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Combining controlled‑release urea 
with potassium chloride to reduce 
soil N/K leaching and promote 
growth of Italian ryegrass
Jibiao Geng , Xiuyi Yang *, Shutong Lei , Qingping Zhang , Hui Li , Ying Lang , Xianqi Huo  & 
Qianjin Liu 

Nitrogen (N) and potassium (K) are essential nutrients for Italian ryegrass (Lolium multiflorum L.) 
growth. A 2-year field experiment with a split-plot design was conducted to study the effect of N 
fertilizer type combined with different K fertilizer rates on the soil mineral N and K availability, and 
growth characteristics of Italian ryegrass. The main plots were assigned to two N fertilizer types, 
controlled-release urea (CRU) and common urea. While low, moderate and high potassium chloride 
(KCl) rates (150, 300 and 450 kg ha−1, respectively) were assigned to the subplots. Compared with 
the common urea treatments, the CRU significantly increased the SPAD value, plant height, leaf 
area, and photosynthetic index of Italian ryegrass, which significantly prolonged the green stage of 
Italian ryegrass and prevented premature senescence. Moreover, the dry yields of the CRU increased 
by 4.5–12.5% in 2019 and 10.9–25.3% in 2020 compared with the urea, respectively. At the same 
time, compared with the KCl150 and KCl450 treatments, the KCl300 treatment resulted in better 
plant growth. Overall, the CRU × KCl300 maximized the soil inorganic N and different soil K forms, 
and reduced the soil N/K leaching. The root length, volume, surface area, average diameter, tips and 
branches were also improved, and there was a significant N × K interaction effect on the tips. The CRU 
combined with 300 kg ha−1 KCl fertilization enhanced crop growth by improving leaf photosynthesis, 
soil fertility, and yield and should be recommended as the best fertilizer ratio for Italian ryegrass 
production.

Grassland accounts for 41.7% of China’s total land area1. For a long time, as the main means of production and 
material basis, grasslands have provided an important contribution to the development of animal husbandry. 
Grasslands have an important ecological function, which plays a central role in water and soil conservation, air 
purification, climate regulation and biodiversity conservation2. Italian ryegrass (Lolium multiflorum L.) is a glob-
ally cultivated grass. This grass has many tillers at its roots, grows quickly and has good grazing resistance. Italian 
ryegrass has a strong adaptability and high yield and nutrition, which play a role in improving soil fertility3,4. Ital-
ian ryegrass is widely used at parks, golf courses and other recreational sporting areas as the first choice of lawn 
grass in foreign countries5. Various production technologies and late management measures have also become 
new research topics. At present, research on ryegrass in lawns, playgrounds and other fields in China is at an 
immature stage. A large number of researchers have focused on management technology after ryegrass planting6,7.

N is not only the basis of forage genetic material but also the composition of many important organic 
compounds8. It is very important for life cycle activities, yield and nutritional quality of forage. Italian ryegrass 
does not have the ability to fix N, so N in the soil is the key factor in grass growth and development9. The applica-
tion of N fertilizer can significantly improve the yield of Italian ryegrass, and the plant can absorb both ammo-
nium and nitrate N10. Moreover, the Italian ryegrass is a fast-growing forage grass with a high N requirement 
and, therefore, strongly relies on soil N content to maintain adequate forage yield11.

The utilization rate of fertilizer in China is generally low, which is mainly due to the rapid dissolution of 
instant fertilizer after it is applied to the soil12. The crop cannot absorb and utilize N in time, which results in 
the loss of most of the N in gaseous or water-soluble forms and causes a series of environmental problems. Such 
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as eutrophication of surface water, nitrate pollution of groundwater and agricultural products, and ammonia 
and N oxides emitted to the ozone layer13. In addition, it is difficult to apply fertilizer to Italian ryegrass every 
time after cutting. Thus, reducing the times of applying fertilizer and improving the yield and quality of Italian 
ryegrass are the key problems to address in the planting process14. It is an effective way to develop a new type of 
slow-release fertilizer to meet the needs of crop growth.

In recent years, controlled-release urea (CRU) has been widely used worldwide15–17. CRU can release N 
slowly in the form of a resin polymer coating, which continuously supply nutrients needed for ryegrass growth. 
Moreover, CRU can decrease the number of topdressings and labour intensity in the later stage, which simplify 
cultivation technology, save time and labour, and reduce environmental pollution18.

KCl is commonly used in agricultural production. It has a low price and high nutrient content, and the 
application of appropriate amounts can promote the growth of Italian ryegrass19. In addition, K can improve the 
photosynthetic capacity and disease resistance of plants and then extend the green period20. In addition, a single 
application of N and K or mixed application of different proportions can increase the yield of Italian ryegrass, but 
the effect of a mixed application is better than a single application21. According to the supply and demand curve 
of soil for nutrient elements, the most appropriate fertilization amount and fertilization type can be formulated.

N can improve photosynthesis, and thus dry matter production22. While, K has a major importance in root 
growth and disease resistance23. The possible interactions between the two nutrients as they have not enough 
been studied in Italian Ryegrass. In previous studies on the effect of N × K fertilizer application on crop growth, 
the positive interaction of N and K reduced the cost of fertilizer and contributed to food security24,25. N fertilizer 
application increases the plant K absorption efficiency and K fertilizer application also solved the problem of 
N pollution by inducing high N absorption efficiency of crops26. Eventually, the mutual promotion of N and K 
enhance the yield and quality of crops24. It is a feasible way to increase the input of K fertilizer and improve the 
efficiency of N utilization. Understanding the mechanism of N × K interaction is vital to guide the best practice 
of nutrient management in agriculture production.

