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Abstract: According to the requirements of different fertilizers for early-maturing and late-maturing
broccoli, this study aimed to establish the models of formula fertilization to apply them in the
recommendation of fertilization by the aid of soil testing performed in main broccoli-producing areas.
In this paper, based on the effective functions of for nitrogen- (N), phosphorous- (P), and potassium
(K)-balanced fertilizers for broccoli of two different mature types, the models of formula fertilization
were established. The recommend formula fertilization was accomplished in 12 different plots in the
same broccoli-producing areas. The analysis of N, P, and K fertilizer contributions to broccoli yield
indicated that the application rate of N, P, and K fertilizers for early-maturing variety was higher
than that for late-maturing variety, when the yield contribution rate of N, P, and K fertilizers reached
the extreme value. The contribution of K fertilization to the yield even had a significantly negative
effect with the continuous increase of K fertilizer application for the late-maturing broccoli variety.
The results showed that the different optimal combinations of applying N, P, and K fertilizers could
be recommended, according to the different genotypes and soil nutrient levels.

Keywords: broccoli; soil testing; formula; fertilizer contribution; recommendation

1. Introduction

Proper fertilization is an essential measure to achieving high-yield and high-quality
crops. Formula fertilization via soil testing is a scientific fertilization technology, which has
been widely adopted worldwide. It can increase the fertilization utility rate, reduce the
agricultural production cost, boost the economic benefit, and raise farmers’ income.

Broccoli (Brassica oleracea var. italica) is an important field vegetable in the world,
which is rich in vitamins, proteins, mineral elements, and sulforaphane (an anticancer
active substance) [1–4]. From the main production areas of broccoli in China, excessive
nitrogen (N) and phosphorus (P) fertilizers and unbalanced proportions of N, P, and
potassium (K) are common during the production and planting of broccoli. Under the
traditional fertilization management mode, the yield is not high, the utilization rate of
fertilizers is low, and a series of environmental pollution problems are produced. The
excessive application of chemical fertilizers may not only reduce the nutritional quality
and taste of crops but also cause soil structural damage and ecological environmental
pollution [5,6]. Therefore, reducing the use of chemical fertilizers in vegetable farming
activities has a positive effect on the growth, quality, and soil conditions of vegetables.
Balanced fertilization of N, P, and K is beneficial to the increase of crop yield [7].

Broccoli needs adequate nutrients throughout its growth. In the growth of broccoli,
which has different genotypes, especially early-maturing and late-maturing varieties, there
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are relatively important differences in the demand for N, P, K, and other fertilizers [1,8].
N, P and K are vital factors in soil testing and fertilization recommendation, significantly
influencing both the yield and quality of broccoli [9–11]. Developing fertilization func-
tion is the basis of formula fertilization via soil testing for the production of crops and
vegetables. Some formulated fertilization models have been presented for various field
crops, such as wheat and corn [12,13], while no significant application of model for rec-
ommend formula fertilization has been proposed for vegetables, including broccoli and
cauliflower. Thilagam et al. studied the effects of application of N, P, and K fertilizers on
cauliflower yield [14,15].

In the integrated technological process of “soil testing-formulation-fertilizer supply-
ing”, the precise formulation is the core of formula fertilization [16,17], and soil testing is
an important part of formula fertilization. The fertilizer response functions in domestic
and foreign models of broccoli and cauliflower have been investigated [18–20], while few
studies have concentrated on how to apply the optimal results of fertilizer response func-
tions to the formula fertilization recommendation. In some cases, the optimal fertilization
recommendation was directly used in recommended plots [10,18–20], which is obviously
inconsistent with the principle of formula fertilization via soil testing and cannot reach
the expected results. Therefore, combining the determination of soil nutrient content with
fertilizer effect function, the application of models for recommend formula fertilization
could be better extended.

Nonetheless, there were few reports on the recommendation of N, P, and K fertilizers
based on the response function of the yield of broccoli to fertilization. In our previous
study, the fertilizer response functions reflecting the relationships between fertilizer rate
and yield were presented for cauliflower and broccoli in field experiments using the 311-A
optimization regression design [11,18,20].

To date, the functions of N, P, and K fertilizers in broccoli production have not been
deeply studied. In addition to response functions of N, P, and K fertilizers, the fertiliza-
tion recommendation based on the soil testing is a successful tool for crop fertilization
management, requiring a reasonable recommendation model for predicting fertility.

