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a b s t r a c t

Numerous studies on the traits of controlled release urea in agronomic production and the environmen-
tal protection were conducted in various crops system. However, understanding the effect of controlled
release urea on potato production and nitrogen use efficiency was currently limited. In the present study,
the effect of newly developed controlled release urea (CRU) including polymer coated urea (PCU) and
polymer coating of sulfur-coated urea (PSCU) on the N use efficiency, tuber yield and quality of potato
(Solanum tuberosum L.) that was grown on silt loamy soil were investigated in a field experiment over 2
yr at different sites. The application rate of polymer-coated urea (PCU) and urea was 150 kg N ha−1, and
polymer sulfur-coated urea (PSCU) was applied at 150 kg N ha−1 and 225 kg N ha−1. The N release rates
from CRU synchronized the N requirement of potatoes at different stages. The CRU treatments signifi-
cantly increased total tuber yields by 8.77–19.88% in 2012 and 14.36–26.46% in 2013 in comparison with
the urea treatment during the same year. The marketable tuber yield percentage was pronouncedly pro-
moted by the application of PCU and PSCU in both years. N fertilization significantly enhanced the vitamin
C, soluble protein and starch content. The significant difference of vitamin C concentration in tuber was
only observed in 2013 between PCU and PSCU treatments. The application of PCU and PSCU markedly
improved the N agronomic efficiency and apparent N use efficiency, but obviously decreased the N physi-
ological efficiency relative to urea treatment in 2012 and 2013. Furthermore, enhancing dose of PSCU did
augment total tuber yield and did not increase the marketable yield percentage, but decreased the appar-
ent N use efficiency compared with PSCU treatment. Consequently, moderate amounts (150 kg N ha−1)
of PSCU and PCU are recommended to replace urea for gaining greater yields of potato and nutrient use
efficiency.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Potatoes (Solanum tuberosum L.) are more widely cultivated and
eaten in countries around the world than any other crops, and they

abbreviations: CRU, controlled release urea; PSCU, polymer coating of sulfur-
coated urea; PCU, polymer coated urea; U, urea applied as basal fertilizer; CK, a
controlled treatment with no nitrogen fertilizer; 1.5PSCU, polymer coating of sulfur-
coated urea with 1.5 fold application rate.
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are the fourth most important crop in the global economy after the
cereals maize, rice, and wheat (Jackson, 1999). Nitrogen (N) is one of
the nutrients that exerts the greatest influence on the growth and
development of plants under different environmental conditions
(Cao and Tibbitts, 1993), it is also the key factor in the yield and
quality of potatoes and it is not easy to control. Rational application
of nitrogen fertilizer is one of the most important components of
achieving a high yield (Gao, 1988).

Urea is an ordinary fertilizer that is widely used across the whole
world, and this compound can stimulate biomass and total nitrogen
accumulation in potatoes (Silva et al., 2013). Potatoes require high
nitrogen inputs to maximize yields, and yet fertilizer N recovery is
often relatively low (<50%) because of the plant’s shallow root sys-
tem (Liegel and Walsh, 1976; Bundy and Andraski, 2005). Therefore,
the N requirement has been increased over the years for producing
1000 kg of tubers from 1975–2010 in China (Gao et al., 2011) due to
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Table 1
Basic physical and chemical properties of topsoil (0–20 cm).

Soil bulk
density

Soil
porosity

Field water
capacitya

pH (5:1) Organic matter
content

Total nitrogen
content

Soil available K
content

Soil available P
content

Soil NO3
−-N

content
Soil NH4

+-N
content

(g cm−3) (%) (%) (%) (%) (mg kg−1)

2012 1.48 41.14 28.10 7.05 1.30 0.09 109.56 26.46 36.56 20.15
2013 1.45 45.34 22.03 7.02 0.98 0.07 90.76 30.46 37.35 21.11

a Means the water content on a dry weight basis.

the lower use efficiency of N fertilizer. Excessive application rates of
nitrogen and potassium, along with excessive soil levels of either
nutrient, may reduce tuber solids (Laboski and Kelling, 2007). In
addition, excessive nitrogen application rate is involved in the great
environmental concerns, such as water eutrophication, food safety
and others. However, anthropogenic activities, namely fertilization,
significantly influences N cycling and increases N2O emissions and
NO3

−-N leaching potential, and agriculture contributes approxi-
mately 70% of all anthropogenic N2O emissions (Shoji et al., 2001).
Nitrogen as nitrate in drinking water is potentially dangerous to
newborn infants, causing methoemoglobinemia, and resulting in
brain damage or even death. A limit of 10 mg N L−1 in drinking water
was set by the standards for drinking water quality in China (GB
5749-2006). Because of the high N and water requirements of pota-
toes and the use of highly soluble N fertilizers, controlling NO3

−

leaching is difficult (Zvomuya and Rosen, 2001). Consequently,
Newbould (1989) reported that drinking water contamination by
NO3

−-N was becoming a serious problem in many parts of the
world because of excessive fertilization.

