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SOIL FERTILITY & CROP NUTRITION

Reducing Nitrogen Loss and Increasing Wheat Profits
with Low-Cost, Matrix-Based, Slow-Release Urea
Yang Yang, Lixiang Yu, Xiaoyu Ni, Ye Yang, Binmei Liu, Qi Wang, Liangzhi Tao, and Yuejin Wu*
ABSTRACT
Application of slow-release fertilizer is beneficial for field wheat
production. However, higher price largely limits its application. Therefore, development of low-cost slow-release fertilizers is necessary. We conducted a two-site field experiment and
three laboratory experiments in Hefei and Longkang in China
during 2015–2016 wheat growing season. The objective was
to assess the effects of novel matrix-based slow-release urea on
wheat (Triticum aestivum L.) yields, plant N use, N loss, soil N
availability, and net profits, and elucidate the possible mechanisms. Field experiment included three treatments, that is, the
control test (CK), common urea treatment (CU), and matrixbased urea treatment (MU). In CU and MU, urea was applied
at 180 kg N ha–1. Grain yields were significantly greater in MU
than in CU in both sites, attributed to greater spike number
per hectare and grain number per spike. Agronomical efficiency
(AE) and apparent recovery efficiency (ARE) were also significantly greater in MU than in CU. Greater yields, AE, and ARE
in MU were related to better plant development, that is, greater
plant height, leaf area index, root area, total chlorophyll, carotenoid, nitrate reductase, and glutamine synthetase. Better plant
growth in MU was attributed to lower N loss risk via N leaching and ammonia emission and higher soil N availability. Net
profits were >US$200 ha–1 greater in MU than in CU. Overall,
matrix-based urea is suitable for application in field wheat production in wheat growing regions such as Hefei and Longkang,
with lower N loss and greater wheat profits.

Core Ideas
• Application of matrix-based urea increased grain yield by >11% in
both sites.
• Agronomical efficiency and apparent recovery efficiency were
greater in matrix-based urea.
• Nitrogen leaching and NH3 emission were lower in matrix-based
urea, leading to higher soil N availability.
• Net profits were >US$200 ha–1 greater in matrix-based urea than in
common urea treatment in both sites.

