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Abstract: Enhancing nitrogen (N) use efficiency (NUE) and reducing urea N losses are major chal-
lenges in ensuring sustainable agriculture. The aim of this study was to investigate the effect of humic
acid urea on N losses, soil microbial nutrient balance and NUE through leaching experiments, soil
incubation experiments and field experiments of maize-wheat rotation. We set up four N gradients
(240 kg N hm—2, 216 kg N hm~2, 192 kg N hm~2, 168 kg N hm~2) and two N fertilizer types (urea
and humic acid urea) to make up five treatments, with no N application as the control. The results
showed that humic acid urea reduced the fertilizer N losses by 25.51%, 23.07% and 23.08% in the
three pathways of N leaching, NHj volatilization and N,O emission, respectively, compared with
urea. Humic acid urea significantly increased soil ammonium N, nitrate N and available phosphorus
contents, and brought the enzyme stoichiometry ratio closer to 1:1:1, which promoted microbial
nutrient balance. Application of humic acid urea significantly increased yield, NUE and annual net
economic profit of maize and wheat. Among all treatments, the application of humic acid urea at
216 kg N hm~2 maximized NUE, reduced environmental pollution and increased yield.

Keywords: NHj volatilization; N, O emission; inorganic N leaching; microbial nutrient balance; yield

1. Introduction

Nitrogen (N) is an essential element for plant growth and contributes most to crop
yield increase [1]. About 70% of the N fertilizer applied in global agricultural production
is urea [2]. Farmers need to apply more and more urea to increase yields due to the
imbalance between the growing population and the demand for food. In China, the N
fertilizer application in agricultural practices increased from 7.07 million tons in 1977 to
26.21 million tons in 2005 (a 271% increase) [3]. However, excessive application of urea
will reduce nitrogen use efficiency (NUE) and lead to environmental problems, such as
greenhouse gas emissions and groundwater contamination. Studies have shown that N
recovery in soil-plant systems rarely exceeds 50% [4], and most of the applied N fertilizer
is lost through leaching and gaseous emissions [5]. The main reason is that the N from
urea is easily hydrolyzed to ammonium N (NH4*-N). The input of excess NH;*-N, due
to inappropriate urea application, can disrupt the balance of ammonium N (NH4*-N) in
the soil solid-liquid-gas phase, resulting in N loss as ammonia (NHj3) volatilization [6].
NHj is an atmospheric pollutant that can cause soil acidification and water eutrophication,
with agricultural practices accounting for approximately 90% of global NH3 emissions [7].
A significant portion of the NH;*-N from urea hydrolysis is not used by plants in time
and is converted to nitrate N (NO3~-N) by nitrification. This leads to the accumulation of
NO;3;™-Nin deep soils, increasing the risk of N leaching and groundwater contamination [8].
Meanwhile, nitrification and denitrification increase N losses as nitrous oxide (N,O) [9].
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N,O is a greenhouse gas that can cause ozone layer depletion and has 298 times the
warming potential of CO, on a 100-year time scale [10]. Meanwhile, agriculture accounts
for 60% of global anthropogenic N,O emissions [11]. Excessive urea application can lead to
serious environmental problems. Therefore, we should choose the right fertilizer to prolong
the fertilization effect, improve the NUE and reduce the negative environmental effects.

Humic acid is an N fertilizer synergist that plays an active role in promoting plant
growth, prolonging fertilizer efficiency and reducing N losses [12]. Firstly, humic acid
promotes root growth and development, causing increased root biomass [13]. Moreover,
humic acid can promote root H"-ATPase activity and improve root uptake of soil nutrients,
thus promoting above-ground crop growth [14]. Secondly, the application of humic acid
facilitates the formation of soil macroaggregates and improves the soil physical structure,
which enhances the ability of soil to retain water and fertilizer, thus prolonging the fertil-
ization effect [15]. Finally, Dong et al. [16] showed that humic acid inhibits urease activity
to reduce the rate of urea hydrolysis. This keeps the soil NH4*-N content at a low level,
which reduces the risk of NHj3 volatilization and potential nitrification, leading to lower N
losses. In addition, humic acid has shown positive effects in controlling soil acidification
and increasing P effectiveness [17,18]. Therefore, humic acid has a very important role in
agricultural production as an N fertilizer synergist.

Although numerous studies have revealed the positive role of humic acid in agri-
cultural production, humic acid is not convenient as a synergist for application alone or
in combination with N fertilizers. The development of efficient humic acid urea using
organic-inorganic compound technology is necessary [19,20]. Shen et al. [21] found that
urea can chemically react with humic to combine the N in urea with amino, carboxyl and
hydroxyl groups in the humic acid, which reduces the hydrolysis rate of urea to prolong the
fertilization effect. Studies have shown that the application of humic acid urea significantly
improved maize yield and recovery of fertilizer N [22]. Liu et al. [23] found that application
of humic acid urea in coastal saline soils increased soil nutrient effectiveness and maize
yield. Therefore, the development of humic acid urea using organic-inorganic complexes is
feasible and effective. We hypothesized that (1) humic acid urea can reduce the hydrolysis
rate of urea, which decreases the impact of urea nitrogen loss in the agro-environment.
(2) Humic acid urea can promote microbial nutrient balance to alleviate soil nutrient limita-
tion and improve soil quality. (3) Humic acid urea can prolong the fertilization effect, which
enhances the NUE of crops. Through leaching experiments, soil incubation experiments
and field experiments, this study aimed to investigate: (1) whether humic acid urea could
mitigate the environmental impact of agricultural N application by reducing N losses
through three pathways: NHj3 volatilization, N leaching and N,O emissions; (2) what
effect humic acid urea had on the dynamics of soil nutrients, enzyme activity and enzyme
stoichiometry during crop growth; and (3) to determine the optimum N application rate of
humic acid urea through yield and NUE of maize and wheat.

