). As a result, NI
application can encourage fertilizer N retention and may enhance
subsequent soil N supply during the middle and late growth stages (17).
However, this study suggests that the remineralization ability of newly
formed fertilizer-derived organic N (ON) was lower than expected. For
treatments without NI addition, '°N recoveries as soil ON decreased by
8%-27% as the growth stage progressed from V6 to R6 (P>0.05). In
contrast, for treatments with NI addition, >N recoveries as soil ON
were maintained and even increased at the VT and R6 stages of growth
(Figure 2). The stable °N recovery in fertilizer-derived ON pool is
likely due to its resistant components, as well as the physicochemical
protection by minerals and aggregates (18).

When fertilizer N was converted to ON through microbial
immobilization or anabolism, its availability decreased not only in
the current season but also in subsequent seasons (3, 19). For example,
Smith and Chalk (8) conducted a global meta-analysis using published
data from in situ '°N tracer trials and found that the legacy N
utilization by crops decreased significantly compared to the first
season. The low legacy N utilization indicates that the newly retained
ON may require a long period before it is released back into the soil,
and the related mechanism remains to be further explored. In recent
years, an increasing number of studies suggest that soil N assimilated
by microorganisms is an important process of soil N stabilization
(20, 21). The “microbial carbon pump” theory of Liang et al. (22), and
the “mineral carbon pump” theory of Xiao et al. (23) both provide
explanations for this phenomenon.

Since our experiment was conducted over only one season, the
responses of grain yield and maize N uptake to NI and straw
application were not significant. However, the application of NI
(80%N+NI and 80%N+NI+S) significantly reduced the proportion
of maize N derived from fertilizer (%Ndff) and the recovery of N
in aboveground biomass (Figure 3). Compared to treatments
without NI addition, soil °N-nitrate availability decreased
significantly in the NI addition treatments (Figure 2). Considering
that maize is a nitrate-preferring plant, the decreases in %Ndff and
crop "°N recovery under NI treatments are understandable. These
results are consistent with the findings of Ma et al. (21) from their
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pot experiments, which indicated that the addition of NI promoted
the retention of fertilizer-derived N and its subsequent release,
primarily as mineral fixed NH,"-N rather than ON, regardless of
whether crop straw was added. Under field conditions, even without
the addition of exogenous organic material, crop roots can also
provide carbon sources for microbial N immobilization (24). A
previous study confirmed our results, finding that the %Ndff of crop
N uptake decreased with NI addition, while the fertilizer-derived
hydrolyzable N in the soil increased (25). Therefore, we speculate
the function of NI application likely shifts from solely regulating
fertilizer N release to simultaneously promoting microbial N
immobilization, thereby increasing the residence time of fertilizer
N and reducing its losses (26).

In our study, the recovery of '°N in the TN pool decreased with
the growth stage due to root N uptake and gaseous or hydrologic
losses (Figure 2). The two mineral components—fertilizer-derived
extractable mineral N and fertilizer-derived mineral fixed NH,*-N,
exhibited strong positive relationships with fertilizer-derived TN
during the V6 and VT stages, with slopes of 0.81 and 0.20,
respectively (Figure 4). This suggests that mineral fixed NH,"

Frontiers in Soil Science

plays a critical role in buffering and supplying fertilizer N during
the maize growing season (17). However, its bioavailability was only
approximately a quarter of that of the extractable mineral "N,
although it was significantly higher than "’N-ON during the maize
growing season.

With the rapid depletion of soil extractable mineral N, the
release of fertilizer-derived ON and mineral fixed NH, " has become
critical for soil N supply during the middle and late growth stages
(27). In this study, the "°N recovery in the ON pool showed a stable
or minimal reduction trend during the three stages of maize growth
(V6, VT, R6) (Figures 2, 4), indicating that the in-season N supply
capacity of fertilizer-derived ON is limited (21). An earlier >N
tracer study by Clay et al. (25) also observed the relatively stable
nature of fertilizer-derived soil ON at three sampling times during
maize growth. In summary, the addition of NIs promotes the
preservation of fertilizer N in the form of soil ON, which could
improve crop yields. However, we know little about the underlying
mechanisms. Future research needs to explore the extent to which
soil preserved fertilizer-derived ON can be released and how
efficiently it can provide N to crops in the long term.
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4 Conclusions

Our findings demonstrate that the newly retained fertilizer-
derived ON during the early growth stage of maize serves as a
relatively stable N reservoir. The addition of NI is an effective
strategy for stabilizing the applied fertilizer N, primarily in the form
of ON. However, the release of ON was unsuccessful during the
middle and late growth stages of maize. This suggests that the long-
term N supply could be enhanced by regulating the conversion of N
fertilizer from mineral N pools to ON pools.
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