I

n the next 20 yr, food production must double to keep
pace with the world population growth (McCouch et
al., 2013). Crop production and food security are highly
dependent on fertilizer inputs (especially N fertilizer) (Geng
et al., 2016a). In recent years, N input in field crop production
has been increasing rapidly (Gong et al., 2011). For example, N
fertilizer consumption in China has increased by nearly 100%
during the last 30 yr, and China has surpassed the European
Union and the United States in its N fertilizer consumption
since 2000 (Liu et al., 2013). However, common N fertilizers
(such as urea) have high N loss risk via leaching or ammonia
emission, leading to economic losses and environmental problems (Geng et al., 2016a; Zhang et al., 2015). It is estimated
that N losses will affect nearly 70% of global environment by
2050 (Sutton and Bleeker, 2013). How to reduce N loss and
improve N use efficiency has become a worldwide concern (Liu
et al., 2013).
Development of slow-release fertilizers is a possible solution
for decreasing N loss and improving N use efficiency (Grant et
al., 2012). Slow-release fertilizers are mainly produced by adding functional materials in common fertilizers, or by polymerization (Ni et al., 2013; Yamamoto et al., 2016). For example,
some stabilized fertilizers are produced by adding N-(n-butyl)
thiophosphoric triamide (NBPT, a soil enzyme inhibitor) in
common fertilizers (Chagas et al., 2016). Since slow-release
fertilizers reduce N release rate, N is more likely to be used
by crops rather than lose via leaching or ammonia emission.
Nevertheless, relatively higher price of slow-release fertilizer has
largely limited its application in field crop production (Lyu et
al., 2015; Zheng et al., 2016). Therefore, development of lowcost slow-release fertilizers is necessary.
Matrix-based fertilizer is a novel slow-release fertilizer. It is
produced by adding matrix materials to common fertilizers
(Cai et al., 2014). Matrix materials mainly consist of polymers
(such as polyacrylamide) and clay minerals (such as bentonite
and montmorillonite) (Golbashy et al., 2017; Yang et al., 2017).
Matrix materials reduce N loss through the three-dimensional
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lattice structure and micro-nano network, which decrease N
release via molecular force, surface tension, hydrogen bonds,
and viscous force (Cai et al., 2014; Ni et al., 2013). To improve
the effects of matrix materials on decreasing N loss, matrix
materials are usually modified with physical and chemical
methods, such as high-energy electron beam irradiation and
Na-activation conversion (Qin et al., 2012; Xiang et al., 2014).
As the price of matrix materials is low, production cost of
matrix-based fertilizers is lower than that of other slow-release
fertilizers (Ni et al., 2013; Yang et al., 2017). Nevertheless, the
price of matrix-based fertilizer is still greater than that of common fertilizers. The feasibility of applying matrix-based fertilizer in field crop production is highly dependent on its effects
on crop yields and net profits.
As a novel slow-release fertilizer developed in recent 10 yr,
there is little consensus about the effects of matrix-based fertilizer on crop yields and net profits. Although some field experiments assessed the effects of matrix-based fertilizer on crop
yields, little information is available about the mechanisms
(Liu et al., 2016; Zhou et al., 2016). Some laboratory tests
reported the chemical processes or microscopic characterization, but without field validation (Cai et al., 2014; Ni et al.,
2013). In China, national food security is highly dependent on
wheat production as wheat is the second primary crop (Lv et
al., 2013). Over-application of N fertilizer and the consequent
environmental problems are severe in wheat production, and
thus measures should be taken to reduce N loss and improve N
use efficiency (Nyiraneza et al., 2012; Turner et al., 2010). Since
performance of slow-release fertilizers on crop production is
dependent on rainfall (Middleton et al., 2004), multi-site or
multi-year studies are needed for a better understanding of
matrix-based fertilizer. So far, there is little agreement about
the effects of matrix-based fertilizer on N loss, soil N availability, wheat yields, N use efficiency, and net profits.
We conducted a two-site field experiment and three laboratory experiments with the following objectives: (i) assess the
effects of matrix-based urea on wheat grain yield and N use efficiency, and elucidate the possible mechanisms; (ii) investigate
the effects of matrix-based urea on N loss and soil N availability; (iii) determine whether the cost and profit are acceptable to
wheat growers.
MATERIALS AND METHODS
Site and Materials
A two-site field experiment was conducted during
2015–2016 wheat growing season. One site (31°53¢55² N,
117°10¢22² E; 27 m above sea level) was located in Hefei,
China; the other site (33°05¢59² N, 116°51¢31² E; 24 m above
sea level) was located in Longkang, China. In Hefei and
Longkang during 2015–2016 wheat growing season, the mean
air temperature was 10.6 and 8.2°C, and rainfall totaled 355.0
and 291.2 mm, respectively. The soil in Hefei was classified as

a yellow clunamon soil; while the soil in Longkang was classified as a lime concretion black soil. Selected properties of the
top soil layer (0–20 cm) were showed in Table 1. Before current
study, a maize (Zea mays L.)–winter wheat rotation had been
used for 2 yr without fertilization. In Hefei, wheat cultivar
was Yangmai158; while in Longkang, wheat cultivar was
Wankenmai0901.
Fertilizers used in current study were: common urea
(46.4% N) and matrix-based urea (43.2% N, Xinlianxin Co.,
Ltd, Henan) as N fertilizer; single super phosphate (16% P2O5,
Luke Co., Ltd, Shandong) as P fertilizer; potassium sulfate
(50% K 2O, Hongsifang Co., Ltd, Anhui) as K fertilizer.
Matrix-based urea granules were produced by spraying powder
of matrix materials into molten urea at a proportion of 5%, using
tower granulation method. The matrix materials were the mixture of modified bentonite and organic polymer (Ni et al., 2013).
Experimental Design
Field experiment included three treatments, that is, the
control test (CK, without urea application), common urea
treatment (CU), and matrix-based urea treatment (MU).
Treatments were arranged in a randomized block design
with three replicates. Each plot was 5 by 10 m2 with 1.5 m
gaps between blocks. In CU and MU, urea was applied at
180 kg N ha–1. In all treatments, P fertilizer was applied at
90 kg P2O5 ha–1 and K fertilizer at 50 kg K 2O ha–1. All fertilizers were applied as a basal fertilization before sowing wheat.
Fertilizers were broadcast and incorporated into 0- to 20-cm
soil layers. Thereafter, wheat was sown to a 3-cm depth in
planting rows. A 20-cm spacing was left between planting rows.
In Hefei, wheat was sown at 150 kg ha–1; while in Longkang,
wheat was sown at 255 kg ha–1, the same as local sowing rate.
Leaching experiment included three treatments, that is,
the CK (without urea application), CU, and MU. Yellow clunamon soil from Hefei and lime concretion black soil from
Longkang were used, respectively. Briefly, a leaching tube
(diameter 20 cm; height 40 cm) was filled with the mixture of
8.5 kg air-dried soil (<2.00 mm) and urea granules equivalent
to 0.57 g N. The soil column was 20 cm in height. To adjust
the soil moisture to field capacity (Table 1), 2.2 L water (for
soil from Hefei) and 1.9 L water (for soil from Longkang) was
added to the leaching tube, respectively. Then, 9.4 L water
(equivalent to 300 mm rainfall) was added using a measuring
cylinder to the leaching tube at 940 mL each time. Leaching
samples were collected 10 times in total. Each treatment was
measured with five replicates.
Ammonia emission experiment included three treatments,
that is, the CK (without urea application), CU, and MU.
Yellow clunamon soil from Hefei and lime concretion black
soil from Longkang were used, respectively. Briefly, an emission
chamber (diameter 20 cm; height 40 cm) was filled with the
mixture of 8.5 kg air-dried soil (<2.00 mm) and urea granules