Furthermore, there are few reports on the interactive effects of CRU combined with KCl on Italian ryegrass 
growth. Hence, the objective of this study was to investigate the effects of CRU in combination with KCl on (i) 
soil inorganic N (NO3

−-N and NH4
+-N), (ii) soil K forms (available K, water-soluble K, exchangeable K and 

non-exchangeable K), (iii) growth and photosynthetic characteristics, and (iv) yield and fertilizer use efficiency 
of Italian ryegrass.

Results
Release characteristics of the CRU​.  The release characteristics of the CRU in the soil were released in 
the form of “S”, reaching 80% in approximately 100 days (Fig. 1). The release period of the CRU in the soil was 
almost 120 days, the release rate was slow within 0 ~ 60 day, the release rate increased within 60 ~ 90 day, and the 
nutrient decline period was 90 ~ 120 day, which met the N demand of Italian ryegrass.

Soil inorganic N and K form.  The contents of NO3
−-N and NH4

+-N in the soil in the control treatment 
were the lowest among all the treatments in the whole plant growing season (Fig. 2). With the increase in the 
KCl application rate, the contents of NO3

−-N and NH4
+-N in the soil changed little, which was not related to the 

type of N application. However, at the early stage of growth, the contents of NO3
−-N and NH4

+-N in the urea 
treatment were higher than those in the CRU treatment, but after the second clipping, the contents of NO3

−-N 
and NH4

+-N in the urea treatment decreased rapidly; in addition, the contents of NO3
−-N and NH4

+-N in the 
urea treatment were lower than those in the CRU treatment.

Overall, the contents of available K, water soluble K, exchangeable K and non-exchangeable K were signifi-
cantly affected by the KCl application rate. And of the treatments, the control treatment had the lowest values in 
different developmental stages (Fig. 3). The contents of soil available K, water soluble K and non-exchangeable 
K decreased gradually, but exchangeable K showed a fluctuating trend. Regardless of which type of N fertilizer 

Figure 1.   Release of N from CRU.
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was combined, the content of soil available K, water soluble K and exchangeable K improved with the increase 
in the KCl application rate, and there was a significant difference between the different K fertilizer treatments.

Plant height and leaf area.  In the whole growth period of Italian ryegrass, the plant heights of the dif-
ferent fertilization treatments increased first and then decreased (Table 1). There was no significant difference 
between the different fertilization treatments at the first and second clipping stages, but the advantage of the 
CRU treatment group was obvious; in addition, the average value was higher than that of the control treatment. 
During the mowing period of the third and fourth clippings, Italian ryegrass growth was in the transition period 
from maturity to senescence, the plant demand for nutrients decreased, and the ability to absorb fertilizer also 
decreased. Under the condition of applying the same amount of N, the plants in the KCl150 and the KCl300 

Figure 2.   Changes in the soil NO3
−-N and NH4

+-N contents.

Figure 3.   Changes in the soil K forms.
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treatments were taller, and those in the KCl450 treatment were shorter. At the same time, the plant height of the 
CRU treatment group was significantly higher than that of the urea treatment groups.

Similarly, the leaf area of Italian ryegrass in the whole growth period increased first and then decreased with 
the growth of the plant (Table 2). At the second clipping period, the apparent leaf area increased the fastest. The 
leaves of the plants were long and thin, and there was no difference between the fertilization treatments at the 
first and second clipping stages, but fertilization was more suitable to its growth; in addition, the leaf area of the 

Table 1.   The plant height of Italian ryegrass. Means followed by different lowercase letters in the same column 
were significantly different based on analyses with ANOVAs followed by Duncan tests (P < 0.05). Control no N 
and K fertilizer, CRU​ controlled-release urea, KCl potassium chloride.

Treatment First clipping (cm) Second clipping (cm) Third clipping (cm) Fourth clipping (cm)

N fertilizer type

CRU​ 17.64 a 25.22 a 24.47 a 15.50 a

Urea 16.67 a 23.94 a 19.83 b 8.06 b

K fertilizer rate (kg ha−1)

150 17.78 a 23.47 a 22.70 a 11.17 b

300 16.48 a 25.17 a 21.62 a 13.08 a

450 17.20 a 25.12 a 20.63 a 11.08 b

N × K interaction

Control 16.27 a 21.43 c 20.30 b 8.32 b

CRU × KCl150 17.83 a 24.57 abc 25.23 a 14.33 a

CRU × KCl300 16.77 a 25.90 a 23.23 ab 17.02 a

CRU × KCl450 18.33 a 25.20 ab 21.93 ab 15.16 a

Urea × KCl150 17.73 a 22.36 bc 20.17 b 8.32 b

Urea × KCl300 16.20 a 24.43 abc 20.00 b 9.16 b

Urea × KCl450 16.07 a 25.03 ab 19.33 b 7.03 b

Source of variance

N 0.1619 0.1735 0.0023  < 0.0001

K 0.3002 0.2415 0.1858 0.0632

N × K 0.3855 0.6337 0.4809 0.5067

Table 2.   The leaf area of Italian ryegrass. Means followed by different lowercase letters in the same column 
were significantly different based on analyses with ANOVAs followed by Duncan tests (P < 0.05). Control no N 
and K fertilizer, CRU​ controlled-release urea, KCl potassium chloride.