Nitrogen deficiency limits yields, and conversely, excessive N
application can leach to the groundwater to some extent (Errebhi
et al., 1998). Scientific data indicate that a significant improve-
ment for N fertilizer used efficiency results from split N fertilizer
applications according to potato growth needs (Westermann et al.,
1988), and a reduction in N fertilization rates may also have the
undesirable effect on both reducing crop yield and nitrate leaching
(Westermann, 2005). There is a fundamental need to develop an
N management strategy for potatoes that will not only improve N
use efficiency but also reduce potential nitrate leaching (Joern and
Vitosh, 1995). Accordingly, new technologies employing controlled
release fertilizers (CRF) could be adopted as effective mitigation
alternatives to control the environmental impacts of fertiliza-
tion. Polymer-coated urea (PCU) tends to have a more predictable
release pattern, and it has resulted in yields similar to or greater
than those with soluble N sources (Trenkel, 1997). Studies showed
that CRF not only improved the N use efficiency of corn but also
decreased NO3

− leaching (Alva, 1992; Zvomuya et al., 2003; Wilson
et al., 2009).

Nutrient best management practices are the great significance to
optimize crop productivity and to minimize environmental impacts
of N management in potato production. The development of afford-
able controlled-release N fertilizer products with improving N
release characteristics was one of the most promising opportuni-
ties (Zebarth and Rosen, 2007). The cost of material and technology
for controlled-release N fertilizer was increased to some extent in
comparison with common fertilizer, certainly depending on mate-
rials and manufacturing methods. For instance, the additional cost
of polymer-coated urea was 150 US dollars per ton and that of
polymer sulfur-coated urea was 100 US dollars per ton in the man-
ufacturing factories using the processing technology invented by
our national engineering laboratory for efficient utilization of soil
and fertilizer resources, in China. The benefit of CRU application not
only increased the N use efficiency and crops yield but also reduced
the cost for labor input and environmental risk (Ye et al., 2013).

Most investigations have focused on the impact of controlled
release fertilizer on yield and soil environmental pollution. How-
ever, synchronous nutrition research in potatoes has rarely been

reported. Hence, we hypothesized that the N released from CRF and
the N required by potatoes were synchronous, indicating that the N
use efficiency and potato yield were simultaneously increased. The
dynamic changes in N released from the fertilizers in soil, the soil N
supply and potato N uptake combined with climatic characteristics
were investigated in the field experiment. A database was conse-
quently established for the release curve of the special controlled
release fertilizer with soil fertility management and the required
regularity of crop fertilizer application. The results will provide a
scientific basis for fertilizer technology innovation regarding sus-
tainable and high efficient application of fertilizer.

2. Materials and methods

2.1. Plant material and experimental conditions

The experiments were performed during two potato growing
seasons (2012–2013) using the cotton cultivar ‘Favorita’, which
was imported from Holland by the State Department of Agricul-
ture, China in the 1980s and has been widely adopted in North and
Central China. The experiment sites were selected at Taian City,
Shandong Province (N36◦02′18.9′′, E117◦01′11.9′′) and Feicheng
City, Shandong Province (N36◦00′27.1′′, E116◦53′35.2′′) in 2013,
respectively. The cropping history at the former site in 2012 was
watermelon–potato rotation lasting for 3 years, and the cropping
history on the latter site in 2013 was alone potato for 5 years. The
tested soil in both years was Gleyic Luvisol and the soil texture was
silt loam. The selected basic soil physical and chemical properties
of the topsoil (0–20 cm) before planting were as follows (Table 1).
This region has the monsoon climate of medium latitudes, with an
annual average temperature of 12.9 ◦C. The highest temperature is
40 ◦C, and there is an extremely low temperature of −27.5 ◦C, an
annual precipitation of 600–800 mm, an aridity index of 1.1–1.5, a
mild winter climate and a relatively humid, hot and rainy summer,
with rainfall concentrated in July and August. The controlled release
fertilizers with polymer-coated urea (PCU, N 43%, the longevity
was 4 months) and polymer sulfur-coated urea (PSCU, N 34%, the
longevity was 3 months), common urea (46% N), super phosphate
(16% P2O5) and potassium sulfate (50% K2O) were freely afforded
by Kingenta Ecological Engineering Group Co., Ltd., China.