Table 1. Selected properties of the top soil layer (0–20 cm).
Site
Clay†
Silt†
Sand†
Organic C
Total N
––––––––––––––  % –––––––––––––– ––––––––––––  g kg–1 ––––––––––––
Hefei
50.2
40.7
9.1
9.9
1.01
Longkang
24.5
36.6
38.9
7.5
0.81

pH (soil:water, 1:2.5)
6.6
7.8

Field capacity
%
25.7
21.9

† Based on USDA classification system: clay, <0.002 mm; silt, 0.002 to 0.05 mm; and sand, 0.05 to 2.0 mm.
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Calculation and Statistical Analyses
Agronomical efficiency and apparent recovery efficiency were
calculated as (Fageria et al., 2014):

equivalent to 0.57 g N. The soil column was about 20 cm in
height. To adjust the soil moisture to field capacity (Table 1),
2.2 L water (with Hefei soil) and 1.9 L water (with Longkang
soil) was added to the emission chamber, respectively. Soil
moisture was maintained as 100% field capacity by added
water to the soil every 3 d with an electronic balance. Emission
chambers were then incubated at 25°C. Ammonia emission
samples were collected using the acid trapping method, that is,
a gas pump was used to pump air into emission chambers during 0200 to 0220, 0800 to 0820, 1400 to 1420 and 2000 to
2020 h every day, and ammonia from emission chambers was
trapped with 100 mL boric acid (20 g L–1). Emission samples
were collected every 3 d until the 27th day after incubation.
Each treatment was measured with five replicates.
A microscopic experiment was conducted to show the aggregates formed in matrix-based urea. Briefly, 0.1 mL methyl red
(1 mg mL–1) was used to stain the powder (0.01 g) of matrix
material, common urea, and matrix-based urea, respectively.
Thereafter, the stained powder was washed with 0.5 mL distilled water, and the water was removed with blotting papers
under air-dried condition. Micrographs were taken using a digital microscopic camera (UCMOS Co., Ltd, Hangzhou, China).

AE = (Gf – Gck)/Na
ARE = (Nf – Nck)/Na × 100%
where AE is agronomical efficiency (kg kg–1 N); Gf is grain
yield in the urea fertilized treatment (kg ha–1); Gck is grain
yield in the control test (kg ha–1); Na is N application rate
(kg N ha–1); ARE is apparent recovery efficiency (%); Nf is N
uptake in the urea fertilized treatment (kg N ha-1); and Nck is
N uptake in the control test (kg N ha–1).
Nitrogen leached from applied urea was calculated as:
Nleaching = Nf – Nck
where Nleaching is nitrogen leached from applied urea (mg N);
Nf is nitrogen leached in the urea fertilized treatment (mg N);
Nck is nitrogen leached in the control test (mg N).
Nitrogen leaching ratio was calculated as:

