
Global population size is predicted to increase 
from 7.2 billion to over 9 billion by 2050 (according 
to the United Nations world population prediction), 
which poses an unprecedented challenge for global 
crop production systems. Besides, global demands 
for major grains, such as maize (Zea mays L.), are 
projected to increase by 70%, forced by the human 
population requirements for food, fiber and fuel 
(Fedoroff et al. 2010, Tilman et al. 2011). Fertilizer 
use is an efficient way to increase yields and maintain 
food security (Dobermann et al. 1998, Wu et al. 2013), 
but an increasing number of research demonstrated 
that excessive or imbalanced mineral-fertilizer appli-
cation by farmers has become a common practice in 

China, resulting in long-term production stagnation 
and severe soil degradation (Zhao et al. 2006, Cui 
et al. 2010). According to the production reports, 
maize yield in China has increased from 1.14 t/ha 
to 5.2 t/ha between 1961 and 2009. However, yield 
has stagnated and declined gradually in a recent 
decade, which is concurrent with a linear increase 
in nutrient inputs (Ma et al. 2015). Additionally, 
approximately 24–39% of global main maize pro-
duction areas also appear to be declining (Ray et 
al. 2012, Grassini et al. 2013). Obviously, there is 
imbalance between fertilizer application and nutrient 
requirements for crop, resulting in both reduced 
crop yields and inefficient fertilizer use.
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Accurate estimating of the balanced nutrition for maize is necessary for optimizing fertilizer management to pre-
vent nutrient supply surplus or deficiency. Data from 300 field experiments in the Northeast China conducted 
between 2006 and 2011 were gathered to study the characteristics of maize yield, and using the QUEFTS model to 
estimate the balanced nutrition at different yield potential. The average grain yield was 10 427 kg/ha, and average 
internal efficiencies were 54.3, 251.5 and 78.2 kg grain per kg plant nitrogen (N), phosphorus (P) and potassium (K), 
respectively. With the harvest index values < 0.40 as outliers were excluded, the model simulated a linear-parabolic-
plateau curve for the balanced N, P and K uptake when the initial yield target increased to the yield potential levels 
of 10 000 to 14 000 kg/ha. When the yield target reached approximately 60–70% of the yield potential, 16.7 kg N, 
3.8 kg P, and 11.4 kg K were required to produce 1000 kg grain. The corresponding internal efficiencies were 60.0, 
265.7 and 88.0 kg grain per kg plant N, P and K, respectively. These results contributed to improving nutrient use 
efficiency, and to demonstrate that the QUEFTS model could be a promising approach for estimating the balanced 
nutrition.
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To address this problem, fertilizer recommen-
dations have mainly focused on measuring soil 
properties and regulating nitrogen (N) nutrient 
supply based on the residual nitrate-N concen-
tration in soil (Dai et al. 2015, Wang et al. 2016). 
These fertilizer recommendation methods are 
effective, but the costs to complex field sampling 
are high and field trails needs to be set annually 
owing to different soil types in China (Huang et 
al. 2006). Besides, the nutrient recommendation 
algorithms could be used for quantifying crop 
nutrient requirements to optimize nutrient man-
agement. However, most previous studies only 
considered a single nutrient, thereby neglecting 
the interactions between more plant nutrients 
(Yang et al. 2017).

The QUEFTS model could help resolve these 
issues, concerning the interactions between nu-
trients, which is the most important and distin-
guishing character compared with other models. 
Thus, the model was used as an efficient tool for 
quantifying balanced nutrient requirements for 
a yield target to provide a support for fertilizer 
recommendations. Currently, the QUEFTS model 
has been successfully applied to different crops, 
including maize, rice and wheat in countries such 
as Africa, USA, India and China (Saı’Dou et al. 
2003, Liu et al. 2006, Das et al. 2009, Buresh et 
al. 2010).

Differently from the previous studies, this paper 
emphasizes that the necessity to calculate the 
balanced nutrition for maize by using QUEFTS 
model at a regional scale (Northeast China) has 
not yet been attempted. Li et al. (2011) reported 
that to figure out the nutrient balance, input or 
output in different parts of China is meaningful for 
fertilizer recommendations. Thus, the objectives 
of the study were to: (1) analyse the characteristics 
of grain yield and internal efficiency; (2) estimate 
the balanced N, phosphorus (P) and potassium (K) 
requirements for maize at different yield potential.

MATERIAL AND METHODS

Data sources. The database used for this study 
was obtained from 300 field experiments at 52 
maize experimental sites located in the Liaoning 
Province (38°43'N–43°26'N, 118°53'E–125°46'E), 
Northeast China from 2006 to 2011 (Figure 1).

