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Abstract: Overuse of mineral fertilizer has become common at the North China Plain. Simultaneously,
more organic manure resources are available for smallholder farmers. In order to increase the use of
organic manure and reduce mineral fertilizer applications, a 10-year fertilization experiment with
maize took place between 2008 and 2017. We assessed the long-term effects of cattle manure (CM)
application and a complete nutrient substitution with mineral fertilizer (MF) at four application
levels (3, 6, 9 and 12 t ha−1 CM) on yield, macronutrients (N, P and K) use efficiencies and soil
conditions. Results showed that maize yields from CM and MF treatments differed across time
and were significantly different in the first year of the experiment to no significant differences with
increasing experimental time. In addition, increased MF levels did not result in increased maize
yields; this response was different with CM applications. The highest 10-year maize average yield
was 7.7 t ha−1 obtained with 9 t ha−1 of CM. Our results also showed that at the lowest application
level (3 t ha−1 CM), the partial factor productivity (PFP) and the agronomic efficiency (AE) of
all macronutrients were significantly higher with MF than with CM applications. Nevertheless,
these differences narrowed with increased fertilizer input levels. The MF and CM recovery efficiency
(RE) of N, P and K performed differently. Generally, MF exhibited significantly higher N-RE than
CM treatments. CM treatments had significantly higher P-RE, but no K-RE differences were found
between CM and MF. Soil available N, P and K significantly increased when fertilizer levels raised.
MF treatments exhibited similar levels of soil available N, but lower soil available P and K compared
with CM treatments.

Keywords: cattle manure; soil nutrient; fertilization rates

1. Introduction

China’s total grain production has doubled between 1980 and 2015 [1]. However, fertilizer annual
consumption increased five-fold [1]. China’s nitrogen (N) consumption reached 60.2 million tons
nationally in 2015 [1], which account for 40% of global consumption [2]. China is the world’s largest
chemical fertilizers consumer. However, overuse of mineral fertilizer, especially N, has been regarded
as the major contributor of agricultural pollution and environmental damages. Nutrients leach to
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ground water leading to eutrophication and reactive N (e.g., NH3, N2O) is emitted to the atmosphere.
The current challenge for Chinese agriculture development is to obtain high grain yields to ensure
food security and simultaneously mitigate pollution to protect human health and the environment.

Maize is an important crop for China’s food security; it is used as food, animal feed, forage and
bio-fuel. The North China Plain (NCP) is one of the most important cereal production regions of
China. Maize production from the NCP accounts for 35.3% of nation’s total maize production [1].
Nevertheless, in China, the increasing rate of maize yields has noticeably slowed down during the
last decades, despite increased application of N and P fertilizers [1]. Increasing mineral fertilizer to
obtain higher yield is no longer a viable option in China. At the NCP region, N application rates
for maize production adopted by farmers were much higher than the crop requirements. Therefore,
reducing the mineral fertilizer used and replacing it by organic fertilizer has been considered as an
efficient farming management practice to mitigate negative environmental impacts [3]. In addition,
with the improvement of living standards, Chinese diet is changing towards more meat consumption
which drives maize production and livestock husbandry development [4,5]. Livestock excrement is
likewise increasing substantially and more organic manure resources are available for farmers to use
as organic fertilizer [5]. Farmyard manure has been considered as one of the efficient amendatory
practices to alleviate the adverse impacts that chemical fertilizer caused, like soil quality degradation
and acidification [6]. Furthermore, recycling livestock manure in agroecosystems could improve
the crop yield, affect food security and reduce greenhouse gas emissions [7]. Numerous studies
have shown that long-term application of organic manure in combination with mineral fertilizer
application is beneficial for improving soil properties, such as soil organic matter [8,9], soil nutrient
availability [6,10], soil infiltration [11] and subsequently crop yield [12–14]. However, few studies have
conducted long-term experiments to estimate the effects of different animal manure application rates
on crop production [15,16].

We wonder whether the responses of maize yield to animal manure and mineral fertilizer, with the
same amount of total applied macronutrients (N, P and K) are equal. In fact, there is a lack of such
information in the scientific literature of studies that compare accumulated macronutrient (N, P and K)
use efficiency, especially between organic and mineral fertilizer at different application rates in maize
cropping systems. Therefore, we conducted a long-term experiment with organic manure and mineral
fertilizer at the same nutrient input and four application levels. The objectives of the present study
were to (1) observe maize yield under the different fertilizer treatments, (2) to evaluate the response of
maize yield to two types of fertilizers (CM and MF) under the same amount of nutrient application rate
and (3) to assess the effects of different fertilization regimes on accumulated nutrient use efficiency.