Sampling and Lab Analyses
Grain yield was determined by harvesting the entire plot
excluding border rows at maturity. Subsamples of grains and
straws were oven-dried at 105°C for 30 min and then at 80°C
for 72 h to determine moisture (Yao et al., 2007). Grain yield
was adjusted to 14% moisture. A 1 by 1 m2 area from each plot
was measured for calculation of spike number per hectare.
Twenty spikes from each plot were measured to determine
grain number per spike. An automatic seed-counting system
(Tuopu Co., Ltd, Hangzhou, China) was used to determine
thousand grain weight.
Twenty plants were collected from each treatment at anthesis
for measurement of morphological parameters. Plant height
was measured using a ruler. Leaf area was determined with the
WinFOLIA leaf analysis system, while root area was determined with the WinRHIZO root analysis system (Regent Co.,
Ltd, Quebec, QC, Canada). Leaf area index equaled the ratio
of total leaf area to planting area (Yang et al., 2015).
Ten flag leaves were collected from each plot, and then cut
into pieces and mixed thoroughly for measurement of physiological parameters. Concentration of total chlorophyll and
carotenoid was determined as described by Fiorini et al. (2016).
Activity of nitrate reductase and glutamine synthetase was
determined as described by Sinha et al. (2015).
At anthesis stage, five soil cores of the 0- to 20-cm soil layers
were collected from each plot in a W shape, and then bulked
for analysis of soil available N. Soil samples were extracted
with 1 M KCl solution and then available N (= NH4+–N +
NO3––N) was measured using a continuous flow analyzer (AA3,
Bran+Luebbe, Germany) as described by Yang et al. (2015).
Urea-N samples in the leaching experiment was measured
using a spectrophotometer (Lambda 35, PerkinElmer Co.,
Ltd, Waltham, MA) as described by Ni et al. (2013). Ammonia
samples in emission experiments were measured with the titration method as described by Han et al. (2014).
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NLR = Nleaching /Na × 100%
where NLR is nitrogen leaching ratio (%); Nleaching is nitrogen
leached from applied urea (g N); Na is nitrogen content in
applied urea (0.57 g N).
Ammonia emission from applied urea was calculated as:
Eurea = Ef – Eck
where Eurea is ammonia emission from applied urea (mg N); Ef
is ammonia emission in the urea fertilized treatment (mg N);
Eck is ammonia emission in the control test (mg N).
Ammonia emission ratio was calculated as:
ER = Eurea/Na × 100%
where ER is ammonia emission ratio (%); Eurea is ammonia
emission from applied urea (mg N); Na is nitrogen content in
applied urea (0.57 g N).
Dynamics of cumulative N leaching ratio and cumulative
ammonia emission ratio were described using the first-order
kinetic model (Dessureault-Rompré et al., 2012; Yang et al.,
2017) as:
Nt = No (1 – exp–bx)
where Nt is cumulative nitrogen leaching ratio or cumulative
ammonia emission ratio (%); No is the maximum cumulative
nitrogen leaching ratio or maximum cumulative ammonia
emission ratio (%); b is the coefficient of nitrogen leaching
ratio or ammonia emission ratio; x is leaching sequence number (1–10) or emission sampling sequence number (1–9). The
first-order kinetic model was fitted using OriginPro 2015
(OriginLab Corp., Northampton, MA).
3

Wheat income, urea cost, and net profit were calculated as:
Wincome = Wyield × Wprice
Ucost = Uinput × Uprice
NP = Wincome – Ucost – Ocost
where Wincome is wheat income (US$ ha–1); Wyield is wheat
yield (kg ha–1); Wprice is wheat price ($ kg–1); Ucost is urea cost
($ ha–1); Uinput is urea input (kg N ha–1); Uprice is urea price
($ kg–1 N); NP is net profit ($ ha–1); Ocost is other costs except
urea cost ($ ha–1), that is, costs from P fertilizer, K fertilizer,
wheat seeds, and field management.
As Ocost was same in CU and MU, net profit increment of
MU compared with CU was calculated as:
NPI = (Wincome,MU – Ucost,MU – Ocost)
– (Wincome,CU – Ucost,CU – Ocost)
NPI = (Wincome,MU – Ucost,MU)
– (Wincome,CU – Ucost,CU)
where NPI is net profit increment of MU compared with
CU ($ ha–1); Wincome,MU is wheat income in MU ($ ha–1);
Ucost,MU is urea cost in MU ($ ha–1); Wincome,CU is wheat
income in CU ($ ha–1); Ucost,CU is urea cost in CU ($ ha–1).
Analyses of variance of grain yield, yield components, agronomical efficiency, apparent recovery efficiency, plant height,
leaf area index, root area, total chlorophyll, carotenoid, nitrate
reductase, glutamine synthetase, cumulative N leaching ratio,
cumulative ammonia emission ratio, and soil available N were
performed using PROC ANOVA in SAS version 9.1 (SAS
Institute, Cary, NC). Means in different treatments were
separated by the least significant difference (LSD 0.05) test
(Hemmat and Eskandari, 2006; Long et al., 2017).