2. Materials and Methods
2.1. Materials

The test fertilizers were provided by Kingenta Ecological Engineering Group Co., Ltd.
(Linshu, China) where the test fertilizers were urea (46% N), double superphosphate (44%
P,0s5), potassium sulfate (50% K,O) and humic acid urea (45% N and 1% humic acid).
Humic acid was extracted from weathered coal, which contained 70% water-soluble humic
acid and 20% KO, and prepared with urea by hot fusion to form humic acid urea [21]. The
test soil was collected in December 2020 from the cultivated soil (0-20 cm) of Zhaizi Village,
Tai’an City, Shandong Province, China, and the soil type was Typic Hapludalf soil [24]. Soil
samples were retrieved to remove stones and roots, air-dried and prepared for use. The
hydrogen ion concentration (pH) of the test soil was 7.29; electrical conductance (EC) was
707.25 us cm~1; bulk density (BD) was 1.12 g cm3; soil organic carbon (SOC) and total
nitrogen (TN) were 12.50 and 1.09 g kg ~—!; NH4*-N, NO;~-N, available phosphorous (AP)
and available Kalium (AK) were 2.16, 13.32, 26.64 and 50.81 mg kg~ !, respectively.
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2.2. Leaching Experiment

The leaching experiment was carried out in the laboratory (25 °C). The leaching device
was a PVC cylindrical pipe with an inner diameter of 10 cm and a height of 60 cm. The
bottom of the device was lined with one layer of 200 mesh nylon net and 2 cm thick quartz
sand with a particle size of 1 to 2 mm. The wall of the tube was coated with a layer of
petroleum jelly to reduce the edge effect of the soil column [25]. The flow rate of water was
controlled by a medical infuser during leaching. Based on the local soil BD, the leaching
device was filled with a mixture of soil (3960 g) and N fertilizer to form a 45 cm high
soil column to simulate the soil root layer [26]. The soil column BD was measured to be
1.127 g cm 3.

Three treatments with three replicates each were established: (1) no N application
(CK); (2) urea at 240 kg N hm~2 (UN); and (3) humic acid urea at 240 kg N hm~2 (HUN).
Intermittent drenching method was used to collect the leachate. Before leaching, the soil
column was saturated with water by adding water (1500 mL) and placed at 25 °C for 1 day.
For the first leaching, 400 mL of water was added to the soil column. The 24-h leachate was
collected and its volume was measured. The soil column was weighed after 6 days at 25 °C.
At this time, the soil moisture content was approximately 60% after natural evaporation
and the second leaching was performed. Nine consecutive leaching sessions were carried
out on days 2, 8, 14, 20, 26, 32, 38, 44 and 50, each with the same process. The NH;*-N and
NO;3;™-N contents of the leachate were determined using continuous flow injection analysis
(AA3-A001-02E, SEAL Analytical Limited, Norderstedt, Germany).

The leaching amounts of NH,;*-N and NO3; ~-N were calculated by Equation (1). The
leaching amount of inorganic nitrogen (IN) was the sum of the leaching amounts of NH,4*-
N and NO3™-N. The cumulative leaching amounts of NH4*-N, NO;~-N and IN were
calculated by Equation (2) [27].

Q =G xV; 1

Qi (mg) was the leaching amount of NH;*-N, NO3~-N and IN from the i-th leachate.
Ci (mg L~1) was the content of NH;*-N and NO;~-N in the i-th leachate. V; (L) was the

volume of the i-th leachate.
n
Q= (Xr,Q)+s @

Q (mg m~2) was the cumulative leaching amount of NH;*-N, NO3 ~-N and IN. n was
the number of leaching times. S (m?) was the cross-sectional area of the leaching device.

2.3. Incubation Experiment

The two incubation experiments were conducted in the laboratory incubator from De-
cember 2020 to January 2021. For all incubation experiments, 500 g of air-dried soil passed
through a 2 mm sieve was weighed and evenly mixed with N fertilizer, and transferred
to a 1.5 L airtight container. N was applied at a level of 240 kg N hm 2 and incubated at
25 £ 1 °C in the dark. The soil water content was kept at 70% of the field moisture capacity
during the incubation period. Prior to incubation, all containers were preincubated for 1
day at 25 £ 1 °C to activate soil microorganisms and ensure uniform water diffusion [28].
The two incubation experiment treatments with four replicates each were identical to the
leaching experiment (CK, UN and HUN).

2.3.1. Ammonium Volatilization

NHj; volatilization was determined by the closed room method, and a cup with 20 mL
of 2% H3BOj solution was placed inside the container to absorb NH3. The experiment was
continuously incubated for 15 days. During the incubation period, the H3BOj3 solution was
taken out every 24 h and titrated with H,SO4 using bromocresol green-methyl red as an
indicator to determine the absorbed NHj. After sampling, the chamber was ventilated for
30 min. NHj3 volatilization flux was calculated using Equation (3) [28].