A randomized complete block design was used with three nutri-
ent treatments and one treatment with a 1.5-fold application rate
of nitrogen in comparison with a no- nitrogen application as a con-
trol. Five treatments were set up as described below (Table 2). The
granular fertilizer was applied at a standard application rate (N-
P2O5-K2O:150 -90-210 kg ha−1). All fertilizers had to be applied
once at the depth 15 cm in the middle of the ridge. Over the whole
potato growth period, no additional fertilizer was added. Each
treatment was conducted in triplicate.

There were 15 plots in the experiment. The plot area was
9 m × 5 m = 45 m2, and it was divided into a harvest area (22.5 m2),
a sampling area (13.5 m2) and a buried bag area (9 m2) (Fig. 1). The
N released from controlled fertilizers in soil was determined by
burying the plastic mesh bag (12 cm × 8 cm) with 10 g of PCU or
PSCU as discussed in Rosen et al. (2006) at the depth of the fer-
tilizer band in the field during planting. Only the PCU and PSCU
treatments required the burial of mesh bags. The same buds and
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Table 2
Experimental design and fertilizers used to supply macronutrients in the five treatments.

NO. Treatments N-P2O5-K2O Urea PCU PSCU Super phosphate K2SO4

(kg·ha−1) (g·plot−1)

1 CK 0-90-210 – – – 2531.25 1890.00
2 Urea 150-90-210 1467.39 – – 2531.25 1890.00
3 PCU 150-90-210 – 1579.77 – 2531.25 1890.00
4 PSCU 150-90-210 – – 1985.29 2531.25 1890.00
5 1.5PSCU 225-90-210 – – 2977.54 2531.25 1890.00

Note: “–” indicates no fertilizer application, the same as the followed. For treatment 5, representing 1.5 times the rate of a standard nitrogen application.

Fig. 1. Schematic design of one field plot.

sizes for virus-free potato seed pieces were selected and planted
two rows of plants 20 cm apart on the same ridge, which has a row
spacing of 25 cm, and the width of the ridge is about 90 cm. The
actual density is about 111,000 plants ha−1. The row was covered
with plastic agricultural film to maintain soil optimum tempera-
ture and moisture. The management of potatoes in this study was
performed according to high production guidelines.

2.2. Sampling and analysis

Samples were taken at 24 h (after seeding and fertilization),
7 days, 14 days, seedling stage (29 days), tuber initiation stage
(45 days), flowering stage (57 days), early tuber bulking stage
(69 days), later tuber bulking stage (81 days), starch accumula-
tion stage (91 days) and mature stage (101 days) for a total of 10
times (there was no later tuber bulking stage in 2012) in 2013. Only
the bags containing controlled release fertilizer were collected in
PCU and PSCU treatments during the first three periods, and then
bags samples and plant were collected in the ontogenic stages of
potato. 5 bags fertilizer sample were taken from each plot of the
three replicates, and enveloped them into plastic bag with sealing.
Three successive plants from each plot of the three replicates were

sampled, separated them into vine and tuber since tuber bulking
stage, and weighed and enveloped them separately. At the harvest
stage, potato tubers was completely taken in the harvest region
(Fig. 1) and divided into three groups according to the weight of
single tuber, namely small tuber (<50 g), medium tuber (50–100 g)
and big tuber (>100 g) (Yin et al., 2005). Meanwhile, biomass of
potato vine was completely measured in the same region and three
plant of potato vine was taken for further analysis. The marketable
yield percentage was calculated by the weight amount of large and
medium potato tuber occupying for the total tuber yield in the
harvest region.

Plant samples except for one part of potato tuber, which was
brought back from field, were dessicated at 105 ◦C for 30 min and
oven-dried at 70 ◦C in a forced air circulation oven until a constant
weight was reached (Silva et al., 2013) and ground to pass a 2 mm
sieve (Zebarth et al., 2012). The total N concentration of plant was
determined by H2SO4- H2O2 digestion and the micro-Kjeldahl pro-
cedure (Douglas et al., 1980). N accumulation (NA) in plants was
calculated from the sum of the dry matter and N concentration of
the different plant parts. Total apparent N use efficiency (NUE), N
agronomic efficiency (NAE) and N physiological efficiency (NPE)
were calculated by the following formulas (Devkota et al., 2013):

NUE(%) = (Naccumulative uptake of plant from N treatment − N accumulative uptake from no N treatment)
Total applied N of fertilizer in the N treatment

× 100

NAE
(

kg Nkg−1) = (potato yield from N treatment − potato yield in no N treatment)
N application

NPE(kg Nkg−1) = (potato yield from N treatment − potato yield in no N treatment)
(Plant uptake of N from N treatment − Plant uptake of N in no N treatment)
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Soluble protein content in fresh potato tubers was determined
using the colorimetric method with the coomassie brilliant blue
G-250. Vitamin C (Vc) content in fresh potato tubers was probed
by using 2, 6-dichloro indophenol titration. The determination of
reducing sugar content was carried out by a 3, 5-2nitro salicylic acid
(DNS) colorimetric method and the starch content of fresh potato
tubers was measured by a gravity method.