RESULTS AND DISCUSSION
Grain Yield, Yield Components,
and Nitrogen Use Efficiency
Matrix-based urea had positive effects on grain yield, spike number per hectare, grain number per spike, agronomical efficiency,
and apparent recovery efficiency in both sites (Tables 2 and 3). In
Hefei, grain yield in MU treatment was 11.6% greater than that in
CU treatment; while in Longkang, grain yield in MU was 14.0%
greater than that in CU (p < 0.05). Greater grain yield in MU was
attributed to greater spike number per hectare and grain number
per spike (Table 2). Agronomical efficiency and apparent recovery
efficiency in MU were significantly greater than that in CU (p <
0.05) (Table 3). Similarly, Liu et al. (2016) and Zhou et al. (2016)
reported positive effects of matrix-based fertilizer on grain yield
in wheat and agronomical efficiency in maize. Since crop yields in
slow-release fertilizer treatment are greater than that in common
fertilizer treatment, some researchers proposed decreasing the
application rate of slow-release fertilizer, so as to produce the same
grain yield while reducing the cost of slow-release fertilizer (Geng
et al., 2015; Liu et al., 2016). Although we did not investigate the
effects of application rate of matrix-based urea on grain yields, the
yield increases found in current study supported the suggestion. It
should be noted that as the plots were planted without fertilization
for 2 yr prior to the current study, the initial soil fertility in the current study may be lower than those fertilized every year. Further
studies should be conducted under different levels of initial soil
fertility, so as to provide a more comprehensive understanding
about the effects of MU.
Morphological and Physiological Responses
Greater grain yield and N use efficiency in MU were closely
related to better plant development. We found significant
responses of some morphological and physiological parameters
to matrix-based urea (Fig. 1 and Table 4). For example, plant
height, leaf area index, total chlorophyll, carotenoid, and glutamine synthetase in MU were significantly greater than that
in CU in both sites (p < 0.05). Besides, root area in MU was
also greater than that in CU (p > 0.05). Improvements of the

Table 2. Responses of grain yield, spike number per hectare, grain number per spike, and thousand grain weight to matrix-based urea.†
Site
Treatment
Grain yield
Spike number per hectare
Grain number per spike
Thousand grain weight
million ha–1
g
kg ha–1
Hefei
CK
2613 ± 167c
2.63 ± 0.18b
26.1 ± 3.2b
38.3 ± 1.6a
Common urea
5681 ± 376b
4.78 ± 0.25a
31.3 ± 2.8a
38.0 ± 2.3a
Matrix-based urea
6340 ± 108a
4.91 ± 0.11a
34.6 ± 0.6a
37.3 ± 0.7a
Longkang CK
2910 ± 235c
2.47 ± 0.08b
29.3 ± 1.4b
37.8 ± 0.4a
Common urea
5100 ± 210b
4.70 ± 0.19a
29.9 ± 0.5a
37.4 ± 1.5a
Matrix-based urea
5816 ± 158a
4.79 ± 0.29a
33.2 ± 1.8a
36.3 ± 0.7a
† CK represents the control test without urea application. Values are mean ± SD (n = 3). Means with different letters in the same column and site are
significantly different at p < 0.05.