FNH;3 = (¢ x V) = (txS) 3)
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FNH;3; (mg m~2 h~!) was the NHj volatilization flux. ¢ (mg L~1) was the NH,*-N
content in the absorbent solution. V (L) was the volume of the absorbent solution. t (h) was
the sampling interval time. S (m?) was the area of the closed room.

2.3.2. N,O Emission

N,O emissions were determined using a ventilation room-gas chromatography method.
A manual pump was used to exchange the internal air prior to sampling. At 0, 30, 60 and
90 min after closure, gas samples were collected using a 50 mL syringe and the sampling
time was recorded. The containers were kept sealed throughout the process. This procedure
was repeated every 24 h during the incubation period. Gas samples were measured on
the same day using a gas chromatograph (Shimadzu GC-2010 Plus, Japan). N,O emission
fluxes were calculated by Equation (4) [29].

de 273
FNLO = p x 9 x H
NoO = px o X HX oo

4)

FN,O (mg m~2 h~!) was the N,O emission flux. p (1.25 kg m~—3) was the density of
N,O in the standard state. dc/dt (mg h™!) was the change in N,O content in the room
per unit time. H (m) was the height of the room. T (°C) was the temperature in the room.

2.3.3. Cumulative N-Gas Emissions and N Losses from Fertilizer

The cumulative emissions of a gas could be calculated by Equation (5) [30].

CE = i(%) X (ti —ti_1) @)

i=1

CE (mg m~2) was the cumulative emission of a gas. F; and F; _ 1 (mg m 2 h~!) were
the i-th and 7 — 1-th emission fluxes of a gas, respectively. t; — ¢; _ 1 (h) was the time interval
between the i-th and i — 1-th sampling events. n was the number of gas sampling events.

N loss from fertilizer was calculated by Equation (6) [10].

my — Mo

(6)

Yoy = —N 0
M fertilizer—N

%N was the percentage of N loss from N fertilizer. my (mg) was the cumulative N loss
from N application treatment. 1y (mg) was the cumulative N loss from no N application
treatment. Mg 4iizer — N (INg) was the weight of N in the applied N fertilizer.

2.4. Field Experiment of Maize-Wheat Rotation
2.4.1. Experiment Site and Method

The maize-wheat field fertilization experiment was conducted from June 2017 to June 2019
in Zhaizi village, Tai’an City, Shandong Province, China (36°15'89" N, 117°15'20" E, Figure 1).
The study site had a temperate continental monsoon climate with the same soil type and
basic physicochemical properties as the test soil described above. The study site had been in a
maize-wheat rotation for 20 years prior to the fertilization experiment, with fertilization levels
of 240 kg N hm~2, 120 kg P,05 hm 2 and 90 kg K,O hm 2.
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Figure 1. Location diagram of the study site. This map was created using Arcmap 10.8 software
(https:/ /developers.arcgis.com/, accessed on 2 November 2022).

The experiment applied a randomized block design with five experimental treatments
(UN: urea at 240 kg N hm~2, HUN: humic acid urea at 240 kg N hm~2, HUNT1: humic acid
urea at 216 kg N hm 2, HUN2: humic acid urea at 192 kg N hm 2 and HUN3: humic acid
urea at 168 kg N hm~2) and no N application (CK) as a control, for a total of six treatments.
All treatments were applied with double superphosphate (44% P,Os) and potassium sulfate
(50% K,0) at 120 kg P,Os hm~2 and 90 kg K,0O hm~?2 levels, with three replications of
each treatment. The experiment was conducted in 18 plots of 4 x 10 m? each with 1 m
protection rows. Maize was seeded at a spacing of 60 cm between rows and 35 cm between
plants, and the variety was Delinong 988, with all fertilizers applied at the base. Wheat was
seeded at a rate of 187.5 kg hm~2 and the variety was Shannong 28. The 50% N fertilizer
and all P and K fertilizers were applied at the base, and 50% N fertilizer was applied at the
jointing stage. All plots were managed in the same way, and maize and wheat straws were
returned to the field.

2.4.2. Soil Sampling and Analysis

Soil samples were collected at the 2019 wheat jointing, booting, filling and maturity
stages in each plot by the five-point sampling method, and the soil from the five points
was mixed into one soil sample. Sampling depths were 0-20, 20-40 and 40-60 cm, with
216 mixed soil samples. The mixed soil samples were taken back to the laboratory to remove
roots and stones, and were divided into two parts. One of the samples was immediately
stored in a refrigerator at —80 °C.