Treatment First clipping (mm2) Second clipping (mm2) Third clipping (mm2) Fourth clipping (mm2)

N fertilizer type

CRU​ 295.72 a 542.99 a 475.30 a 171.64 a

Urea 282.67 a 614.73 a 389.57 b 57.16 b

K fertilizer rate (kg ha−1)

150 287.10 a 522.52 a 396.50 a 111.93 a

300 286.22 a 593.90 a 418.97 a 135.10 a

450 294.27 a 620.17 a 481.83 a 96.17 b

N × K interaction

Control 328.73 a 491.52 a 330.53 b 108.32 b

CRU × KCl150 289.40 a 417.61 a 381.93 b 167.86 a

CRU × KCl300 305.87 a 589.44 a 455.47 ab 184.50 a

CRU × KCl450 291.92 a 622.02 a 588.53 a 162.63 a

Urea × KCl150 284.85 a 627.56 a 411.12 b 56.07 cd

Urea × KCl300 266.57 a 598.41 a 382.47 b 85.73 bc

Urea × KCl450 296.63 a 618.39 a 375.13 b 29.76 d

Source of variance

N 0.6001 0.3835 0.0319  < 0.0001

K 0.9588 0.5909 0.1536 0.0621

N × K 0.7394 0.4862 0.0484 0.4916
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plants with fertilization was relatively large. During the third and fourth clipping stages, in comparison with the 
control and common urea treatments, the CRU treatments resulted in a significant difference, which indicated 
that the CRU could delay plant senescence to some extent. In addition, the effect of N fertilizer on ryegrass leaf 
area was greater than that of KCl fertilizer, and the sustainability of combined application is more important. 
There was no significant N × K interaction effect on the plant height and leaf area (except at the third clipping).

Leaf SPAD and photosynthetic index.  The effect of different fertilization treatments on the SPAD value 
of Italian ryegrass was different (Table 3). At the first clipping stage, the SPAD value of the CRU × KCl300 treat-
ment was the highest, which was 17.1% higher than that of the control treatment. During the whole growth 
period of Italian ryegrass, the SPAD value increased first and then decreased, and the SPAD value of the CRU 
treatment was higher than that of the common urea treatment. Under the three levels of KCl fertilizer, the SPAD 
value of the KCl150 treatment in the whole growth period was low, which indicates that the insufficient use of 
K had a certain impact on the SPAD value. The SPAD value of the CRU × KCl300 treatment was the highest at 
the third and fourth stage, while the effect of N on the SPAD value of ryegrass was greater at the later stage. In 
comparison with common urea, the application of CRU had a greater advantage in improving the SPAD value. 
There was no significant N × K interaction effect on the SPAD value (except at the second clipping).

The N fertilizer types and KCl rates affected the photosynthesis indicators, but there was no significant dif-
ference between their interaction effects (Table 4). In comparison to the urea treatments, the CRU treatment 
improved the net photosynthetic rate (Pn), stomatal conductance (Gs) and transpiration rate (Tr) and lowered the 
intercellular carbon dioxide concentration (Ci). In addition, the photosynthesis indicators increased with increas-
ing KCl rates. There was no significant N × K interaction effect on the photosynthesis indicators (except Tr), and of 
the treatments, the CRU × KCl300 treatment performed the best in terms of Italian ryegrass leaf photosynthesis.

Root morphology.  The N fertilizer types and K fertilizer rates significantly affected the root morphology 
(total length, surface area, average diameter, root volume, tips and branches) (Table 5). Concretely, the CRU 
treatments increased the root length, surface area, average diameter, root volume, tips and branches compared 
with the urea treatments. Besides, the moderate KCl rate treatments markedly improved the root morphology 
than the low and high KCl rate treatments despite of any N fertilizer type. However, there was no significant 
N × K interaction effect (except the tips), and of the treatments, the CRU × KCl300 treatment performed the best 
in terms of Italian ryegrass root growth.

Yield.  The dry Italian ryegrass yields of the CRU treatment increased continuously in four clipping periods in 
2019 and 2020 (Table 6), those of the control treatment and common urea treatment decreased at the third clip-
ping stage, and the difference was significant. In the whole growth period, under the CRU treatment conditions, 
there was no difference in the treatment with different amounts of KCl fertilizer, which indicated that the factors 
affecting the dry yields of Italian ryegrass were due more to N fertilizer than to K fertilizer. However, there was 
no significant N × K interaction effect on the yield. When clipping at the second stage, the highest dry yields of 

Table 3.   The leaf SPAD value of Italian ryegrass. Means followed by different lowercase letters in the same 
column were significantly different based on analyses with ANOVAs followed by Duncan tests (P < 0.05). 
Control no N and K fertilizer, CRU​ controlled-release urea, KCl potassium chloride.