Table 3. Effects of matrix-based urea on agronomical efficiency and apparent recovery efficiency.†
Site
Treatment
Agronomical efficiency
kg kg–1 N
Hefei
Common urea
14.9 ± 1.3b
Matrix-based urea
18.2 ± 0.3a
Longkang
Common urea
10.7 ± 0.8b
Matrix-based urea
14.2 ± 0.4a

Apparent recovery efficiency
%
34.8 ± 1.2b
45.0 ± 1.1a
29.7 ± 2.1b
41.5 ± 3.0a

† Values are mean ± SD (n = 3). Means with different letters in the same column and site are significantly different (p < 0.05).
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Fig. 1. Responses of plant height (n = 20), leaf area index (n = 3), and root area (n = 20) at anthesis to matrix-based urea. CK, the control
test without urea application; CU, common urea; MU, matrix-based urea. Means with different letters in the same row and site are
significantly different at p < 0.05.

morphological and physiological parameters are beneficial for
photosynthesis and favor plant uptake of nutrients and water
(Geng et al., 2016b; Pagani and Echeverria, 2011). Although
we did not measure photosynthetic parameters, the greater
grain yield indicated higher C assimilation in MU than in
CU. It should be mentioned that soil fertility (Table 1) and
mean air temperature was lower in Longkang than that in
Hefei. Local wheat growers in Longkang sow wheat at a high
rate (such as 255 kg ha–1) so as to maintain wheat productivity.
Consequently, tiller number per plant in Longkang was lower
than that in Hefei (Fig. 1), due to high density of wheat plants.
Although the wheat cultivar, sowing rate, soil property, and
meteorological condition were different in the two studied sites,
MU had consistent performance in promoting wheat growth.

N leaching ratio was described by a first-order kinetic model
(Fig. 2b and 2d). The model indicated that CU had much greater
maximum cumulative N leaching ratio (33.4 with Hefei soil and
36.7 with Longkang soil) than MU (21.6 with Hefei soil and
27.6 with Longkang soil); while the coefficient of N leaching
ratio was also greater in CU (0.281 with Hefei soil and 0.356
with Longkang soil) than in MU (0.179 with Hefei soil and
0.186 with Longkang soil). A LSD test indicated that the cumulative N leaching ratio was consistently lower in MU than in CU
at each sampling time (p < 0.05). Ammonia emission ratio in
CU and MU both peaked during 1 to 3 d after application, but
the maximum ammonia emission ratio was greater in CU than
in MU (Fig. 3a and 3c). The cumulative ammonia emission ratio
was described by a first-order kinetic model (Fig. 3b and 3d).
The model indicated that ammonia emission loss was greater in
CU than in MU, that is, the maximum cumulative ammonia
emission ratio was greater in CU (14.2 with Hefei soil and 16.4
with Longkang soil) than in MU (8.5 with Hefei soil and 10.4
with Longkang soil); while CU also had greater coefficient of
ammonia emission ratio (0.419 with Hefei soil and 0.409 with
Longkang soil) than MU (0.388 with Hefei soil and 0.393
with Longkang soil). A LSD test indicated that the cumulative
ammonia emission ratio was consistently lower in MU than in
CU at each sampling time (p < 0.05).

Nitrogen Loss and Soil Nitrogen Availability
Field crop growth can be improved when N demand and N
supply is synchronized (Yan et al., 2016). Better plant development in MU was highly attributed to decreases in N loss and
improvements in soil N availability. Our laboratory tests showed
that the N leaching ratio in CU peaked at the second to third
leaching, while that in MU peaked slower (at the fourth to fifth
leaching). Additionally, the maximum N leaching ratio was
greater in CU than in MU (Fig. 2a and 2c). The cumulative