The region has a continental monsoon climate 
with the average annual temperature of 7.0–8.3°C, 
and 136–180 frost-free days. The mean annual 
precipitation ranged between 433.5–1077.8 mm, 
primarily from June to September. The soil is clas-
sified as Haplic-Udic Luvisols, and the chemical 
properties are as follows: pH ranged from 5.56 to 
7.91, alkaline hydrolyse N, available P and avail-

 Figure 1. Geographical distribution of the experimental sites of maize in the Liaoning province of China
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Model introduction. Data were collected from 
all experimental sites. First, the analysis of the 
data was performed, including grain yield, plant 
accumulation of N, P and K, and internal effi-
ciency. In our study, the approach to calculation 
of the balanced nutrient uptake at different yield 
potential majorly adhered to Witt et al. (1999). 
Thus, a description of steps is as follows:
1. Sifting through the data and removing outliers. 

A prerequisite for applying the QUEFTS model 
was that the database was not to be limited by 
biotic or abiotic stress other than N, P or K sup-
ply (Setiyono et al. 2010). Thus, the data where 
the HI was less than 0.4 were supposed to have 
suffered from drought or diseases during grain 
filling and those should be excluded before us-
ing the QUEFTS.

2. For each nutrient, the borderlines to the re-
lationship of grain yield and nutrient uptake 
were determined. The slope of two borderlines 
represents the maximum accumulation (a) and 
maximum dilution (d) of a particular nutrient, 
respectively. (Witt et al. 1999, Xu et al. 2013). 
The values of a and d were mostly calculated as 
the 2.5th and 97.5th percentiles of the calculated 
IE of a particular nutrient.
With the a and d coefficients determined and 

the yield potential set, a spreadsheet version of 
the QUEFTS model was used to calculate the 
balanced N, P and K requirements of maize at dif-
ferent yield potential levels. The QUEFTS model 
was run, each time making a slight increase as 
the initial yield target of 1000 kg/ha gradually 
approached to the yield potential. N is shown as 
an example (Figure 2).

RESULTS AND DISCUSSION

General overview of database. The grain yield 
ranged from 2543 to 14 196 kg/ha (Table 1) and the 
yield levels were mostly distributed in the range of 
8000–9000 kg/ha (17.3%) and 9000–11 000 kg/ha 
(19.3%), with low frequency distribution in the 
extremely high or low yield ranges (Figure 3). 
The average grain yield in this study was 8858 kg/ha 
(Table 1), which was approximately 38.2% and 
42.9% higher than those from 2006 to 2011 in the 
global scale (5468 kg/ha) and in China (5075 kg/ha), 
respectively (FAO 2011). Grain yield observed in 
our study was attributable to the utilization of new 

able K were in the range of 65.54–120.68 mg/kg, 
12.6–48.58 mg/kg, 86.58–142.83 g/kg, respectively. 
Soil organic carbon ranged from 4.8 to 11.3 g/kg, 
total N ranged from 0.56 to 1.33 g/kg.

Experimental design. At each experimental site, 
the plots size ranged from 30 to 60 m2 and were 
arranged in a randomized block design with three 
replications per treatment. The treatments were: 
(1) no fertilizer (CK); (2) optimal recommended 
fertilization (OPT), according to the soil tests and 
local maize cultivation technology with the level 
of N: 180–240 kg N/ha, P: 39.6–66.0 kg P/ha, and 
K: 99.6–124.5 kg K/ha; (3) no N fertilizer (N0): 
only P (39.6–66.0 kg P/ha) and K (99.6–124.5 kg 
K/ha) fertilizers were used in the plots; (4) no P 
fertilizer (P0): only N (180–240 kg N/ha) and K 
(99.6–124.5 kg K/ha) fertilizers were used in the 
plots; (5) no K fertilizer (K0): only N (180–240 kg 
N/ha) and P (39.6–66.0 kg P/ha) fertilizers were 
used in the plots.

The N, P and K fertilizers were applied as urea 
(46% N), superphosphate (16% P), and potassium 
chloride (52% K), respectively. Pesticides and her-
bicides were applied to fields during the maize 
growing season following conventional practices 
to control pests and weeds.

Plant sampling and analysis. At maturity, plants 
were harvested manually by hand (cut 10 cm above 
the ground) in each plot; stubble left in the field 
was negligible. The fresh grain and straw samples 
were dried at 80°C and weighed. Subsamples were 
passed through a 1 mm sieve, and digested with 
H2SO4-H2O2, after which the N, P and K concentra-
tions were measured by using the micro-Kjeldahl 
procedure, vanadate molybdate-yellow colorimeter 
and flame spectrophotometer, respectively (Bao 
2000).