Treatment First clipping Second clipping Third clipping Fourth clipping

N fertilizer type

CRU​ 49.76 a 54.70 a 27.49 a 17.44 a

Urea 44.37 b 57.66 b 20.92 b 10.39 b

K fertilizer rate (kg ha−1)

150 45.72 b 54.83 a 24.17 a 14.33 a

300 46.47 ab 57.73 a 25.97 a 15.02 a

450 49.00 a 55.97 a 22.48 a 12.40 a

N × K interaction

Control 45.67 c 50.93 c 25.97 ab 13.66 b

CRU × KCl150 50.00 ab 51.66 c 27.56 ab 14.86 ab

CRU × KCl300 47.66 bc 59.62 a 29.70 a 22.43 a

CRU × KCl450 51.60 a 52.74 bc 25.20 ab 15.03 ab

Urea × KCl150 41.43 d 58.02 ab 20.76 ab 13.80 b

Urea × KCl300 45.27 c 55.80 abc 22.23 ab 7.60 b

Urea × KCl450 46.40 bc 59.16 a 19.76 b 9.77 b

Source of variance

N 0.0008 0.0956 0.002 0.0047

K 0.0746 0.3603 0.2125 0.507

N × K 0.1102 0.0436 0.8487 0.039
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the CRU × KCl300 and CRU × KCl450 treatments were 1.75 g plant−1, which were 5.4% and 2.9% higher than 
that of the urea × KCl300 and the urea × KCl450 treatments, respectively, at the same K rate. During the third 
and fourth stages, the growth trend of the plants increased slowly, the demand for nutrients decreased, and the 
CRU slowly released N for plant growth. Thus, the CRU was more beneficial than common urea. In addition, 

Table 4.   The leaf photosynthesis chlorophyll parameters of Italian ryegrass at the second clipping stage. Means 
followed by different lowercase letters in the same column were significantly different based on analyses with 
ANOVAs followed by Duncan tests (P < 0.05). Control no N and K fertilizer, CRU​ controlled-release urea, KCl 
potassium chloride, Pn photosynthetic parameters including net photosynthetic rate, Gs stomatal conductance, 
Ci intercellular carbon dioxide concentration, Tr transpiration rate.

Treatment Pn (umol m−2 s−1) Gs (umol mol−1) Tr (umol m−2 s−1) Ci (umol m−2 s−1)

N fertilizer type

CRU​ 295.72 a 542.99 a 475.30 a 171.64 a

Urea 282.67 a 614.73 a 389.57 b 57.16 b

K fertilizer rate (kg ha−1)

150 287.10 a 522.52 a 396.50 a 111.93 a

300 286.22 a 593.90 a 418.97 a 135.10 a

450 294.27 a 620.17 a 481.83 a 96.17 b

N × K interaction

Control 328.73 a 491.52 a 330.53 b 108.32 b

CRU × KCl150 289.40 a 417.61 a 381.93 b 167.86 a

CRU × KCl300 305.87 a 589.44 a 455.47 ab 184.50 a

CRU × KCl450 291.92 a 622.02 a 588.53 a 162.63 a

Urea × KCl150 284.85 a 627.56 a 411.12 b 56.07 cd

Urea × KCl300 266.57 a 598.41 a 382.47 b 85.73 bc

Urea × KCl450 296.63 a 618.39 a 375.13 b 29.76 d

Source of variance

N 0.6001 0.3835 0.0319  < 0.0001

K 0.9588 0.5909 0.1536 0.0621

N × K 0.7394 0.4862 0.0484 0.4916

Table 5.   The root morphology of Italian ryegrass at the fourth clipping stage. Means followed by different 
lowercase letters in the same column were significantly different based on analyses with ANOVAs followed by 
Duncan tests (P < 0.05). Control no N and K fertilizer, CRU​ controlled-release urea, KCl potassium chloride.

Treatments Total length (cm) Surface area (cm2)
Average diameter 
(mm) Root volume (cm3) Tips Branches

N fertilizer type

CRU​ 1480.89 a 180.23 a 0.35 a 1.61 a 14,956 12 a 16,076.37 a

Urea 1377.67 b 159.56 b 0.32 b 1.49 b 13,947 .33 b 14,872.35 b

K fertilizer rate (kg ha−1)

150 1393.00 c 164.50 b 0.32 b 1.51 c 14,113.50 c 14,989.31 c

300 1479.67 a 176.17 a 0.35 a 1.60 a 14,754.17 a 15,905 04 a

450 1415.16 b 168.67 b 0.33 b 1.55 b 14,487.33 b 15,528.78 b

N × K interaction

Control 1229.67 e 75.33 e 0.23 c 0.90 d 8142.02 e 10,214.56 e

CRU × KCl150 1434.09 bc 173.66 b 0.33 b 1.56 bc 14,521.72 bc 15,490.34 c

CRU × KCl300 1545.33 a 188.45 a 0.36 a 1.67 a 15,411.23 a 16,699.76 a

CRU × KCl450 1463.73 b 178.76 b 0.34 ab 1.61 ab 14,935.33 ab 16,039.72 b

Urea × KCl150 1352.01 d 155.33 d 0.31 b 1.46 c 13,705.49 d 14,488.36 d

Urea × KCl300 1414.21 c 164.98 c 0.34 ab 1.52 bc 14,097.34 cd 15,111.23 c

Urea × KCl450 1367.03 d 159.35 cd 0.32 b 1.49 c 14,039.76 cd 15,017.74 c

Source of variance

N  < 0.0001  < 0.0001 0.0111  < 0.0001  < 0.0001  < 0.0001

K  < 0.0001 0.0013 0.0197 0.0003 0.0002 0.0004

N × K 0.063 0.3063 0.9734 0.1898 0.0321 0.0937
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K fertilizer had little influence on the yield. There was no significant N × K interaction effect on the dry yield 
(except at the fourth clipping).