With this aim, based on the established effect functions of N-, P-, and K-balanced
fertilization for different genotypes, especially early-maturing and late-maturing varieties,
the purpose of this study is to establish the models for recommending formula fertilization
and to apply the recommended fertilization according to the different results of soil testing
in different field plots from the main producing areas of broccoli, allowing the possibility
of improving the yield and quality of broccoli and reducing pollution.

2. Materials and Methods
2.1. Design Methodology of Effective Function of Balanced Fertilization

‘ZSHL’ broccoli is an early-maturing variety, taking 55–60 days from field planting
to harvesting; ‘HL-5’ broccoli is a late-maturing variety, taking 90–100 days from field
planting to harvesting. Both varieties were provided by the Horticulture Research Institute
of, Shanghai Academy of Agricultural Sciences (Shanghai, China). Field experiments
designed to estimate the yield of broccoli were conducted in the Modern Agricultural
District of the Chongming county, Shanghai. The soil basic agricultural traits were detected,
the content of organic matter was 1.79%, pH value was 7.38, the available N content was
62.52 mg/kg, the available P content was 24.70 mg/kg, and the available K content was
170.0 mg/kg. Sources of N, P2O5, and K2O were urea, superphosphate, and potassium
chloride (KCl), respectively.

The experiment was conducted according to the ‘311-A optimization regression de-
sign of supposed saturation [11]. Each variety included 11 treatment combinations with
3 repeats, accounting for a total of 33 test plots, and there were 40 plants in each individual
plot. Plant spacing and row spacing were both set to 50 cm, and coded values and fertilizer
rates are summarized in Table 1. Plants were sown on 25 July and transplanted to the
field on 25 August in 2020. According to the current production situation in Shanghai, the
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maximum amounts of N, P2O5, and K2O are 500, 180, and 300 kg/ha, respectively. For
each basic fertilizer, topdressing period and proportion were as follows:

Table 1. The yields of broccoli under various fertilization treatments.

Treatment
Coded Value Fertilization Rate (kg/ha) Yield of ZSHL

(kg/ha)
Yield of HL-5

(kg/ha)X1 X2 X3 N P2O5 K2O

1 0 0 2 225 90 270 12,548.7 12,352.3
2 0 0 −2 225 0 0 11,365.2 13,275.6
3 −1.414 −1.414 1 65.925 26.37 202.5 8521.4 8606.7
4 1.414 −1.414 1 384.08 26.37 202.5 12,654.3 16,452.3
5 −1.414 1.414 1 65.925 153.63 202.5 8754.3 8995.1
6 1.414 1.414 1 384.08 153.63 202.5 13,072.6 17,258.4
7 2 0 −1 450 90 67.5 12,243.5 12,952.3
8 −2 0 −1 0 90 67.5 5637.3 9033.2
9 0 2 −1 225 180 67.5 11,434.5 11,855.8

10 0 −2 −1 225 0 67.5 11,032.1 10,942.0
11 0 0 0 225 90 135 12,768.9 16,973.3

For N (50%) fertilizer as a basic fertilizer, topdressing was carried out at two time
points. The first topdressing was performed before the formation of leaf clusters treated
with 25% of total N fertilizer; the second topdressing was conducted in the treatment
period with 25% of total N fertilizer. For P (80%) fertilizer as a basic fertilizer, topdressing
was carried out in the treatment period with 20% of total P fertilizer. For K (50%) fertil-
izer as a basic fertilizer, topdressing was performed in the treatment period with 50% of
total K fertilizer.

2.2. Method of Sampling and Soil Testing

Soil samples (Nos. 1~12) were, respectively, derived from the 12 broccoli field plots in
the Modern Agricultural Distinct of Chongming county in Shanghai, where the core model
of the base of 400 ha in total was prevalent. The soil samples were collected after the last
crop was harvested with a sampling depth of 20 cm.

According to the field shape of each plot, soil samples were collected by the “X” style
mixed random sampling method, and from each sample about 0.5 kg was taken from
different field plot points. The samples from different points of each plot were mixed and
sampled as 0.5~1.0 kg using the quartering method. The soil samples were spread out on a
table; impurities were removed, dried naturally, and crushed; and the soil samples were
preserved in jar after being filtered through the 2 mm sieve.