Calculation. Harvest index (HI), nutrient har-
vest index (HIN/P/K), internal efficiency (IE), and 
reciprocal internal efficiency (RIE) were calculated 
with the formulas:

Where: Y – grain yield; DM – total above-ground dry mat-
ter; YN/P/K – N, P or K accumulated in grain; UN/P/K – N, 
P or K accumulated in the above-ground plant dry matter.

𝐻𝐻𝐻𝐻 =
𝑌𝑌
𝐷𝐷𝐷𝐷

 

 𝐻𝐻𝐻𝐻𝑁𝑁/𝑃𝑃/𝐾𝐾 =
𝑌𝑌𝑁𝑁/𝑃𝑃/𝐾𝐾

   𝑈𝑈𝑁𝑁/𝑃𝑃/𝐾𝐾

 
𝐼𝐼𝐼𝐼𝑁𝑁/𝑃𝑃/𝐾𝐾 =

𝑌𝑌
   𝑈𝑈𝑁𝑁/𝑃𝑃/𝐾𝐾

 

 
𝑅𝑅𝐼𝐼𝐼𝐼𝑁𝑁/𝑃𝑃/𝐾𝐾 =

  𝑈𝑈𝑁𝑁/𝑃𝑃/𝐾𝐾

𝑌𝑌 
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cultivars and good field-management practices, 
which indicated that both breeding and cultivation 
had been gradually matured as well.

The nutrient concentrations within each plant 
component also had a broad variation (Table 1). 
On average, the total above-ground N, P and K 
accumulation were 176.1 kg/ha, 36.9 kg/ha, and 
134.8 kg/ha, respectively, indicating an N:P:K ratio 
of 4.77:1:3.65 in the plant (Table 1). The average 
N, P and K harvest indexes were 0.61, 0.81, and 
0.23, respectively (Table 1). In other words, about 
61% of the N, 81% of the P, and 23% of the K in the 

Figure 2. The relationship between grain yield and 
plant nitrogen (N) uptake. YU – balanced N require-
ment to achieve a yield potential; YA, YD – borderline 
of maximum accumulation and dilution of N in the 
above-ground dry matter. Envelope coefficients of a 
and d represent the slopes of YA and YD; IE – internal 
efficiency

Table 1. Statistics of all maize characteristics data (n = 300) from field experiments in the Northeast China from 
2006 to 2011

Parameter Unit Mean Minimum 25% quartile Median 75% quartile Maximum

Grain yield (kg/ha) 8858 2543 7382 8851 10 334 14 196

Harvest index ( g/g) 0.46 0.20 0.43 0.46 0.50 0.69

Grain

N

( g/kg)

11.68 2.61 10.16 11.76 13.47 19.37

P 3.41 0.96 2.85 3.35 3.90 6.86

K 3.05 0.10 2.50 2.91 3.49 6.75

Straw

N 6.75 1.86 4.76 6.46 8.1 17.35

P 0.67 0.21 0.50 0.63 0.79 1.68

K 10.21 1.34 6.87 9.94 13.31 23.13

Plant

N

(kg/ha)

176.1 29.9 129.1 168.2 214.5 453.9

P 36.9 11.2 28.5 35.2 45.5 77.9

K 134.8 25.9 90.3 124.9 171.0 407.7

Harvest index

N 

(kg/kg)

0.61 0.18 0.53 0.62 0.69 0.87

P 0.81 0.41 0.77 0.82 0.87 0.94

K 0.23 0.02 0.15 0.21 0.30 0.69

 

Figure 3. The distribution of different ranges of grain 
yield conducted across 52 experimental sites (n = 300)
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above-ground plant was distributed in grain, and 
the remaining was distributed in straw. Remarkably, 
the K stored in straw was relatively high, approxi-
mately 70.1% higher than that stored in grain.

Reciprocal internal efficiency was defined as 
the amount of a nutrient in the plant needed to 
produce 1000 kg grain. For all maize data, the av-
erage IEs were 54.3 kg, 251.5 kg, and 78.2 kg grain 
per kg N, P and K, respectively. In other words, 
to produce 1000 kg maize yield, the average N, P 
and K requirements were 19.8 kg N, 4.2 kg P and 
15.4 kg K, respectively (Table 2).

Selection of data for adjustment of the QUEFTS 
model. There was a tremendous variation range in 
the database, which could be due to the wide ranges 
of production areas and environmental conditions. 
Not all data were suitable for the QUEFTS model.