N and K use efficiency.  The N fertilizer application significantly affected N uptake and N use efficiency 
(NUE), and the K fertilizer application significantly affected K uptake and K use efficiency (KUE) (Table 7). 
The N uptake and NUE of the CRU treatments were significantly higher than those of the urea treatments. 
In addition, K uptake increased with increasing KCl rate, but the KUE had the opposite trend. In total, the 
CRU × KCl300 treatment resulted in the highest nutrient uptake and use efficiency.

Discussion
Soil inorganic N and K form.  The contents of soil inorganic N (NO3

−-N and NH4
+-N) in the 0–20 cm 

soil layer were greatly affected by fertilization and were related to the type of fertilizer, the times of fertilization 
and the amount of fertilization27. In the present study, the contents of nitrate N and ammonium N at depths of 
0–20 cm were significantly affected by N fertilization, but no significant difference was found between the K 
fertilization applications. At the beginning, urea rapidly dissolved and released substantial N, while the CRU 
initially released less N; thus, the soil inorganic N content of the urea treatment was higher than that of the CRU 
treatment at the first clipping stage. However, due to the continuous release of N from the CRU (Fig. 1), the con-
tents of NO3

−-N and NH4
+-N increased significantly from the second clipping stage to the fourth clipping stage 

compared with that in the urea treatment (Fig. 2). The blend application of CRU mixed with urea significantly 
increased the soil inorganic N than the normal urea, especial in the later growth stage27. The effect of the KCl rate 
on soil inorganic N was not obvious during the whole growth stage of Italian ryegrass.

The application of K fertilizer significantly affects the content of soil K and the form of soil K16,28. In the pre-
sent study, K application significantly increased the contents of soil available K, water-soluble K, exchangeable 
K and non-exchangeable K, similar to other research results29. However, quick-acting fertilizers such as KCl are 
easily converted into non-exchangeable K, which leads to a decrease in soil K availability30. In total, the contents 
of soil available K, water-soluble K, exchangeable K and non-exchangeable K increased with increasing KCl rate 
(Fig. 3). The content of soil available K and water-soluble K had significant positive correlation, where similar 
presence also found in exchangeable K and non-exchangeable K (Table 8). The water-soluble K contributes the 
most to NO3

−-N and the available K got similar effects on NH4
+-N. In addition, the contents of soil available K in 

the KCl300 and KCl450 treatments were similar. Thus, a moderate amount of K fertilizer could maintain a high K 
content in the soil, which would supply enough K nutrition for Italian ryegrass31. Besides, we found the interac-
tion effect of the N × K on soil available K or inorganic N was not obvious during the whole growth stage of Italian 
ryegrass. The interaction effect of the N and K fertilization on soil K and N was not obvious in a cotton field25.

Table 6.   The dry yield of Italian ryegrass in 2019 and 2020. Means followed by different lowercase letters 
in the same column were significantly different based on analyses with ANOVAs followed by Duncan tests 
(P < 0.05). Control no N and K fertilizer, CRU​ controlled-release urea, KCl potassium chloride.

Treatment
First clipping 
(g plant−1)

Second 
clipping (g 
plant−1)

Third clipping 
(g plant−1)

Fourth 
clipping (g 
plant−1)

Sum (g 
plant−1)

First clipping 
(g plant−1)

Second 
clipping (g 
plant−1)

Third clipping 
(g plant−1)

Fourth 
clipping (g 
plant−1)

Sum (g 
plant−1)

2019 2020

N fertilizer type

CRU​ 1.24 a 1.62 a 1.67 a 0.96 a 5.48 a 1.03 a 1.74 a 1.91 a 1.01 a 5.68 a

Urea 1.16 b 1.49 b 1.56 b 0.86 b 5.07 b 0.94 b 1.57 a 1.61 b 0.72 b 4.85 b

K fertilizer rate (kg ha−1)

150 1.18 b 1.52 b 1.58 b 0.88 b 5.16 b 1.03 a 1.74 a 1.91 a 1.01 a 5.68 a

300 1.22 1 1.57 a 1.64 a 0.92 a 5.35 a 0.94 b 1.57 a 1.61 b 0.72 b 4.85 b

450 1.18 b 1.57 a 1.64 a 0.93 a 5.32 a 1.03 a 1.74 a 1.91 a 1.01 a 5.68 a

N × K interaction

Control 1.02 f. 1.33 e 1.30 e 0.73 e 4.38 f. 0.98 ab 1.44 ab 1.34 c 0.62 c 4.38 d

CRU × KCl150 1.23 b 1.58 b 1.63 b 0.93 b 5.37 c 1.02 a 1.71 a 1.95 a 0.92 b 5.61 ab

CRU × KCl300 1.27 a 1.63 a 1.69 a 0.98 a 5.57 a 1.02 a 1.75 a 1.79 ab 1.19 a 5.75 a

CRU × KCl450 1.20 bc 1.64 a 1.69 a 0.97 a 5.50 b 1.03 a 1.75 a 1.98 a 0.92 b 5.68 ab