The mesh bags were periodically retrieved throughout the
growing season, and then opened by using scissor. Two methods
were used to measure N release rate, one was described by Yang
et al. (2011), which CRNF particles were removed and washed again
with distilled water, then placed in a vacuum oven at 60 ◦C for 72 h,
and weighed to determine the N release rate, the loss of weight
was assumed as the converted rate of N released from CRU. On
the other hand, the CRU granules were ground to pass through a
0.25 mm sieve to determine the residual N content by a refractome-
ter method.

Richards’ function equation was adopted to simulate the rela-
tion between the cumulative release rate of nitrogen fertilizers and
the incubation time (Hara, 2000).

n = N × {1 + d × exp[−k × (t − t1)]} ∧
(−1

d

)
, (d /= 0)

n- Cumulative amount (n) of nitrogen fertilizers; N- maximum
amount released; d- shape of the release curve; k- constant release
rate; t1- time to the inflection point.

2.3. Statistical analysis

Microsoft Excel 2007 was adopted for data processing and Origin
8.5.1 was used to draw figures. Data were analyzed with statistical
analysis system package version 8.1 (2006, SAS Institute, Cary, NC).
An analysis of variance (ANOVA) by Duncan’s multiple range tests
was adopted to assess the difference among the means of three
replicates from each treatment at a critical p value of 0.05.

3. Results

3.1. Tuber yield response

The nitrogen fertilizer and its application rate had a significant
impact on the potato yield (Table 3). The total tuber yield, which
was averaged across the N sources and rates, was significantly
higher in 2012, probably because of cooler growing conditions and
poor tuber set in 2013. In 2012, the 1.5PSCU and PCU treatments
presented significantly higher tuber yield when provided with a
nitrogen supply than in the no-nitrogen control. The treatments,
which were supplied with urea, PCU and PSCU, yielded 9.36–33.18%
more potatoes than the no-nitrogen control. Both PCU and 1.5PSCU
treatments significantly increased potato yield by 8.77–19.88% in
comparison with the Urea treatment. The 1.5PSCU samples had the
greatest tuber productivity, followed by PCU, which exhibited no
significant difference from the 1.5PSCU. Excessive N application did
not achieve greater yields.

In 2013, all N treatments significantly increased total tuber
yields by 17.87–49.05% than the no-nitrogen control. Compared
with the Urea treatment, tuber yield of all CRU treatments were
pronouncedly enhanced by 14.36–26.46% in 2013. The 1.5PSCU
treatment showed the greatest tuber production, followed by the
PCU and PSCU treatments. Only the significant difference between
the 1.5PSCU treatment and the PSCU treatment was observed
herein.

Nitrogen application significantly improved the marketable
yield percentage with 13.02–15.89% in 2012 and 6.06–10.50% in
2013 in comparison with the control treatment, but they did not
differ from one another. The PSCU treatment had the highest per-

centage among the treatments, followed by PCU treatment in 2012.
The PCU was the highest followed by 1.5PSCU in 2013. In any case,
the CRU treatments were better than the urea applications regard-
ing marketable tuber yields.

3.2. Biomass accumulation, N uptake of potato plants and tuber
quality

The biomass accumulation on the dry weight basis obtained
from PSCU and PCU treatments were greater than the values from
the urea treatment and no-nitrogen control. Differences were not
observed at the seedling stage, flowering stage and tuber bulk-
ing stage in 2012 (Table 6). At the mature stage (2012), the tuber
dry matter in the 1.5PSCU treatment was significantly greater by
16.11–39.68% than any other treatments except for the PCU treat-
ment. The aboveground plant dry matter in the 1.5PSCU treatment
was greater than that of the others. In 2013, the 1.5PSCU treatment
was significantly higher by 26.08% and 65.72% than that of the urea
and control treatments, respectively, such as in the squaring stage,
starch accumulation stage and mature stage (Table 7).