The potassium dichromate titrimetric method was used to determine the content of
the soil organic matter (SOM). The potential method was used to measure the pH of soil.
The semi-micro quantitative analysis method was utilized to indicate the total N content in
the soil. The conventional alkaline hydrolysis diffusion method was used to determine the
available N content. The Mo-Sb anti-spetrophotography method with 0.5 mol/L NaHCO3
was used to indicate the available P content. Flame photometry was employed to determine
the available K content [11,20].

The results of the soil testing of 12 different field plots (Nos. 1~12) are presented
in Table 2.

Table 2. The results of the soil testing of 12 different field plots.

Field Code Total N
Content (%)

Available N
Content (mg/kg)

Available P
Content (mg/kg)

Available K
Content (mg/kg)

Organic Matter
Content (%) pH

1 0.11 62.35 35.6 156 1.73 7.72
2 0.12 56.82 31.2 166 1.56 7.53
3 0.12 60.87 40.4 163 1.76 7.51
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Table 2. Cont.

Field Code Total N
Content (%)

Available N
Content (mg/kg)

Available P
Content (mg/kg)

Available K
Content (mg/kg)

Organic Matter
Content (%) pH

4 0.13 61.22 32.6 174 1.71 7.69
5 0.13 65.24 23.8 181 1.78 7.55
6 0.12 47.86 22.9 175 1.41 7.56
7 0.13 63.13 25.3 172 1.47 7.69
8 0.11 57.39 21.4 184 1.16 7.52
9 0.10 61.25 19.4 166 1.59 7.51

10 0.11 63.22 21.4 173 1.52 7.64
11 0.10 62.66 17.2 157 1.49 7.55
12 0.12 60.88 18.6 165 1.46 7.72

2.3. Determination Method of Broccoli

According to the effective function of balanced fertilization, when the curd diameter
reached 14 cm, broccoli curds were harvested from each plot. The curd weight of each
treatment was investigated one by one during the cultivation period, and the actual yield
of broccoli in each plot was recorded. The main indices of harvested curds included shape
and color, diameter of floral bud, and a variety of adverse appearance traits.

The disqualified products had irregular spherical and uneven morphological charac-
teristics. Bud diameter was above 4 mm, which was not qualified; the curd color was deep
green as the standard, and obvious red buds were regarded as disqualifying products.

Any one of the following appearance traits of the curd were considered disqualifying,
which are specifically described as follows: dry yellow buds; some buds appearing as pale
green or pale yellow spots; curd stem harvest cross section forming cavity; small leaves in
curds; diseases, mainly black stem disease.

Statistical analysis of yield was conducted in each plot. The eligibility criteria included
no bracts, no hollow stem, no purple or yellow curd, without other abnormalities [10,11].

Data were plotted using Excel software. The statistical analysis was performed by
DPS 7.05 software.

3. Results
3.1. Yield Effective Function and Marginal Analysis of Broccoli
3.1.1. Yield Effective Function and Marginal Analysis of Early-Maturing Broccoli

The numerical values of yield of early-maturing broccoli are presented in Table 1, and
the effective function between yield and N, P, and K amounts is formulated as follows:

Y = 3480.1106 + 39.8225X1 + 23.2894X2 + 16.9134X3 − 0.0527X1
2 − 0.1236X2

2 −
0.0361X3

2 + 0.0041X1X2 − 0.0084X1X3 + 0.0022X2X3
(1)

According to F = 97.63 ** > F0.01(9,1), the F-value reached an extremely significant level,
and correlation coefficient (R = 0.9994) was over the limit. The results indicated that the
yield of ZSHL was significantly correlated with the amounts of N, P, and K fertilizer. The
effective function (1) was solved and optimized by marginal analysis. When X1 = 365.95,
X2 = 101.97, and X3 = 194.52 (N = 365.95 kg/ha, P2O5 = 101.97 kg/ha, K2O = 194.52 kg/ha,
N:P2O5:K2O = 1:0.279:0.532), the highest yield was 13,608.59 kg/ha.