Table 4. Responses of total chlorophyll, carotenoid, nitrate reductase, and glutamine synthetase in flag leaves to matrix-based urea.†
Site
Treatment
Total chlorophyll
Carotenoid
Nitrate reductase
Glutamine synthetase
A540 mg–1 protein h–1
––––––––––––––  g kg–1 FW –––––––––––––– mg NO2– kg–1 FW h–1
Hefei
CK
1.196 ± 0.012c
0.190 ± 0.017c
10.8 ± 0.9c
7.4 ± 0.4c
CU
1.799 ± 0.037b
0.252 ± 0.028b
14.3 ± 1.8b
12.2 ± 0.9b
MU
2.821 ± 0.096a
0.417 ± 0.022a
16.6 ± 2.3a
15.6 ± 1.0a
Longkang
CK
1.747 ± 0.006c
0.263 ± 0.002c
10.3 ± 0.8b
5.9 ± 0.2c
CU
1.983 ± 0.018b
0.288 ± 0.006b
14.1 ± 0.8a
10.1 ± 0.6b
MU
2.215 ± 0.012a
0.321 ± 0.011a
15.4 ± 1.5a
11.5 ± 0.5a
† CK, the control test without urea application; CU, common urea; MU, matrix-based urea. Values are mean ± SD (n = 3). Means with different letters in the same column and site are significantly different at p < 0.05.
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Fig. 2. Nitrogen leaching characteristics. Each treatment was leached 10 times (940 mL water each time). Error bars represent the
standard deviation (n = 5). Nitrogen leaching ratio = N leached from applied urea/N in applied urea × 100%, where, N in applied urea
is 0.57 g N. Cumulative N leaching ratio was described by a first-order kinetic model as: Nt = No (1– exp –bx), where, Nt is cumulative
nitrogen leaching ratio (%); No is the maximum cumulative nitrogen leaching ratio (%); b is the coefficient of N leaching ratio; x is leaching
sequence number (1–10). Cumulative N leaching ratio with common urea was significantly greater than that with matrix-based urea
(p < 0.05).

Fig. 3. Ammonia emission characteristics. Each treatment was measured nine times at an interval of 3 d. Error bars represent the
standard deviation (n = 5). Ammonia emission ratio = N in emission sample/N in applied urea × 100%, where, N in applied urea is 0.57
g N. Cumulative ammonia emission ratio was described by a first-order kinetic model as: Nt = No (1– exp –bx), where, Nt is cumulative
ammonia emission ratio (%); No is the maximum cumulative ammonia emission ratio (%); b is the coefficient of ammonia emission ratio;
x is emission sampling sequence number (1–9). Cumulative ammonia emission ratio with common urea was significantly greater than that
with matrix-based urea (p < 0.05).
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Lower N leaching and ammonia emission in MU were
largely resulted from the aggregates formed by matrix materials
(Fig. 4). Cai et al. (2014) and Ni et al. (2013) reported that the
micro-nano network and three-dimensional lattice structure in
matrix materials were responsible for lower N release rate from
matrix-based fertilizers, which involved in the effects of viscous
force, molecular force, and hydrogen bonds. Those structures
and forces favored the formation of aggregates. Previous studies showed the aggregates improved the structure stability of
soils and also reduced P losses which were beneficial for crop
growth (Jiang et al., 2010; Mamedov et al., 2010). The aggregates in MU reduced the N release rate. Lower N release rate
in MU did not only result in lower N leaching loss, but also
led to lower N concentration in soil solution, which was partly
responsible for lower ammonia emission (Han et al., 2014;
Yang et al., 2015). Since matrix-based urea had lower N leaching and ammonia emission, we hypothesized that soil N availability will be greater in MU than in CU. Our field experiment
confirmed our hypothesis, that is, available N concentration in
top soil layer at anthesis was greater in MU than in CU in both
sites (Table 5). It should be noted that some field factors are not
taken into consideration in laboratory tests (Peng et al., 2015).
Nitrogen leaching and ammonia emission from urea application in field conditions are affected by meteorological parameters (such as rainfall and temperature) (Wang et al., 2016;
Yang et al., 2015). Therefore, further field studies are needed for
a better understanding of N losses from MU application.
Net Profits
Application of slow-release fertilizer is highly limited by its
high price. Therefore, development of low-cost slow-release
fertilizers is beneficial for field crop production. It is estimated
that production of controlled-release urea increases cost by

Table 5. Effects of matrix-based urea on available N concentration (mg N kg-1) in 0- to 20-cm top soil layer at anthesis.†
Treatment
Hefei
Longkang
CK
9.6 ± 0.1c
7.4 ± 1.2c
Common urea
19.6 ± 1.3b
15.7 ± 1.3b
Matrix-based urea
24.1 ± 0.3a
19.5 ± 1.0a
† CK represents the control test without urea application. Values
are mean ± SD (n = 3). Means with different letters within the same
column are significantly different at p < 0.05.