Assuming that the N taken up by potatoes in the control treat-
ment represents the N supply only from the soil, there was a
significant difference between the urea and PCU and PSCU treat-
ments regard to the N supplied from fertilizer and the uptake and
accumulation of N in the potatoes (Figs. 2 and 3). For the urea treat-
ments, there was only one peak in the early stage (28 days after urea
application) in both 2012 and 2013. This peak clearly did not meet
the N absorption in potato (Fig. 2A), and it was a little higher than
the CK.

In 2012, the PSCU and PCU treatments exhibited a steadily
increasing N supply with a pattern that was nearly synchronized
with the potato N uptake and accumulation (Fig. 2B and C), espe-
cially for PSCU. However, 1.5PSCU provided more N release than
the potato N uptake (Fig. 2D). This trend not only resulted in a tem-
porary N enrichment in the soil but also generated the potential
environmental N pollution. This finding indicated that the low rate
of PSCU meets the potato’s N needs.

In 2013, PCU and PSCU treatments had relatively high N release
rates and were very closely related to the N uptake and accumula-
tion by potatoes (Fig. 3B and C). In fact, potato could not absorb the
excess N from the CRU (Fig. 3D), and thus more and more N might
be leached out or lost by various approaches. To protect the agri-
cultural environment, it is important that the appropriate N dose
should be applied to potatoes.

Various treatments also resulted in differences in the potato
tuber quality. Compared with the control treatment, N application
significantly augmented the vitamin C and starch content in 2012
and 2013, there was great influence of N application on the sol-
uble protein content only in 2012 (Table 4). The adverse trend of
the reducing sugar content was observed that the reducing sugar
content was decreased by N application. With different types of N
fertilizer in this study, there were no significant differences in the
vitamin C, soluble protein and starch content with the exception of
the reducing sugar content.

3.3. Accumulative release rate of CRU in field soil

The four parameters of the Richards’ function in PCU and PSCU
treatments from 2012 are listed in Table 5. The amount of weight
loss was assumed to be equivalent to the amount of N released. The
urea content, which was collected from mesh bags, was determined
by a refractometer method. PCU and PSCU treatments had a similar
release trend with water extraction. The cumulative release rate in
the PCU treatment was over 90% at 75 days, and it was over 95%
at the end of the season. The cumulative release rate in the PSCU
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Table 3
Fertilizer treatment effects on total yield and the percentage of marketable yield in 2012 and 2013.

Treatments Yielda VS CK VS urea Marketable yield percentage VS CK VS urea
(Mg ha−1) (%) (%) (%) (%) (%)

2012
CK 41.26 cb – – 72.30b – –
Urea 45.82 b 9.86 – 81.71 a 13.02 –
PSCU 49.84 ab 20.79 8.77 83.83 a 15.95 2.59
PCU 53.56 a 29.79 16.88 83.81 a 15.92 2.57
1.5PSCU 54.93 a 33.18 19.88 83.79 a 15.89 2.55

2013
CK 31.41 d – – 75.30 b – –
Urea 37.03 c 17.87 – 79.86 ab 6.06 –
PSCU 42.34 b 34.79 14.36 81.49 a 8.22 2.04
PCU 44.33 ab 41.13 19.73 83.21 a 10.5 4.29
1.5PSCU 46.82 a 49.05 26.46 82.39 a 9.42 3.17

a Means the yield on a fresh weight basis.
b Means followed by the same small letters in the columns do not differ according to Duncan’s test at 5%.

Table 4
Effects of fertilizer treatments on tuber quality in 2012 and 2013.

Treatments 2012 2013

Vitamin C
content
(mg kg−1)

Reducing
sugar content
(%)

Soluble protein
content
(mg kg−1)

Starch
content (%)

Vitamin C
content
(mg kg−1)

Reducing sugar
content (%)

Soluble protein
content
(mg kg−1)

Starch content
(%)

CK 155 b 1.16 a 6.33 b 11.2 b 168 c 0.64 a 3.64 a 14.3 b
Urea 165 ab 0.75 b 7.99 ab 12.4 ab 165 c 0.54 b 3.80 a 15.4 a
PSCU 170 ab 0.56 c 9.50 a 13.9 a 223 a 0.30 c 3.92 a 15.6 a
PCU 211a 0.54 c 9.17 b 14.3 a 207 ab 0.35 c 4.21 a 16.3 a
1.5PSCU 189 ab 0.67 bc 7.93 ab 14.1 a 246 a 0.40 b 4.43 a 16.1 a

Note: means followed by the same small letters in the columns do not differ according to Duncan’s test at 5%; all data were calculated on a dry weight basis.