Harvest index was an important indicator used 
for screening the database in QUEFTS model. 
Across the maize database, the average harvest 
index was 0.46, ranging from 0.2 to 0.69 (Table 1). 
Most of the HIs in the study were between 0.4 and 
0.6, and those < 0.4 were considered as anomalies 
in the dataset; they possibly suffered from impact 
of biotic or abiotic factors. In order to guarantee 
the accuracy of calculation, a lower HI boundary 
was used to exclude the data with HI < 0.4; about 
13% extreme values of all data were excluded and 
262 groups of maize data remained (yield ranged 
from 3150 to 14 196 kg/ha) (Figure 4).

Parameters for the QUEFTS model. The prereq-
uisite of using the QUEFTS model was to calculate 
the slopes of two borderlines of the maximum 
accumulation (a) and dilution (d) of N, P and K. 
Thus, three sets of constants a and d values were 
calculated by excluding the upper and lower 2.5 
(set I), 5 (set II), and 7.5 (set III) percentiles of all 
IEs data of a particular nutrient (Table 3).

Here, the yield potential of maize was fixed as 
14 000 kg/ha as an example (Figure 5). The curves 
of the balanced nutrient requirements simulated 

Table 2. Internal efficiency (kg/kg) and reciprocal internal efficiency (kg/t) of nitrogen (N), phosphorus (P) and 
potassium (K) for maize

Parameter Mean Minimum 25% quartile Median 75% quartile Maximum

Internal efficiency

N 54.3 19.4 44.0 51.5 61.5 160.2

P 251.5 123.8 209.0 243.9 282.6 579.2

K 78.2 14.6 52.6 70.5 94.8 215.7

Reciprocal internal efficiency

N 19.8 6.2 16.3 19.4 22.7 51.4

P 4.2 1.7 3.5 4.1 4.8 8.1

K 15.4 4.6 10.5 14.2 19.0 68.7

Figure 4. Distribution of grain yield and harvest index 
of maize. The red line represents a screening line to 
exclude outliers in the database

Table 3. Coefficients of maximum accumulation (a) 
and dilution (d) of nitrogen (N), phosphorus (P) and 
potassium (K) in the above-ground dry matter for maize

Nutrient
Set I Set II Set III

a 
(2.5th)

d 
(97.5th)

a 
(5th)

d 
(95.5th)

a 
(7.5th)

d 
(92.5th)

N 34.1 93.3 36.2 84.2 38.4 77.7

P 151.8 410.9 167.3 372.3 179 360

K 40.2 184.4 41.9 161.8 44.3 142.9

 Harvest index (kg/kg)
0.2          0.4         0.6          0.8          1.0
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by the QUEFTS model were similar for the three 
sets (Figure 5). Considering that Set I contained a 
broad range of variables, it is presumed that set I 
could be used as borderlines slope set in QUEFTS 
for maize. The constant a and d of N, P and K in 
Set I were 34.1 and 93.3 kg grain per kg N, 151.8 
and 410.9 kg grain per kg P, and 40.2 and 184.4 kg 
grain per kg K, respectively.

Estimating balanced nutrient uptake at dif-
ferent yield potential. Using the QUEFTS model 
simulated a linear-parabolic-plateau curve for bal-
anced N, P and K requirements at different yield 
potential levels (10 000 to 14 000 kg/ha) (Figure 6). 
For the linear part, the balanced nutrient require-
ments showed a linear increase until the yield 
target reached approximately 60–70% of the yield 
potential, and 16.7 kg N, 3.8 kg P and 11.4 kg 

K would be needed to produce 1000 kg grain 
yield. Correspondingly, the IE values for N, P 
and K were 60.0 kg/kg for N, 256.7 kg/kg for P, 
88.0 kg/kg for K. The N:P:K ratios were 4.69:1:3.02.

When the yield target was gradually reached 
up to the yield potential, the curve of crop nu-
trient uptake showed a plateau level (Figure 6). 
Specifically, when crop yield levels reach more than 
60–70% of the site yield potential, crop requires 
greater amounts of nutrients per unit increase in 
grain yield; therefore, greater attention in input-
ting appropriate nutrients at grain filling period 
is to be paid. This study is important for many 
provinces in China, not only as a reference but it 
also provides a promising method for estimating 
the nutrient requirements of other crops in dif-
ferent regions.

Figure 5. Balanced nutrient requirements of nitrogen (N), phosphorus (P) and potassium (K) at different sets 
simulated by the QUEFTS model. Yield potential was set at 14 000 kg/ha

Figure 6. Balanced nitrogen (N), phosphorus (P) and potassium (K) uptake at different yield potential simulated 
by the QUEFTS model for maize in the Northeast China
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