The enzyme activities (umol h—! g~1) were determined by the method of Deforest et al. [31].
The 50-mM acetic acid-sodium acetate buffer was made by mixing sodium acetate trihydrate
with deionized water. This solution pH was adjusted with NaOH according to the average
soil pH of the study site (pH = 7.29). Four 4-methylumbelliferone (MUB)-based fluorogenic
enzyme substrates were used to determine enzyme activities: 4-MUB-3-D-glucopyranoside
for 3-1,4-glucosidase (3G), 4-MUB-B3-D-cellobioside for cellobiohydrolase (CBH), 4-MUB-N-
acetyl-B-D-glucosaminide for 3-1,4-N-acetyl-glucosaminidase (NAG) and 4-MUB-phosphate
for alkaline phosphatase (ALP). The enzyme activity in 96-well plates was determined by the
fluorometric method. The 96-well plates were incubated in the dark (25 °C, 4 h) and then
measured using a microplate reader (Synergy HTX, USA). NH,*-N and NO3; ~-N (mg kg™ 1)
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Yield (kg hm_2> = ear number (ear m~2) x grain number per ear (grain ear_l)

were extracted with 1 mol L~ KCl using continuous flow injection analysis (AA3-A001-02E,
SEAL Analytical Limited, Norderstedt, Germany).

The other sample, after air-drying and crushing, was sieved using 2 mm and 0.18 mm
sieves. SOC content (g kg~ !) was determined by the potassium dichromate external heating
method using soil samples screened by a 0.18 mm sieve. Soil AP content (mg kg~!) was
extracted with 0.5 mol L~! NaHCO3 and determined by UV spectrophotometer at 700 nm
using soil samples screened with a 2 mm sieve.

Enzyme C: N, C: P and N: P ratios, calculated by Equations (7)—(9) [32].

Enzyme C : N ratio = In G = InNAG 7
Enzyme C : P ratio = In 3G <+ In ALP (8)
Enzyme N : P = InNAG = In ALP 9)

2.4.3. Plant Sampling and Analysis

The yield, aboveground biomass and plant N content of maize and wheat were
measured at maturity stage from 2018 to 2019. Three 1x1 m? quadrats were selected in
each plot, and the ear number and grain number per ear of wheat and maize in each
quadrat were measured, and above-ground plant samples from each quadrat were mowed
and brought back to the laboratory for weighing. Maize and wheat grain samples were
dried and the hundred grain weight was determined. The aboveground plant samples were
dried and the moisture content was determined. These samples were crushed and digested
with H,SO4-H,0O», and the plant N content was determined by Kjeldahl method [33].

2.4.4. Calculation of Yield and Nitrogen Use Efficiency

Maize and wheat yields were measured from the ear number, grain number per
ear and hundred grain weight determined by the quadrat method using Equation (10),
cumulative N uptake by plant was calculated using Equation (11), and NUE was calculated
using Equation (12) [34].

10
xhundred grain weight (kg) < 100 x 10000 x 0.85 (10

Cumulative N uptake by plant = aboveground plant N content (%) x aboveground biomass (kg hmfz) (11)

NUE(%) = [cumulative N uptake by plants in N treatment (kg hm=2)

— cumulative N uptake by plants in no N treatment (kg hm=2)] (12)
+ Total N of fertilizer in N treatment (kg hm=2) x 100%

The annual total economic profit (TEP) and annual net economic profit (NEP) of maize
and wheat were calculated by Equations (13) and (14), respectively.

TEP ($ hmfz) = yield (kg hmfz) X average grain price ($ kgfl) (13)

NEP ($ hm’2> = TEP ($ hm’2> — [fertilizer expenditure ($ hm’1> + Labor expenditure ($ hm’1> + seed expenditure ($ hm’1>] (14)

2.5. Statistical Analysis

All data were normally distributed and tested for homogeneity of variance. One-way
analysis of variance (ANOVA) and least significant difference (LSD) post hoc tests (o« = 0.05)
were used to determine the effect of humic acid urea, compared to urea, on N leaching,
NHj3 volatilization, N>O emission and soil chemical-biological properties. Four replicate
experiments were conducted for the incubation experiment, and three replicate experiments
were conducted for the leaching experiment and the field experiment. Independent samples
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t-test was used to determine the effect of humic acid urea and urea on fertilizer N loss.
All the above analyses were performed in the statistical software SPSS 23 (International
Business Machines Corporation, Armonk, NYC, USA) and the graphs were plotted using
Origin 2018 (OriginLab, Northampton, MA, USA).

3. Results
3.1. Effect of Humic Acid Urea on Nitrogen Leaching in the Leaching Experiment

Compared to the UN, the HUN increased the risk of NH4*-N leaching, with a 14.68%
increase in cumulative NH4*-N leaching (Figure 2). The first four cumulative NO3; -N
leaching of the two N fertilizers accounted for 31.25%-33.38% of the total cumulative NO3~-
N leaching. The cumulative NO3; ™ -N leaching in the last five times sharply increased with
the increase of incubation days. The HUN reduced the risk of NO3™-N leaching and the
cumulative NO3 ~-N leaching loss was reduced by 13.32% compared to the UN. IN leaching
loss was dominated by NO3;~-N. After the fifth leaching, the cumulative IN leaching in
the HUN started to become lower than that in the UN. The total cumulative IN leaching of
HUN was 8.89% reduced compared with that of UN.