Table 5
Simulation parameters of N released from PCU and PSCU in mesh bags buried in field soil in 2012 and 2013.

Year Types N d k t1 R2 SE
% / d−1 d / %

2012 PCU 93.9a −1.00 0.04 −0.71 0.97 47.5
93.7b −1.00 0.03 0.00 0.98 25.8

PSCU 80.2a −1.00 0.01 −7.52 0.86 72.7
103.5b −1.00 0.01 −2.82 0.98 12.7

2013 PCU 90.3a −0.17 0.05 27.17 0.99 9.8
93.1b −0.10 0.05 29.60 0.99 2.1

PSCU 71.6a −1.00 0.04 −2.75 0.97 17.8
67.6b −1.00 0.05 −2.54 0.96 21.1

a Means determination by a loss gravimetric method.
b Means determination total nitrogen content of PCU and PSCU by using a refractometer method.

treatment was approximately 50% at 75 days, and it was only 70%
at the last sampling date after the harvest.

The four parameters of the Richards’ function in PCU and PSCU
treatments in 2013 are listed in Table 5. PCU and PSCU also had
a similar release trend with a water extraction. The cumulative

release rate in the PCU treatment was approximately 90% at 75
days, and it was approximately 95% at the end of the season. The
cumulative release rate in the PSCU treatment was approximately
50% at 75 days, or approximately 70% at the last sampling date after
harvest.

Table 6
Effects of fertilizer treatments on potato dry matter in 2012.

Stages/treatments Parts CK Urea PSCU PCU 1.5PSCU
kg ha−1

Seedling stage Whole 211 b 269.0a 251 a 279 a 272 a
Squaring stage Whole 1699 b 1704 b 2214 a 2426 a 1814 b
Flowering stage Whole 4102 a 4291 a 4394 a 4592 a 4476 a
Tuber bulking stage Vines 4869 a 5057 a 4978 a 5075 a 4886 a

Tuber 2826 b 3512 ab 3903 a 3813 a 3985 8a
Starch accumulation
stage

Vines 6304 c 6586 bc 7466 b 8113 a 7329 b
Tuber 6239 c 6518 cd 7355 c 8977 a 8219 b

Mature stage Vines 6632 c 6920 c 8057 b 8626 a 8141 b
Tuber 8270 c 8844 b 9950 b 10746 a 11552 a

Note: means followed by the same lowercase letters in the row do not differ according to Duncan’s test at 5%.
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Table 7
Fertilizer treatment effects on potato dry matter in 2013.

Stages/treatments Parts CK Urea PSCU PCU 1.5PSCU
kg ha−1

Seedling stage Whole 205 a 246 a 250 a 223 a 257 a
Squaring stage Whole 1474 a 1526 a 2428 a 2875 a 2787 a
Flowering stage Whole 2862 b 3614 ab 3989 ab 3823 ab 4638 a
Early tuber bulking
stage

Vines 3999 a 4455 a 4849 a 4427 a 4498 a
Tuber 2030 b 2536 b 2536 b 3176 a 3238 a

Later tuber bulking
stage

Vines 4699 a 5553 a 5605 a 5482 a 5642 a
Tuber 3414 b 3460 b 4058 a 4035 a 4415 a

Starch accumulation
stage

Vines 5012 c 5680 bc 6800 a 6260 ab 6600 a
Tuber 5712 b 6340 ab 7300 a 7000 a 7340 a

Mature stage Vines 6194c 6064 c 7720 a 7340 ab 6760 bc
Tuber 6360 c 8360 b 10000 a 10100 a 10540 a

Note: means followed by the same lowercase letters in the row do not differ according to Duncan’s test at 5%.
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Fig. 2. Nitrogen release curves for PCU and PSCU in natural field soil in 2012 and
2013. (Solid symbol means using a loss gravimetric method, hollow symbol means
using a refractometer method).

The correlation parameters in the Richards’ function were all
above 0.85. There were 0.97, 0.98, 0.86 and 0.98 in 2012, and 0.99,
0.99, 0.97 and 0.96 in 2013, respectively. The maximum released N
amounts were equivalent to the nitrogen contents of both PCU and
PSCU in 2012 and 2013, regardless of how they were calculated by
the refractometer method in 2012, except for PSCU treatment.

The curve shape parameter (d), the value of which is “−1”,
depended on the type of fertilizer and the temperature. Accord-
ingly, the Richards’ function can represent both saturation curves
and sigmoid curves by the introduction of one parameter (d). There-

fore, the four curves in 2012 and the two PSCU curves in 2013 were
all sigmoid, and the PCU curves in 2013 were parabolic.