$29 to 290 t–1; while production of matrix-based urea increases
cost by only $4.4–7.3 t–1 (Ni et al., 2013). However, the price
of matrix-based urea was still greater than that of common
urea, and urea cost in MU was $28.3 ha–1 greater than in
CU (Table 6). Nevertheless, due to greater wheat yield, wheat
income in MU was $229.6 (Hefei) and 249.4 (Longkang) ha–1
greater than that in CU. Consequently, application of matrixbased urea increased net profits by $201.4 ha–1 in Hefei and
$221.2 ha–1 in Longkang, compared with that of common
urea. Our findings indicated that the relatively higher price of
matrix-based urea will not limit its application in field wheat
production.
To reduce the cost of slow-release fertilizer in field crop production, some researchers proposed decreasing its application
rate or combining slow-release fertilizer with common fertilizer
for application (Liu et al., 2016; Zheng et al., 2016). For example, Liu et al. (2016) reported that reducing application rate of
matrix-based fertilizer to 77% of local recommended fertilization dose did not cause yield loss. Zheng et al. (2016) observed
that combining common urea with controlled-release urea
decreased fertilizer cost and increased crop yield. Greater grain
yields and net profits found in current study also indicated that
it is possible to reduce fertilizer cost without yield or profit loss,
via reducing application rate of MU or combining MU with

Fig. 4. Microscopic characterization of slow-release mechanisms of matrix-based urea. (a) minerals of matrix material; (b–c) granules of
common urea and matrix-based urea; (d–f) powder; (g) microscopic test (each powder was stained with 1 mg mL–1 methyl red, then
washed with distilled water, and air-dried for observation); (h–j) micrograph after the water washing; (k) aggregates of matrix-materials
and urea. Common urea dissolves rapidly when washed with water, with only a small quantity of urea crystals (needle crystals) left
(Fig. 4i). In contrast, MU forms aggregates of urea and matrix materials which inhibit dissolution of urea in water, with a considerable
amount of urea crystals left (Fig. 4j and 4k).
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Table 6. Net profit increment in matrix-based urea treatment (MU) compared with common urea treatment (CU).†
Site
Hefei

Longkang

Treatment
CU
MU
Difference
CU
MU
Difference

Urea price
$ kg–1 N
0.517
0.674
0.517
0.674

Urea cost
$ ha–1
93.1
121.3
28.3
93.1
121.3
28.3

Wheat yield
kg ha–1
5681
6340
660
5100
5817
717

Wheat price
$ kg–1
0.348
0.348
0.348
0.348

Wheat income
Wheat income minus urea cost
––––––––––––  $ ha–1 ––––––––––––
1976.8
1883.8
2206.5
2085.1
229.6
201.4‡
1774.8
1681.7
2024.2
1902.9
249.4
221.2‡

† Urea cost = urea input × urea price, where, urea input is 180 kg N ha –1 in both treatments. Wheat income = wheat yield × wheat price.
Difference = value in MU– value in CU. Urea price and wheat price were obtained from local distributors.
‡ Net profit increment in MU compared with CU = difference of wheat income– difference of urea cost.

CU. Current study showed positive effects of MU on wheat
productivity and profitability in two wheat growing regions in
China. However, the effects of MU may change with soil properties and meteorological conditions. Therefore, further studies are needed to determine the effects of MU on wheat with
more soil types and climatic conditions, so as to provide a more
comprehensive understanding about the effects of MU.
CONCLUSIONS
Since matrix materials in MU formed aggregates which
decreased N release, MU showed lower risk of N leaching and
ammonia emission, leading to greater N availability in 0 to 20
cm top soil layers at anthesis. Greater soil N availability in MU
treatment increased plant height, leaf area index, root area,
total chlorophyll, carotenoid, nitrate reductase, and glutamine
synthetase in wheat. Better plant development in MU treatment led to greater grain yields, agronomical efficiency, and
apparent recovery efficiency. Greater grain yields in MU treatment were attributed to increases in spike number per hectare
and grain number per spike. As a low-cost slow-release fertilizer, price of MU was relatively lower, but it was still higher
than that of CU. Although fertilizer cost in MU treatment
was $28.3 ha–1 greater than that in CU treatment, net profits
in MU treatment were >$200 ha–1 greater due to higher grain
yields. Overall, application of MU reduces N loss and improves
wheat yields, wheat N use, and net profits, and thus it is suitable for field wheat production in wheat growing regions such
as Hefei and Longkang.
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