3.1.2. Yield Effective Function and Marginal Analysis of Late-Maturing Broccoli

The numerical values of the yield of late-maturing broccoli are presented in Table 1,
and the effective function between yield and N, P, and K amounts is formulated as follows:

Y = 4027.7660 + 32.5341X1 + 85.6018X2 + 34.6805X3 − 0.0660X1
2 − 0.4592X2

2 −
0.1849X3

2 + 0.0093X1X2 + 0.0996X1X3 − 0.0026X2X3
(2)
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According to F = 2.46 ** > F0.01(9,1), F-value reached an extremely significant level,
and the correlation coefficient (R = 0.9781) was over the limit. The results indicated that the
yield of HL-5 was significantly correlated with the amounts of N, P, and K fertilizer. The
effective function (2) was solved and optimized by marginal analysis. When X1 = 405.83,
X2 = 96.74, and X3 = 202.44 (N = 405.83 kg/ha, P2O5 = 96.74 kg/ha, K2O = 202.44 kg/ha,
N:P2O5:K2O =1:0.238:0.499), the highest yield was 18,288.05 kg/ha.

3.2. Analysis of N, P, K Fertilizer Contribution to Broccoli Yield
3.2.1. Analysis of N Fertilizer Contribution to Broccoli Yield

The sub-models of the yield related to both ZSHL and HL-5 were obtained by dimen-
sionality reduction, in which P and K factors were set to 0 in the regression equation.

Y-N(ZSHL) = 3480.1106 + 39.8225X1 − 0.0527X1
2 (3)

Y-N(HL-5) = 4027.7660 + 32.5341X1 − 0.0660X1
2 (4)

The linear graph of these two regression equations (Figure 1) can be used to analyze
the changes in the yield contribution of the N fertilizer amount of two different maturity
broccoli varieties. Let dyi/dxi = 0 (i = 1), then the X1 values corresponding to the extreme
points of the two regression equations can be obtained, respectively. For early-maturing
broccoli ZSHL, when X1 = 483.3 (equivalent to 483.3 kg/ha of N application), the yield
contribution reached the maximum value; for late-maturing broccoli HL-5, when X1 = 250
(equivalent to 250 kg/ha N fertilizer), the yield contribution reached the maximum value.
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Figure 1. Nitrogen fertilizer contribution to broccoli yield.

For the early-maturing variety, ZSHL, with the increase in the N fertilizer application
level, its contribution to the yield in the early stage was an almost exponential growth, and
it tended to be flat to a certain extent. For the late-maturing variety, HL-5, with the increase
in N fertilizer application rate, its contribution to the yield curve had a parabolic form,
its contribution to yield was initially elevated, and then decreased with the increase in N
fertilizer application.

3.2.2. Analysis of P Fertilizer Contribution to Broccoli Yield

The sub-models of yield related to both ZSHL and HL-5 were obtained by dimension-
ality reduction, in which N and K factors were set to 0 in the regression equation.
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Y-P(ZSHL) = 3480.1106 + 23.2894X2 − 0.1236X2
2 (5)

Y-P(HL-5) = 4027.7660 + 85.6018X2 − 0.4592X2
2 (6)

The linear graph of these two regression equations (Figure 2) can be used to analyze
the changes in the yield contribution of the P fertilizer amount on two different maturity
broccoli varieties. Let dyi/dxi = 0 (i = 2), then the X2 values corresponding to the extreme
points of the two regression equations can be obtained, respectively. For early-maturing
broccoli, ZSHL, when X2 = 150.0 (equivalent to 150.0 kg/ha of P application), the yield
contribution reached the maximum value; for late-maturing broccoli, HL-5, when X2 = 96.0
(equivalent to 96.0 kg/ha P fertilizer), the yield contribution reached the maximum value.
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Figure 2. Phosphate fertilizer contribution to broccoli yield.

For the early-maturing variety, ZSHL, its contribution to the yield slowly increased
with the elevation of the P fertilizer application level, and the curve that reached the
maximum value was gentle. For the late-maturing variety, HL-5, its contribution curve to
the yield also had a parabolic shape with the increase in the P fertilizer application level.
Its contribution to the yield initially increased and then decreased with the increase in the
P fertilizer application level.

3.2.3. Analysis of K Fertilizer Contribution to Broccoli Yield

The sub-models of the yield related to both ZSHL and HL-5 were obtained by dimen-
sionality reduction, in which N and P factors were set to 0 in the regression equation.