3.4. Nitrogen use efficiency by potatoes

The nitrogen accumulation (NA) was different in 2012 and 2013
(Table 8). All treatments in 2013 were much higher than the treat-
ments from 2012. The nitrogen agronomic efficiency (NAE) of the
1.5PSCU treatment in 2012 increased by 11.23–199.67% in com-
parison with other treatments; however, the PCU treatment was
the greatest NAE among the treatments in 2013, and it increased
by 18.43–130.21%. The nitrogen physiological efficiency (NPE) of
the 1.5PSCU treatment was the greatest among all treatments in
2012, whereas, the urea treatment was the highest NPE in 2013.
The apparent N use efficiency (NUE) can represent the condition
of potato nitrogen absorption. In 2012, the application of CRU
pronouncedly increased the NUE compared with the urea treat-
ment, and there was significant difference for the NUE between
PCU treatment and PSCU or 1.5PSCU treatments. The PCU treat-
ment was the highest NUE among the treatments, with an increase
of 196.59% in comparison with the urea treatment. The NUE of PSCU
and 1.5PSCU treatments ranged from 84.47% to 108.33% compared
with the urea treatment. The similar trend for NUE in 2013 was
observed.

4. Discussion

4.1. Synchronized relationship between N release of CRU and N
requirements of potato

Nitrogen nutrition is one of the most fundamental facets of
potato production, and N fertilizer especially the CRU played an
important role in yield promotion. CRU reduced nutrient losses to
the environment while increasing nutrient availability for the crop
by slow release the nutrient from the coated fertilizer in a long
time (Shaviv and Mikkelsen, 1993). In this study, the release rate of
N from CRU was slow prior to the seedling stage, the requirement of
N by potato plant was also less. Whereas, the N release peak of PCU
and PSCU were from the seedling stage to early tuber bulking stage
and seedling stage to later tuber bulking stage, respectively, which
were corresponded to the N uptake peak of potato (seedling to later
tuber bulking stage). The relation between the N release from PCU,
PSCU and the N uptake of potato in various growing stages were
simulated, and linear regression equation was fitted (Fig. 4). A close
correlation parameter (R2) of 0.92 and 0.96 in 2012 and 2013 were
observed from PCU, and the parameter (R2) of 0.90 and 0.97 in 2012
and 2013 were found from PSCU (Fig. 4), respectively. It was signif-
icant at p = 0.01 for PCU, and for PSCU, it was significant at p = 0.05,
in both years. Similar results on rice were also reported by Yang
et al. (2012) . These results suggested that the N release from CRUs
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Table 8
Effects of fertilizer treatments on N use efficiencies in 2012 and 2013.

2012 2013

NA (kg ha−1) NAE (kg N kg−1) NPE (kg N kg−1) NUE (%) NA (kg ha−1) NAE (kg N kg−1) NPE (kg N kg−1) NUE (%)

CK 144d – – – 217.6d – – –
Urea 183c 30.4d 115.2ab 26.4c 252.3c 37.4c 161.7a 23.1c
PSCU 225.5b 57.1c 104b 55.0b 313.3b 72.7b 114.2b 63.7b
PCU 261a 81.9b 104.7b 78.3a 330.7ab 86.1a 114.2b 75.4a
1.5PSCU 253.5ab 91.1a 124.8a 48.7b 349.6a 64.5b 116.7b 55.3b

Note: means followed by the same lowercase letters in the columns do not differ according to Duncan’s test at 5%. NA means N accumulation by potato, NAE refers to N
agronomic efficiency, NPE refers to N physiological efficiency, NUE refers to apparent N use efficiency.

synchronized the requirement of N uptake by potato at different
growing stages.

Soil moisture and temperature are the most pivotal factors for
controlling nutrient release from CRU. Beside, the coating mate-
rial and thickness are determined both the longevity of CRU and
the nutrient release characteristics of CRU. In this study, the dif-
ference of N release features from PCU and PSCU in field soil was
mainly accounted for the temperature fluctuation and the alterna-
tion of drying and wetting, and the difference of coating material
and thickness. The nonlinear N release approach of CRU in field soil
accorded with the various N demand of potato in the various onto-
genic stages (Figs. 2–4). The less synchronized relationship of PSCU
was observed herein compared with that of PCU, which was caused
by the lower N release in various stages and the lower final accu-
mulative release rate of PSCU. However, the material cost of PSCU
was lower than that of PCU, and there was no difference of tuber
yield between PCU and PSCU. Therefore, the results suggested that
PSCU with longevity of 3 months was encouraged to be adopted on
potato production (Fig. 5).