-O0-CK —O-UN -A-HUN
4000

(a) el (b) i ©
3000 :%
L\ ,E 2500 F / - & NA.’:"OU-
-@- - : éﬂlom) ] -4 Ifnlﬂﬂﬂ' @‘é
e Z 1500 | /4 g ,li"
|m E i@
C 1000 |
z 1000 | i -
soo-g-ﬂ'ﬂ éféfﬁl
mﬂﬂm ) PO TP TP PR PR RN PR TR TP PR I PO TP TP TP SRR SR P SRR TR BN

2 8 14 20 26 32 38 44 50

Incubation days (d) Incubation days (d) Incubation days (d)

Figure 2. Effects of different treatments on cumulative leaching loss of NH;*-N (a), NO3~-N (b) and
IN (c). The vertical coordinate corresponding to the point is the average value. The length of the
error bars is the standard deviation. NH;*-N: ammonium nitrogen. NO3~-N: nitrate nitrogen.
IN: inorganic nitrogen. CK: no nitrogen, UN: urea at 240 kg N hm~—2, HUN: humic acid urea at
240 kg N hm~2.

3.2. Effects of Humic Acid Urea on NH3 Volatilization and NyO Emission in the
Incubation Experiment

The effect of N addition on NHj volatilization flux was mainly concentrated in the first
7 days (Figure 3a). Compared with UN, HUN significantly reduced NHj3 volatilization flux
and cumulative NHj volatilization, with a 22.96% reduction after 15-day cumulative NHj
volatilization (Figure 3b). N addition had a small effect on N,O emission flux in the first
5 days (Figure 4a). The peak N>O emissions for each treatment occurred mainly between
5 and 15 days. HUN was effective in reducing cumulative N,O emissions (Figure 4b).
Compared to the UN, the 35-day cumulative N,O emissions were 22.13% lower for HUN.

The main pathway of N loss from N fertilizer was NHj3 volatilization, followed by
N leaching (Table 1). Compared with UN, the total N loss from HUN was reduced by
21.72%, and the N loss from HUN was reduced by 25.51%, 23.07% and 23.08% in the three
pathways of leaching, NHj volatilization and N,O emission, respectively. Among them,
HUN significantly reduced NHj3 volatilization compared to UN (p < 0.05).
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Figure 3. Effects of different treatments on NHj volatilization flux (a) and cumulative ammonia
volatilization (b). The vertical coordinate corresponding to the point is the average value. The
length of the error bars is the standard deviation. NHj3: ammonia, CK: no nitrogen, UN: urea at
240 kg N hm~2, HUN: humic acid urea at 240 kg N hm~2.
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Figure 4. Effects of different treatments on N;O emission flux (a) and cumulative N,O emission
(b). The vertical coordinate corresponding to the point is the average value. The length of the error
bars is the standard deviation. N»O: nitrous oxide, CK: no nitrogen, UN: urea at 240 kg N hm~2,
HUN: humic acid urea at 240 kg N hm~2.

Table 1. The effects of different treatments on nitrogen loss in nitrogen fertilizer.

N Loss Pathway

Treatment Total N Loss (%)
IN Leaching (%) NHj; Volatilization (%) N,O Emission (%)
UN 4.90 + 2.20a 7.11 £ 0.59a 0.78 + 0.06a 12.80 + 2.26a
HUN 3.65 + 1.39a 5.47 + 0.31b 0.60 £+ 0.01b 10.02 £+ 1.41a

Note: Data are expressed as mean + standard deviation. Different letters indicate significant differences between
different treatments at p < 0.05. IN: inorganic nitrogen. UN: urea, 240 kg N hm~2. HUN: humic acid urea,
240 kg N hm 2.

3.3. Effect of Humic Acid Urea on Soil Nutrient Content in the Field Experiment of
Maize-Wheat Rotation

SOC content marginally varied with urea application during wheat growth, while
SOC content with humic acid urea application showed an increasing trend from the jointing
to booting stage and then leveled off (Figure 5). On the whole, humic acid urea had almost
no effect on SOC content compared to urea. The soil NH;*-N content of all treatments
showed a decreasing trend at the wheat jointing stage, then reached the lowest at the wheat
booting stage, and finally gradually increased and leveled off. Compared with the UN,
HUN and HUN1 could increase the soil NH;*-N content by 27.26% and 5.41% on average,
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respectively. Soil NO3™-N content increased with wheat growth in all treatments, and
HUN and HUNT1 increased soil NO3™-N content compared with UN, with an average
increase of 17.51% and 2.83%, respectively. Meanwhile, the increase in soil NO3~-N content
by application of humic acid urea compared with urea was mainly in 0-20 and 20-40 cm
soil layers, while the difference was smaller in the 40-60 cm soil layers. The AP content of
all treatments showed a trend of decreasing, increasing and then decreasing with wheat
growth in the 0-20 and 40-60 cm soil layers. The HUN, HUN1, HUN2 and HUN3 increased
soil AP content by an average of 24.68%, 12.50%, 3.35% and 16.57%, respectively, compared
to UN.

3.4. Effect of Humic Acid Urea on Soil Enzyme Activity and Enzyme Stoichiometry in the Field
Experiment of Maize-Wheat Rotation

Humic acid urea application inhibited 3G enzyme activity (Figure 6a). G enzyme
activity of HUN, HUN1, HUN2 and HUN3 was reduced by an average of 24.04%, 10.58%,
31.32% and 16.11%, respectively, compared to UN. Humic acid urea increased CBH enzyme
activity and it increased with the amount of humic acid urea applied (Figure 6b). Compared
to UN, the CBH enzyme activities of HUN and HUN1 increased by 32.24% and 13.81% on
average, respectively. The NAG enzyme activity of all treatments showed a decrease at the
wheat booting stage, and then increased and leveled off (Figure 6c). On the whole, the lower
the amount of humic acid urea applied, the greater the increase in NAG enzyme activity.
Compared to UN, NAG enzyme activity decreased by 5.09% in HUN, while NAG enzyme
activity increased by 0.66%, 17.34% and 31.65% in HUN1, HUN2 and HUNS3, respectively.
HUN and HUNT1 increased ALP enzyme activity compared to UN by an average of 13.23%
and 15.62%, respectively (Figure 6d).