Y-K(ZSHL) = 3480.1106 + 16.9134X3 − 0.0361X3
2 (7)

Y-K(HL-5) = 4027.7660 + 34.6805X3 − 0.1849X3
2 (8)

The linear graph of these two regression equations (Figure 3) can be used to analyze
the changes in the yield contribution of K fertilizer amount on two different maturity
broccoli varieties. Let dyi/dxi = 0 (i = 3), then the X3 values corresponding to the extreme
points of the two regression equations can be obtained, respectively. For early-maturing
broccoli, ZSHL, when X3 = 170.0 (equivalent to 170.0 kg/ha of K application), the yield
contribution reached the maximum value; for late-maturing broccoli, HL-5, when X3 = 90.0
(equivalent to 90.0 kg/ha K fertilizer), the yield contribution reached the maximum value.
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Figure 3. Potassium fertilizer contribution to broccoli yield.

For the early-maturing variety, ZSHL, its contribution to the yield increased slowly at
first and then decreased gradually after reaching the extreme value with the increase in K
fertilizer application amount. For the late-maturing variety, HL-5, its contribution to the
yield curve is another type of ‘rapidly rising and then rapidly decreasing’ parabolic shape
with the increase in the K fertilizer application amount. In addition, with the increase in K
fertilizer application, its contribution to the yield initially increased and then decreased, and
even when the K fertilizer application amount was more than 270 kg/ha, the contribution
to the yield was negative.

3.3. The Application of Formula Fertilization Models
3.3.1. The Establishment of Formula Fertilization Models

The models of recommended formula fertilization for broccoli were established. The
total nutrient amount from soil and fertilizer meeting the demand of the same production
goal was equal in all farmland blocks, including different recommended fields and fertilizer
response functions in trial fields. However, the recommended field was the same as
production area, with the same soil characteristics as the fertilizer effect function in the trial
fields. The plots indicate the same crop variety with the uniform culture model, which can
be expressed as follows:

FR + SR = FT + ST (9)

FR is the nutrient amount of recommended fertilizer in the recommended plot;
SR is the nutrient amount of soil supply in the recommended plot;
FT is the nutrient amount of recommended fertilizer in the fertilizer effect function

trial plot;
ST is the nutrient amount of soil supply in the fertilizer effect function trial plot
From the Equation (9),

FR = FO + ST − SR.

where FO represents the optimal nutrient amount from a recommended N, P, or K fertil-
izer as different production targets in trial plot, and it was obtained from the response
function of a N, P, or K fertilizer as part of the target of maximum yield; for instance, the
amount of optimally recommended N, P, and K fertilizers are N (ZSHL) 365.95 kg/ha,
N (HL-5) 405.83 kg/ha; P2O5 (ZSHL) 101.97 kg/ha, P2O5 (HL-5) 96.74 kg/ha; and K2O
(ZSHL) 194.52 kg/ha, K2O (HL-5) 202.44 kg/ha, respectively, the maximum yields were
13,608.59 kg/ha (ZSHL) and 18,288.05 kg/ha (HL-5) in the establishing trial for the effect
functions of N, P, and K fertilizers.

ST and SR can be calculated from:

ST(SR) = DT(DR) × CE (10)
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DT and DR were determined as values of soil nutrients from the recommended and
the trial plot, respectively.

CE is a revised coefficient, which can be calculated as follows:

CE = AL/(DR × 2.25) (11)

AL is the absorbed nutrient amount of the crop in the non-fertilized plot, which can be
calculated as follows:

AL = AUP × PL (12)

AUP is the absorbed nutrient amount of crop unit production, and the N, P, and K
values of unit production in cabbage vegetables were 0.41, 0.05, and 0.38, respectively [8].
PL is crop production in the lack of fertilizer plot.

Equation (13) can be formulated using the Equations (9)~(12).

FR = FO + (DT − DR) × AUP × PL/2.25DR (13)

FO and PL can be obtained from the response function of the N, P, and K fertilizer [11,18].
DT and DR can be determined using soil nutrient testing on the different recommended plots
and the function establishment trial plot. The Equation (13) can be used to recommend N, P,
and K fertilization under different production targets in different plots.

3.3.2. Recommended Amounts of N, P, and K Fertilizers in 12 Different Field Plots

According to Equation (13), combined with the nutrient contents of soil samples (Table 2),
the recommend amounts of N, P, and K fertilizers in 12 different field plots were calculated
according to the maximum yield target of the early-maturing variety, ZSHL. The recommended
amounts of N, P, and K fertilizers in different plots are summarized in Table 3.

Table 3. The recommended amounts of N, P, and K fertilizers in different field plots.