Urea × KCl150 1.13 e 1.46 d 1.52 d 0.83 d 4.95 e 0.95 b 1.34 b 1.71 abc 0.60 c 4.59 cd

Urea × KCl300 1.17 cd 1.51 c 1.58 c 0.87 c 5.12 d 0.93 b 1.66 ab 1.67 abc 0.79 bc 5.06 bc

Urea × KCl450 1.16 de 1.51 c 1.59 c 0.88 c 5.14 d 0.96 ab 1.70 a 1.45 bc 0.78 bc 4.88 cd

Source of variance

N  < 0.0001  < 0.0001  < 0.0001  < 0.0001  < 0.0001 0.0018 0.0868 0.0171 0.001 0.0013

K 0.0262 0.0002 0.0002 0.0018  < 0.0001 0.8091 0.1773 0.6016 0.0313 0.3924

N × K 0.0633 0.9029 0.5575 0.6343 0.0583 0.9421 0.2891 0.263 0.2286 0.7365
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Growth index.  To understand the growth of crops over time, it is necessary to determine their nutritional 
status. The traditional determination of leaf colour is to detect the chlorophyll content, which has high accu-
racy, but it takes considerable work and time32. Plant height, chlorophyll, leaf area and photosynthetic index are 
important parameters to characterize crop photosynthetic production capacity, crop growth and nutritional 
status33. The results showed that in comparison to the CRU treatment, the urea treatment significantly reduced 
the plant height, SPAD, leaf area and photosynthetic index, which might have led to plant senescence.

In addition, the application of KCl significantly increased the chlorophyll content in Italian ryegrass. Within 
a certain range of KCl applications, the chlorophyll content increased with increasing KCl applications, but 
beyond this threshold, the effect of KCl was weakened, thus affecting the ornamental value of Italian ryegrass. 
This outcome may have been due to the decrease in assimilative capacity, enzyme content and enzyme activity 
caused by the lack or excess of K, further leading to the decrease in leaf area and photosynthesis and thus affecting 
photosynthesis34. Generally, the CRU × KCl300 treatment improved the leaf photosynthesis of Italian ryegrass.

Roots play an important role in crop growth and yield formation35. In the present study, the application of 
the CRU and moderate KCl rate significantly increased root length, surface areas and the numbers of tips and 
branches than other treatments, and there was significant N × K interaction effect on the the numbers of tips. 
These results suggested that suitable N and K fertilizer application can enhance root growth and thereby increase 
the uptake of nutrients36. Totally, there was no significant N × K interaction effect on the growth index. A positive 
correlation between the duration of reproductive growth and the appropriate amount of N or K application, but 
the interaction effect of N × K was not obvious26.

Yield and fertilizer use efficiency.  N and K are the key factors affecting the yield of Italian ryegrass. 
Under sufficient N, the leaves of Italian ryegrass are thick green and have strong growth and a high yield of fresh 
grass, and under N deficiency, the leaves of Italian ryegrass are yellow and have poor growth37.

Table 7.   The N uptake, K uptake, N use efficiency (NUE) and K use efficiency (KUE) of Italian ryegrass. 
Means followed by different lowercase letters in the same column were significantly different based on analyses 
with ANOVAs followed by Duncan tests (P < 0.05). Control no N and K fertilizer, CRU​ controlled-release urea, 
KCl potassium chloride.

Treatment N uptake (kg ha−1) K uptake (kg ha−1) NUE (%) KUE (%)

N fertilizer type

CRU​ 313.56 a 298.78 a 38.37 a 31.77 a

Urea 298.78 b 297.22 a 33.45 b 30.46 a

K fertilizer rate (kg ha−1)

150 305.50 a 270.67 c 35.82 a 33.58 a

300 308.01 a 304.00 b 36.05 a 34.79 a

450 305.32 a 319.33 a 35.86 a 24.98 b

N × K interaction

Control 202.33 c 212.61 d – –

CRU × KCl150 312.00 a 270.04 c 38.15 b 33.69 a

CRU × KCl300 315.67 a 306.33 ab 38.59 a 36.59 a

CRU × KCl450 313.22 b 320.09 a 38.36 ab 25.03 b

Urea × KCl150 299.12 b 271.33 c 33.49 c 33.46 a

Urea × KCl300 300.36 b 301.67 b 33.50 c 32.99 a

Urea × KCl450 297.11 b 318.64 a 33.35 c 24.93 b

Source of variance

N  < 0.0001 0.6245  < 0.0001 0.2911

K 0.2975  < 0.0001 0.1275 0.0002

N × K 0.7215 0.7333 0.1572 0.417

Table 8.   Correlations between different forms of soil K and N. *P < 0.05; **P < 0.01.