4.2. Effects of CRU on yield, biomass and tuber quality of potato

Numerous studies have been focused on the effects of N forms
(Cao and Tibbitts, 1993), N fertilizer types (Wilson et al., 2009b)
and N managements (Vashisht et al., 2015) on potato yield and
yield components. N fertilizer application significantly promoted
the potato yield. In this study, the consistent results were achieved,
namely the potato yield was enhanced with the application of N fer-
tilizers (Table 3). PCU and 1.5PSCU application significantly boosted
the potato yield by 16.88% and 19.88% in 2012, 19.73% and 26.46%
in 2013, compared with the urea treatment. Only in 2013 was there
the significance of PSCU treatment for improving the potato yield
by 14.36% relative to the urea treatment. Besides, the marketable
yield percentage was promoted by application of N fertilizer in 2012
and 2013, and there was no significant difference of the percent-
age between urea and CRU. However, Zvomuya and Rosen (2001)
found that total and marketable yield, which is the yield of tuber
>85 g, was higher with polyolefin-coated urea than with urea on
a sandy soil. The successive supply of N especially from CRU in
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the ontogenetic stages, is the fundamental factor for higher potato
production.

Biomass production is the prerequisite of potato yield. The
accumulative biomass of vines on dry weight basis was fast from
seedling stage to tuber bulking stage, and consequently the biomass
of vines became sluggish till the harvest. On the contrast, the cumu-
lative biomass of tubers was consistently fast in 2012 and 2013
regardless of urea or CRU application. The promotion of vines and
tuber biomass by CRU application was pronouncedly illustrated in
the latter stages. The similar results were reported by Song et al.
(2014) and Wilson et al. (2009).

N application improved either potato tuber yield or the quality
of potato tuber. The vitamin C, reducing sugar, soluble protein and
starch content in potato tuber are various important indicators of
tuber quality (Song et al., 2014; Wilson et al., 2009). The application
of N fertilizers, especially for PCU and PSCU, increased the vitamin
C, soluble protein and starch concentration to some extent with the
exception of the reducing sugar content in the present study. Mean-
while, there was no significant difference for these indicators with
various types of N fertilization. However, Leszczyński and Lisińska
(1988) reported that intensified nitrogen fertilization increased the
content of protein nitrogen in dry matter of potato tubers and
decreased the content of dry matter and starch in potato tubers
(Table 4). Beside, the starch content of tubers was not alternated by
different doses of N fertilizer compared with no N application (Tein
et al., 2014). The uniform results are probably due to the different
tested soil, cultivators and agricultural atmosphere in comparison
with our results.

4.3. Effects of CRU on N use efficiency

Excessive amounts of fertilizers are often used in the potato pro-
duction and prohibit the improvement of nutrient use efficiency
for fertilizers (Ierna et al., 2011). The proper N management is
the crucial prerequisite for the sustainable production of potato.
In the present study, the N agronomic efficiency and apparent N
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use efficiency of urea treatment in 2012 and 2013 were 30.4–37.4%
and 23.1–26.4%, respectively. However the N agronomic efficiency
and apparent N use efficiency of PCU and PSCU in 2012 and 2013
were significantly enhanced by 87.8–169.4% and 108.3–226.4%,
respectively, compared with the urea treatment. Similarly, partial
factor productivity of N fertilizer was also significantly increased
by palygorskite-coated fertilizer (Song et al., 2014). Enhancing
NUE is the use of CRU for which several methods and materials
have been reported (Azeem et al., 2014). Current methods also
reduce nitrogen use efficiency by plant that limits crop yields and,
moreover, contributes towards environmental pollution concern-
ing hazardous gaseous emissions and water eutrophication.

5. Conclusions

The successive release of N from PCU and PSCU synchronized
well with the N demands of the various potato growth stages. In
comparison with conventional fertilization with urea, the PCU had a
number of advantages, especially in terms of potato yield. Although
the 1.5PSCU treatment had the highest tuber yield, there was no
significant difference from that of the PCU treatment. At the same
N application rate, the PCU treatment yields were 16.87% in 2012
and 19.74% in 2013 higher than that of the urea treatment. Besides,
the PCU significantly increased the vitamin C and starch content
in potatoes and decreased the reducing sugar content, although it
did not significantly increase the soluble protein concentration. It
also increased the apparent N use efficiency. At the same N appli-
cation rate, The NUE of PCU and PSCU was generally higher by
139.39–224.68% than that of the urea treatment in 2012 and 2013.
Both PCU and PSCU should be adopted in potato production with
benefit of the high productivity and higher N use efficiency.
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