Field Plot

Maximum Yield

N
kg/ha

P2O5
kg/ha

K2O
kg/ha

ZSHL HL-5 ZSHL HL-5 ZSHL HL-5

1 367.67 407.83 67.84 57.24 242.92 258.46
2 423.77 472.74 81.62 73.19 208.35 218.45
3 382.69 425.20 52.81 39.85 218.72 230.45
4 379.14 421.09 77.24 68.11 180.69 186.43
5 338.36 373.90 104.79 100.00 156.49 158.42
6 514.65 577.93 107.61 103.26 177.23 182.43
7 359.76 398.67 100.09 94.57 187.61 194.44
8 417.98 466.05 112.30 108.70 146.12 146.42
9 378.83 420.74 118.56 115.95 208.35 218.45

10 358.85 397.61 112.30 108.70 184.15 190.44
11 364.53 404.19 125.45 123.92 239.47 254.46
12 382.58 425.08 121.07 118.84 211.81 222.45

The recommended amounts of fertilizers were different in plots of different soil nutri-
ent levels. The recommended amounts of N were 338.36~514.65 kg/ha under different soil
N levels, and the maximum recommended amount of N was elevated by 52.10% compared
with the minimum recommended amount of N. The recommended amounts of P were
52.81~125.45 kg/ha in different soil P levels, and the maximum recommended amount
of P was increased by 137.55% compared with the minimum recommended amount of
P. The recommended amounts of K were 146.12~242.92 kg/ha in different soil K levels,
and the maximum recommended amount of K was elevated by 66.25% compared with the
minimum recommended amount of K.
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For late-maturing variety HL-5, according to the Equation (13) and the response
function with the maximum yield, combined with the nutrient contents of soil samples
(Table 2), the recommended amounts of N, P, K fertilizers that produce the maximum yield
could be calculated. The recommended amounts of N were 373.93~577.93 kg/ha in different
soil N levels, and the maximum recommended amount of N was increased by 54.56%
compared with the minimum recommended amount of N. The recommended amounts of P
were 39.85~123.92 kg/ha in different soil P levels, and the maximum recommended amount
of P was increased by 210.97% compared with the minimum recommended amount of
P. The recommended amounts of K were 146.42~258.46 kg/ha in different soil K levels,
and the maximum recommended amount of K was elevated by 76.52% compared with the
minimum recommended amount of K.

4. Discussion

The N, P, and K fertilizer needs of crops can vary widely, and these variations in
the responses of crops to N, P, and K fertilizers have been attributed to the differences
in soil nutrient supply, crop N, P, and K use efficiency, and crop N, P, K demand [16,21].
The accurate recommendation of N, P, and K fertilizers has important environmental
implications by reducing residual N, P, and K, which are likely to move from the soil profile
into ground or surface waters [16,22]. The recommendation of fertilizers must balance the
pollution risk of overuse to our ecological environment with the reduction output risk of
under-application to the profitability of the farmers.

As traditional experience-based fertilizer, N, P, and K recommendations are derived
from the mass balance approach. The limited ability of experience-based N, P, and K
recommendations in yield goal alone is weaker than N, P, and K recommendation systems
based on models developed to accurately predict fertilization [22,23]. Thus, an economically
optimum N, P, and K rate can be obtained from formula fertilization via soil testing, creating
a balance between yield goal and N, P, and K input, because it is based on fertilization
model and soil tests, rather than depending on experience.

Formula fertilization via soil testing aims to set down the scheme of fertilizers on the
basis of the formula fertilization model of different crops and different soil types [23–25]. The
method of formula fertilization mainly includes the nutrient balanced method, soil nutrient
abundance or deficiency indices method and fertilizer response function method. The fertilizer
response function method based on the fertilization field experiment objectively reflects the
effects of a fertilizer under specific conditions with excellent feedback. The assessment of the
N, P, and K fertilization response functions of crops is an important indicator for studying
the effects of fertilizers [26]. In a previous study, it was revealed that cauliflower and broccoli
responded well to optimum fertilizer levels in terms of both yield and quality [17,22]. However,
a high rate of N fertilization can produce excessive vegetative growth that delays maturity
and harvest and reduces cotton lint yield and N uptake [17,27].