The enzyme C: N and C: P ratios of all treatments were greater than 1, suggesting that
soil microorganisms were more limited by N and P compared to C (Figure 7). Compared
with UN, the enzyme C: N ratios of HUN, HUN1, HUN2 and HUN3 were reduced by
1.58%, 0.91%, 2.79% and 4.50% on average, respectively, and their enzyme C: P ratios were
reduced by 4.11%, 2.02%, 1.41% and 1.73% on average, respectively. The enzyme N: P ratios
of all treatments were less than 1, indicating that soil microorganisms were more P-limited
than N. The HUN2 and HUN3 increased the enzyme N: P ratio by an average of 1.82% and
3.14%, respectively, compared to the UN, showing that a small amount of humic acid urea
application could alleviate microbial P limitation.

3.5. Effect of Humic Acid Urea on Yield, NUE and NEP in the Field Experiment of
Maize-Wheat Rotation

Maize yield of HUN1 and wheat yield of both HUN and HUNI1 were significantly
higher than that of UN (p < 0.05) (Table 2). Compared to UN, HUN, HUN1 and HUN2
increased maize yield by 7.94%, 14.23% and 4.86% and wheat yield by 33.08%, 15.57% and
9.69%, respectively. Compared with UN, the NUE of maize in HUN and HUNT1 increased
by 18.11% and 35.33%, respectively, and that of wheat in HUN, HUN1, HUN2 and HUN3
increased by 60.55%, 77.51%, 25.21% and 24.77%, respectively. Despite the higher price
of humic acid urea than urea, the application of humic acid urea still increased the NEP
of maize-wheat rotation (Table 3). HUN, HUN1 and HUN2 increased the NEP by 8.36%,
16.53% and 5.92% at the maize stage and 38.35%, 18.06% and 11.66% at the wheat stage,
respectively, compared with the UN. Among the treatments, HUN1 had the highest NUE
and increased yield and NEP compared to UN.
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Figure 5. Effects of different treatments on soil nutrient content in wheat growth stages. The SOC
contents of 0-20, 20-40 and 40-60 cm were shown as (a—c), respectively. The NH;*-N contents of
0-20, 2040 and 40-60 cm were shown as (d—f), respectively. The NO3;~-N contents of 0-20, 20-40
and 40-60 cm were shown as (g-i), respectively. The AP contents of 0-20, 20-40 and 40-60 cm
were shown as (j—1), respectively. The vertical coordinate corresponding to the point is the average
value. The length of the error bars is the standard deviation. SOC: soil organic carbon. NHy*-
N: ammonium nitrogen. NO3™-N: nitrate nitrogen. AP: available phosphorus. CK: no nitrogen.
UN: urea, 240 kg N hm~—2. HUN: humic acid urea, 240 kg N hm~2. HUN1: humic acid urea,
216 kg N hm~2. HUN2: humic acid urea, 192 kg N hm~2. HUN3: humic acid urea, 168 kg N hm 2.
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Figure 7. Effects of different treatments on enzyme C:N ratio (a), enzyme C:P ratio (b) and enzyme
N:P ratio (c) in wheat growth stages. The lengths of the bars are average values. The length of the
error bars is the standard deviation. Different letters indicate significant differences between different
treatments at p < 0.05 for the same wheat growth stages. C: carbon. N: nitrogen. P: phosphorus.
CK: no nitrogen. UN: urea, 240 kg N hm 2. HUN: humic acid urea, 240 kg N hm 2. HUN1: humic
acid urea, 216 kg N hm~2. HUN2: humic acid urea, 192 kg N hm~—2. HUNS3: humic acid urea,
168 kg N hm 2.
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Table 2. The effects of different treatments on yield, nitrogen accumulation and NUE in maize-
wheat rotation.