Correlation coefficient Available K Water soluble K Exchangeable K Non-exchangeable K NO3
−-N NH4

+-N

Available K 1

Water soluble K 0.8733** 1

Exchangeable K 0.6775** 0.2333* 1

Non-exchangeable K 0.8455** 0.8248** 0.4423** 1

NO3
−-N 0.7592** 0.8370** 0.2516* 0.5092** 1

NH4
+-N 0.7919** 0.7695** 0.4189** 0.5579** 0.8917** 1
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The results showed that in comparison to those of the urea treatment and the control treatment, the dry yields 
of the CRU treatment were highest and increased by 20.5–53.2% (Table 6). Studies have also shown that CRU 
effectively promotes the ability of photosynthesis to produce organic matter and then increase plant yield38,39. In 
this study, the second and third clipping stages were the period of high yield of Italian ryegrass and the period of 
high yield of CRU. It highlighted that N uptake of Italian ryegrass in the first growing stages is lower and this can 
be functional to the presented pattern of N release in soil11. In the present study, the yield of the CRU treatment 
was higher than that of the common urea treatment in the four clipping periods, especially in the middle and later 
stages of Italian ryegrass growth, which occurred because the CRU slowly released N and met the growth demand 
of Italian ryegrass. In general, the N fertilizer type markedly affected the dry yield, but the application amount of 
K fertilizer had little effect on the yield. Moreover, no significant N × K interaction effect was found in the present 
study, which was different24. Hence, it is necessary and important to carry out further field experiments on the 
accurate rate and timing of N and K. Through a comparison, the yield of the CRU × KCl450 treatment was the 
highest in the early stage, but considering the later stage yield, fertilizer utilization rate, economic benefits and 
other factors, the whole growth period of the CRU × KCl300 treatment was the most suitable treatment combina-
tion of all treatments, which improved the yield of Italian ryegrass.

There are many parameters to describe the efficiency of fertilizer utilization. The key to improving the effi-
ciency of fertilizer utilization is nutrient absorption40. In this study, NUE and KUE were used. Regardless of the 
amount of KCl applied, the NUE of the CRU treatment was significantly higher than that of the urea treatment, 
which might have been due to high N absorption, and similar to the results18. In addition, the KCl rate had a 
significant effect on K absorption and KUE (Table 7). The KUE values of the KCl300 treatment were higher than 
those of the KCl150 and KCl450 treatments. Therefore, the CRU × KCl300 treatment could improve the NUE and 
KUE of Italian ryegrass. Besides, the increase nutrient-use efficiency could also minimize unfavorable effects on 
the environment, mainly leaching11.

Overall, the N fertilizer type and K fertilizer rate had significant effects on Italian ryegrass growth, yield and 
soil fertility, but there was no significant N × K interaction effect. The CRU released N slowly, which was con-
sistent with the N demand of Italian ryegrass during the whole growth and developmental period, simplifying 
the cultivation technology and reduced the soil N/K leaching. This study found that the amount of K fertilizer 
had no significant effect on the growth of Italian ryegrass in the early stage, but in the middle and late stages of 
ryegrass growth, the CRU × KCl300 treatment improved plant SPAD and root morphology, delayed senescence 
of Italian ryegrass, and significantly increased the yield and fertilizer use efficiency. Hence, the CRU × KCl300 
treatment is recommended as the best fertilization combination for Italian ryegrass, and this recommendation 
can serve technical support for Italian ryegrass production and fertilization.

Materials and methods
Experimental materials.  The two-year experiment (2018–2019) was conducted at the Yinan County 
experimental base, Linyi City, Shandong Province, China (N 35°48′33″; E 118°26′45″). The climate is a temper-
ate monsoon climate, and the precipitation is concentrated from July to September. The contents of sand, silt and 
clay in the soil are 547.32, 228.63 and 216.03 g kg−1, respectively, which are classified as sandy loam. The two-year 
field experiment was carried out at the experimental base of the College of Agriculture and Forestry Science, 
Linyi University, Linyi city, Shandong Province (35°06’N, 118°17’E) in 2019 and 2020, and this site has a con-
tinental climate typical of temperate monsoon areas. The temperature and relative humidity in the greenhouse 
were 30 ± 5 °C and 45 ± 5% mm, respectively.

Soil type and analysis.  The field soil is sandy loam, which is classified as Typic Hapludalf according to the 
USDA classification41. The basic soil properties are listed in Table 9.

Fertilizer material.  The fertilizers used included controlled-release urea (CRU) and ordinary fertilizers. 
The CRU (containing N 43%, release period was almost 3  months in distilled water at 25  °C) fertilizer was 
produced by the State Key Laboratory of Nutrition Resources Integrated Utilization, China. The CRU fertilizer 
was formulated as round particles with a regular shape and smooth surface, and it was coated with an epoxy 
resin (low curing shrinkage, strong adhesion and chemical resistance). The polyurethane epoxy resin synthe-
sized from polyethylene glycol and hydroxyl terminated polycaprolactone has good biodegradability, which the 
SEM micrographs (Fig. 4) and FTIR spectra (Fig. 5) revealed changes in the characterization results of CRU 
with nutrient release after the incorporation of K salts. Surface of the shell became micro-holes and rough after 
release. Indicating that the coating material will degrade quickly without harming the environment. The ordi-
nary fertilizers included urea (containing N 46%), calcium superphosphate (containing P2O5 14%), and potas-
sium chloride (KCl) (containing K2O 60%), which were provided by Jinyimeng Group Co., Ltd., and Kingenta 
Ecological Engineering Group Co., Ltd., China.