Equally, the demand of the same production goal of the total nutrient amount from
soil and fertilizer in any recommended field and response function trial field needed to
be met. The model of recommended formula fertilization was established according to
the above-mentioned assumptions. An appropriate fertilization scheme with an optimum
fertilizer rate and an optimum N, P, and K proportion can be directly recommended, and
the fertilization recommendations were able to be obtained [11,22,24].

Kim et al. demonstrated that broccoli yields were highly relevant to the application
of N fertilizers, and at high N content, yield was barely changed. Liu and Conversa es-
tablished correlation models between the N fertilization level and attribution for yield
and the quality of broccoli curds, respectively. The yield of broccoli had a ‘low–high–low’
binominal curve with the increase of nitrogen level. They considered that an adequate
N availability must be ensured in broccoli. Our conclusion was different from findings
by Kim et al., but it was consistent with Liu and Conversa’s outcome [28–31]. Bai et al.
found that the yield of broccoli significantly increased with the application of N and P
fertilizers; however, there was no significant difference among different K fertilizer treat-
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ments [32]. Our conclusion on the contribution of K fertilizer to broccoli yield is different,
as we found that the efficiency of fertilization decreased with the increase of K fertilizer
application. In the present study, the field experiments showed that adequate N, P, and K
nutrients were important to the improvement of yield in broccoli. Balanced fertilization
of N, P, and K can improve yield and quality of curds by regulating the absorption and
distribution of broccoli’s main mineral nutrients, accelerating the accumulation of nutrition
relevant to curd.

Through the analysis of the contribution rates of N, P, and K fertilizer to yield, it
was revealed that when the yield contribution rate of N, P, and tK fertilizer reached
the extreme value, the application rate of the N, P, and K fertilizer of early maturing
varieties was higher than that of late maturing varieties, which may be related to the
short time of early maturing varieties in the field and the insufficient transformation
of fertilizer into the nutrients needed by plants, that is, the utilization rate of nutrient
transformation is lower, and the late maturing varieties are associated with a relatively
higher efficiency. Our study showed that the K fertilization contribution to yield even had
a significantly negative effect with the continuous increase of K fertilizer application on
late-maturing broccoli varieties. Our results concerning K fertilization contribution to yield
were basically consistent with Wyatt et al.’s findings. Wyatt et al. found that fertilization
with K supplementation significantly increased broccoli yield over the control. Higher
K concentrations applied two weeks after planting were detrimental to broccoli growth.
Incidence of hollow stem increased in field tests by the application of the K fertilization
with higher concentrations [33].

In the present study, according to the recommendation models of early-maturing
and late-maturing varieties under yield target, the recommended amounts of fertilizers
deduced by the model were different in plots with different soil nutrient levels. For
early-maturing and late-maturing varieties, under the maximum yield, the maximum
recommended amounts of N, P, and K compared with minimum amounts were elevated
by 52.10%/54.56%, 137.55%/210.97%, and 66.25%/76.52%, respectively. Therefore, in the
soil conditions of the investigated broccoli area, the effects of N and P fertilization on
the yield of broccoli were the greatest among the N, P, and K fertilizers. Moreover, the
difference in the fertility of P fertilizers in soil was relatively large. These speculations
have been confirmed in plots and crop arrangement records. It was also proven that the
former effective functions of the N, P, and K fertilizers were highly compatible with formula
fertilization recommendations.

Abouel-Magd et al. [9] and Kaniszewski et al. [34] found that soil type is one of the
most important factors affecting the yield and quality of cauliflower and broccoli. It is
noteworthy that the recommendation model could only be used in a recommended plot
with the same soil characteristics as a fertilizer effect function trial plot. This plot was
planted with the same crop rotation and arrangement mode of tillage. As for a plot with
different soil characteristics from the fertilizer effect function trial plot, the parameters of
formula fertilization should be modified by further experiments. That is to say, there are
stricter regional limitations of the formula fertilization using the fertilizer response function
method. In addition, because the parametric values of AUP (N, P, and K uptake of nutrients
of crops per unit of output) in Equation (4) only accorded to the previously reported values
that were not obtained experimentally [8], the reliability of the model should be tested in
the next experiments.

This study established the recommended formula fertilization models via soil testing
based on the response functions of N, P, and K fertilizers for broccoli, particularly for
early-maturing and late-maturing genotypes. The N, P, and K fertilizers in different plots
under yield targets were scientifically recommended by two models and soil testing results,
which are of great significance to the precise formulation of fertilizers for broccoli and
other vegetables.
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