Maize Wheat
Treatment . :
Yield (kg-hm-2) N "(‘ffg‘,‘}‘l“n‘f}iﬁ“’“ NUE (%) Yield (kg-hm-2) N ‘?li“g'_‘l‘fn‘“}i;“’“ NUE (%)
CK 5355.85 + 266.43c 112.93 +12.18d 7612.61 + 470.30d 68.57 £ 3.74c
UN 7465.38 & 236.77b 195.89 4 13.04a 34.56 & 5.43bc 8078.30 + 517.01cd 129.40 + 9.62b 25.35 £ 4.01c
HUN 8058.45 =+ 228.73ab 21091 £ 3.19a 40.82 + 1.33ab 10,750.33 £ 504.24a 166.25 + 16.80a 40.70 £ 7.00ab
HUN1 8527.90 + 59.05a 213.96 £ 15.67a 46.77 = 7.25a 9335.90 + 275.83b 165.76 & 6.56a 45.00 £ 3.04a
HUN2 7828.41 + 442.62ab 175.01 & 6.08b 32.33 £3.17¢ 8860.89 + 727.78bc 129.51 4+ 16.75b 31.74 £+ 8.72bc
HUN3 7381.10 & 762.17b 140.44 £ 2.46¢ 16.37 + 1.46d 8619.59 + 370.33bc 121.70 4+ 7.89b 31.63 £ 4.70bc
Note: Data are expressed as mean =+ standard deviation. Different letters indicate a significant difference at
p < 0.05 between different treatments. NUE: nitrogen use efficiency. CK: no nitrogen. UN: urea, 240 kg N hm 2.
HUN: humic acid urea, 240 kg N hm~2. HUN1: humic acid urea, 216 kg N hm~2. HUN2: humic acid urea,
192 kg N hm~2. HUN3: humic acid urea, 168 kg N hm~2.
Table 3. The effects of different treatments on TEP and NEP in maize-wheat rotation.
Treatment
TEP ($ hm—2) NEP ($ hm—2) TEP ($ hm—2) NEP ($ hm—2)
CK 2058.79 + 102.42¢ 1704.3 £ 102.42c 2907.41 + 359.24b 2536.83 + 359.24b
UN 2869.69 + 91.01b 2392.08 &+ 91.01b 3085.26 + 394.91b 2583.35 + 394.91b
HUN 3097.67 + 87.92ab 2592.01 & 87.92ab 4105.77 £ 385.16a 3573.94 1+ 385.16a
HUN1 3278.12 £ 22.7a 2787.58 + 22.7a 3565.57 + 210.69ab 3049.86 + 210.69ab
HUN2 3009.24 £+ 170.14ab 2533.81 4+ 170.14ab 3384.15 + 555.91b 2884.57 + 555.91ab
HUN3 2837.29 + 292.98b 2376.98 + 292.98b 3291.99 + 282.87b 2808.54 + 282.87b

Note: Data are expressed as mean + standard deviation. Different letters indicate a significant difference at
p < 0.05 between different treatments. Average market prices in China: maize: 384.40 $ t~; wheat: 381.92 $ t~1;
urea: 251.72 $ t~1; humic acid urea: 309.07 $ t~1; double superphosphate: 157.33 $ t~!; potassium sulfate:
356.50 $ t~1; other costs included labor expenditure and seed expenditure: 263.50 $ hm~2. TEP: annual total
economic profit. NEP: annual net economic profit. CK: no nitrogen. UN: urea, 240 kg N hm~2. HUN: humic acid
urea, 240 kg N hm~2. HUN1: humic acid urea, 216 kg N hm~2. HUN2: humic acid urea, 192 kg N hm~2. HUNS3:
humic acid urea, 168 kg N hm~2.

4. Discussion
4.1. Effect of Humic Acid Urea on Nitrogen Loss

The activity of humic acid is mainly determined by the number of its carboxyl and
hydroxyl functional groups [35]. Zhang et al. [22] showed that humic acid can generate
stable complexes with urea and provide more hydroxyl functional groups. This enables
the humic acid in humic acid urea to still function in its role in promoting plant growth,
prolonging fertilizer effectiveness and reducing nitrogen losses. Meanwhile, Shen et al. [21]
found that humic acid combines with amino, carboxyl and hydroxyl groups of urea,
reducing the rate of N hydrolysis in urea. Since humic acid urea possesses a more sustained
N release process, this enables the soil NH4*-N content of the humic acid urea treatment to
not increase as rapidly as the urea treatment, leading to a weakening of nitrification and
denitrification, and a reduction in N loss [36,37]. Liu et al. [38] investigated that functional
groups in humic acid can interact with the thiol group of urease to form complexes, thus
inhibiting the activity of urease, which further slows down the rate of N conversion in the
soil. Therefore, humic acid urea prolongs fertilizer efficiency and reduces N loss mainly
by slowing down the rate of urea hydrolysis and the rate of N fertilizer conversion in
the soil. Studies have shown that humic acid addition can promote the formation of
soil macroaggregates, improve soil physical structure and enhance soil water holding
capacity [15]. This also enables humic acid urea to reduce the risk of soil NH;*-N and
NO;~-N leaching. NHj volatilization usually accounts for 10%—-60% of total N losses in
agriculture and is the main pathway for fertilizer N losses [39]. This is consistent with
the results of this study. NHj volatilization accounted for 55.55% and 54.59% of total
fertilizer N losses for UN and HUN, respectively. Meanwhile, compared with UN, HUN
reduced N losses by 25.51% and 23.08% in the two N loss pathways of IN leaching and
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N>O emission, respectively. This indicates that humic acid urea can effectively reduce N
losses and environmental pollution.