Table 9.   Part properties of tested soil before ryegrass planting in 2019.

pH value (2.5:1)
Organic matter 
(g kg−1) Total N (g kg−1) NO3

—N (mg kg−1)
NH4

+-N (mg 
kg−1)

Available P (mg 
kg−1)

Available K (mg 
kg−1)

6.52 6.88 0.73 46.09 31.22 39.82 182.08
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Experimental design.  A split-plot design with three replications was used for the experiment. Specifically, 
the N types (CRU and urea) were the main plots, potassium chloride (KCl) rates (150, 300 and 450 kg ha−1) were 
the subplots, and no N and K fertilization were the control. Each plot received a basal application of 300 kg ha−1 N 
and 200 kg ha−1 P2O5. All fertilizers (except common urea) were applied once with hands before sowing seeds. 
In particular, the urea applied twice in total, with 60% before sowing seeds, and 40% after the second clipping 
stage. The Italian ryegrass was sown on April 4, 2019 and April 7, 2020. CRU (10 g) was weighed and placed 
into the mesh bag (8 cm width and 10 cm length), the bags were sealed, and this process was repeated 18 times. 
The tested forage was ‘Bluesign’ Italian ryegrass, which is produced by Suqian Chengzhiyang Seed Industry Co., 
Ltd., China.

CRU release characteristics.  The release of the CRU in the soil was determined by the burying bag weigh-
ing method17. Similarly, 10 g of CRU particles was put into the mesh bag (8 cm width and 10 cm length) and 
buried in a cement tank with a depth of 15–20 cm during fertilization. The net bags were collected on the 10th, 
20th, 30th, 60th, 90th, and 120th days after burial in the soil. Then, three bags were collected each time, washed 
and dried to constant weight at 60  °C, and the N release rate was calculated according to the weight of the 
remaining fertilizer particles.

Soil sampling and measurement.  The plant and soil samples were determined in 2020. The 0–20 cm soil 
samples were collected by a 5-point sampling method (2 sampling points in the fertilizer row, 3 sampling points 
in the the plant row). The contents of NO3

−-N and NH4
+-N in fresh soil (0.01 mol L−1 CaCl2 extraction) were 

determined immediately using an AA3 continuous flow analyser (Bran-Luebbe, Norderstedt, Germany). The 
remaining soil was dried by naturally existing air, ground through 2 mm and 0.25 mm sieves. The organic mat-
ter was determined by the K dichromate external heating method. The soil total N was determined by the semi 
micro Kelvin method. The available phosphorus was determined by the pH 8.5, 0.5 mol L−1 NaHCO3 extraction, 
molybdenum blue colorimetry. The available K content was determined by the 1 mol L−1 NH4OAc extraction, 
flame photometer method27.

Leaf sampling and analysis.  The leaf area of Italian ryegrass was measured by a leaf area metre (Yaxin-
1241, Yaxinliyi, China). The SPAD value (chlorophyll  relative value) were used as a proxy of the chlorophyll 
content of leaves (SPAD-502, Minolta, Japan). The Li-6400 portable photosynthetic apparatus (LI-COR, Lincoln, 
NE, USA) was also used for the determination. The leaf photosynthetic indicators were measured at 9:00–10:00 
a.m. Selecting sunny and cloudless weather included the net photosynthetic rate (Pn), stomatal conductance 
(Gs), intercellular carbon dioxide concentration (Ci) and transpiration rate (Tr) before the second clipping.

Root sampling and analysis.  The root samples were scanned with a rhizome scanner (WinRhizo STD 
4800, CAN) to determine the root volume, total length, diameter, surface area, number of tips and branches42.

Harvest measurement.  After measuring the physiological indexes of the plant, the grass was clipped with 
scissors for each treatment, and the height of the stubble was the same as that of the ground. Then, the clipped 

Figure 4.   Scanning electron micrographs of (A1-1 mm and A2-10 µm) CRU before release and (B1-1 mm and 
B2-10 µm) CRU after release.
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grass was sealed in the file bag according to the treatment label, placed in the oven at 105 °C for 30 min, and 
dried at 65 °C for 72 h, and then, the dry weight of the yield was recorded. Finally, the N and K contents of 
the plants were analysed. The plant total N contents were determined by digestion with H2SO4-H2O using the 
micro-Kjeldahl method, and the K content of the plant was digested by H2SO4-H2O and determined by a flame 
photometer27. The N and K uptake were calculated according to the N and K content and dry mass weight. The 
N use efficiency (NUE) and K use efficiency (KUE) were calculated43.

Statistical analyses.  Microsoft Excel 2010 was employed for data processing and figure drawing. Data 
was subjected to analysis of variance and mean separation tests as a split-plot factorial design with three replica-
tions. Concretely, the data were analyzed using the Statistical Analysis System version 9.2 (SAS Institute Cary, 
NC, 2010) with a two-way ANOVA at a significance level of 0.05, with N type and K rate as the independent 
variables. Two-way analyses of variance (ANOVAs) were performed to determine the effects of N, K and their 
interactions on the leaf area, leaf SPAD, leaf photosynthesis chlorophyll parameters, root morphology, yield and 
nutrient uptake of Italian ryegrass. One-way analyses of variance were performed to test for significant differ-
ences between treatments of NH4

+-N, NO3
−-N, and soil K informs. A Duncan multiple range test was carried out 

to determine if significant (p < 0.05) differences occurred between individual treatments44.

Ethics approval.  Experimental research and field studies on plants comply with relevant institutional, 
national, and international guidelines and legislation.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.

Figure 5.   FTIR spectra of (A) CRU before release and (B) CRU after release.
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