4.2. Effect of Humic Acid Urea on Soil Nutrients and Enzyme Stoichiometry

Mitigation of soil microbial nutrient limitation is essential to improve soil quality.
Enzyme stoichiometry are sensitive probes used to study microbial nutrient limitations and
is significantly influenced by soil nutrient effectiveness [40]. Numerous studies have shown
that humic acid can increase soil macroaggregates and SOC content [41,42]. However,
the application of humic acid urea in this study did not significantly increase soil SOC.
This may be because humic acid stimulated root growth and triggered the enrichment of
microorganisms, which increased microbial utilization of SOC [13,43]. In this study, the en-
zyme C:N and C:P ratios in all treatments were greater than 1, and these in humic acid urea
treatment were closer to 1. According to the view that microorganisms optimize resource
allocation to obtain the most limited resources, the greater the microbial investment in an
enzyme, the greater the demand for that nutrient, which globally converges the enzyme
stoichiometry ratio to 1:1:1 [32,44]. This suggests that humic acid urea application alleviates
microbial C limitation and increases microbial utilization of SOC. Meanwhile, humic acid
urea increased CBH enzyme activity and decreased 3G enzyme activity. This indicates that
humic acid urea makes C limitation of soil fungi greater than that of bacteria [45].

In our study, humic acid urea could increase soil NH4*-N and NO;~-N content
during wheat growth by inhibiting urea hydrolysis and reducing nitrogen loss, which is
consistent with other research results [15]. Meanwhile, application of humic acid urea
reduced microbial investment in NAG and brought the enzyme stoichiometry ratio for
wheat growth closer to 1:1:1, thus promoting microbial nutrient balance [46]. Dong et al. [47]
showed that humic acid did not directly affect the number of soil nitrobacteria, but caused
changes in the number of soil nitrobacteria by affecting the rate of urea hydrolysis to
NH,"-N. In this study, soil NO3~-N content gradually increased with wheat growth. This
indicates that humic acid urea itself does not inhibit soil nitrification. Humic acid urea only
reduced the soil NH;*-N content, leading to a weakening of potential nitrification, which
reduced the soil NO3 ™ -N content [48].

Humic acid urea promoted microbial nutrient balance also in the way of alleviating P
limitation. In this study, humic acid urea treatment increased the ALP enzyme activity and
AP content, and brought the enzyme N: P ratio closer to 1. This is due to a large number of
oxygen-containing functional groups in humic acid urea [21] that can compete with soil
P for sorption sites, leading to an increase in AP content [49]. Meanwhile, Li et al. [50]
showed that humic acid had a positive effect on P-solubilizing microbial community and
ALP enzyme activity. Therefore, humic acid urea is beneficial to enhance soil nutrients,
promote microbial nutrient balance, and improve soil quality in maize and wheat growth.

4.3. Effect of Humic Acid Urea on Yield and NUE

In this study, HUN and HUNI1 increased the yield and NUE of maize and wheat,
which is consistent with the results of other researchers [22]. This is mainly due to three
aspects. First, humic acid urea reduced N losses and increased soil NH;"-N and NO3; ™ -
N content to fulfill the N requirements of wheat and maize. Secondly, humic acid urea
increased ALP enzyme activity and soil P effectiveness. Studies have shown that humic
acid makes soil P in an exchangeable state, effectively preventing P from binding to metal
elements, which makes it difficult to be used by crops [18]. This significantly improved the
yield and quality of wheat and maize [51]. Finally, humic acid urea could slow down urea
hydrolysis and prolong N supply. Ma et al. [52] showed that the key to improving NUE in
crops is to extend the nitrogen fertilizer effectiveness, so that the rate of N release from the
fertilizer is at the same rate as the plant N requirement.

The positive effect of humic acid urea on yield and NUE in maize and wheat was
attributed not only to its improved soil nutrient supply, but also to its promotion of plant
growth and nutrient uptake efficiency. Studies have shown that humic acid has a positive
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effect on crop chlorophyll content and chloroplast ultrastructure, which improves crop
photosynthetic efficiency and shows an obvious dose-effect [53]. Meanwhile, humic acid
can be a eustressor that triggers metabolic changes in crops, inducing stimulation of crop
root growth and development [54]. Liu et al. [23] found that humic acid promotes nutrient
acquisition by maize roots and increases maize yield. Thus, HUN and HUNI increased the
yield and NUE of maize and wheat, which is the positive result of the combined effect on
soil nutrient supply and plant nutrient acquisition.

Overall, our results showed that humic acid urea could effectively reduce N losses
from all pathways, decrease the environmental pollution caused by N application, promote
soil microbial nutrient balance and improve the yield and NUE of maize and wheat. We
determined that humic acid urea at 216 kg N hm 2 level could maximize NUE and NEP
under the condition of improving crop yield.

5. Conclusions

In this study, humic acid urea reduced fertilizer N losses in three pathways of N
leaching, NHj volatilization and N, O emission by 25.51%, 23.07% and 23.08%, respectively,
compared to urea. This mitigated the environmental impact of agricultural N application.
Humic acid urea increased the effectiveness of soil N and P, and brought the enzyme
stoichiometry closer to 1:1:1. This alleviated soil microbial nutrient limitation and improved
soil quality. Application of humic acid urea increased the yield, NUE and NEP of maize
and wheat due to reduced N losses and prolonged fertilization effect. Among them, HUN1
increased the yield of maize and wheat by 14.23% and 15.57%, improved NUE by 35.33%
and 77.51%, and increased NEP by 16.53% and 18.06%, respectively, compared to UN.
Therefore, we recommend the application of humic acid urea at 216 kg N hm~2 in the
Typic Hapludalf soil to maximize NUE, reduce environmental pollution and improve yield
and NEP. In the future, more soil types and more detailed soil microbial studies should be
applied to study the effects of humic acid urea on NUE and environmental benefits.
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