2. Materials and Methods

2.1. Study Site

A long-term field experiment (2008–2017) was implemented at the Quzhou County (36◦52′21′′ N,
115◦01′20′′ E), Hebei province in China. The site is characterized by a warm-temperate, sub-humid,
continental and monsoonal climate. The annual mean precipitation is in the range of 500–700 mm
(concentrated between July and September), and the average annual air temperature is 13.1 ◦C.
The monthly precipitation and temperature data for the site were collected from a nearby meteorological
station and is presented in Figure 1. The soil type at the study site is classified as calcareous fluvo-aquic.
To deplete plant available nutrients in the soil and to homogenize the experimental plot, prior to the
start of the experiment, a winter wheat-summer maize rotation was grown for two years without any
fertilization. The main physical and chemical properties of the soils at the top 20 cm layer are presented
in Table 1.
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Figure 1. Monthly air temperature (°C) and precipitation (mm) at the experimental site in North China Plain region, China. 

Table 1. Soil properties of the 0–20 cm top layer before the start of the experiment (2007). 

Soil Layer Organic Matter Total N Total P Total K Olsen-P Available K pH 
cm g kg−1 g kg−1 g kg−1 g kg−1 mg kg−1 mg kg−1  
0–20 14.3 0.8  0.8 18.1 11.1 122.0 8.2 
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Figure 1. Monthly air temperature (◦C) and precipitation (mm) at the experimental site in North China Plain region, China.

Table 1. Soil properties of the 0–20 cm top layer before the start of the experiment (2007).

Soil Layer Organic Matter Total N Total P Total K Olsen-P Available K pH

cm g kg−1 g kg−1 g kg−1 g kg−1 mg kg−1 mg kg−1

0–20 14.3 0.8 0.8 18.1 11.1 122.0 8.2
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2.2. Experimental Design and Field Management

Every year, four levels (3, 6, 9 and 12 t DM ha−1 namely Level 1, Level 2, Level 3, Level 4,
respectively) of solid CM were prepared (cow dung was fully dried, piled up and crushed to small
patches) before sowing summer maize in June. Water and nutrient content (N, P and K) of CM were
measured with the method of Bao [17]. The equivalent amount of total N, P and K were replaced by a
mineral fertilizer which is referred as MF. Nitrogen, phosphorus and potassium were applied as urea
(46% of N), calcium superphosphate (17.5% of P2O5) and potassium sulfate (5% of K2O), respectively.
Detailed nutrient amount inputs at the four levels from year 2008 to 2017 are available in Table 2.
In addition to these four pairs of fertilization treatments, we set-up a control treatment (CK) without
any fertilizer application. In total, nine treatments using a randomized complete block design with
three replications were established. The plot size was 10 m × 10 m. Before sowing of maize (cultivar
“Zhengdan 958”, predominantly cultivated in the region), the prepared CM was spread on the soil
surface and then mixed into the 0 to 30 cm soil horizon with a deep plowing cultivator. All fertilizer
treatments were applied manually. In CM treatments, cattle manure was applied as basal fertilizer
before sowing of maize, while in mineral fertilizer treatments all the P and K fertilizer and 1/3 amount
of N was applied before sowing of maize as basal fertilizer and the remaining 2/3 N were applied at
the maize jointing stage. After grain harvest, maize straw was crashed and returned back to the field
with a rotary cultivator. This study used the local tillage and maize crop management practices and
the crop was well irrigated as needed.

Table 2. Amount of nutrient inputs of the Level 1 treatment (kg ha−1).

Nutrient 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Average

N 64.0 63.0 45.0 68.0 79.1 51.4 46.0 42.0 57.0 40.2 55.6
P2O5 71.0 59.1 33.0 26.1 33.4 50.2 63.2 23.5 42.4 34.1 43.6
K2O 82.1 59.1 67.0 48.0 32.4 42.2 54.2 28.3 52.5 37.7 50.4

Level 1 corresponds to 3 t cattle manure ha−1.

2.3. Sampling and Measurements

At harvest time each year, ten consecutive maize plants from the central row of each plot were
manually cut close to the ground. Grain and straw were separated and all plant parts were oven-dried
at 70 ◦C for 72 h to obtain grain and aboveground dry matter. Before lab analysis, grain and straw were
ground with a Wiley mill using a 0.5 mm mesh. Plant samples were digested with H2SO4–H2O2 [18].
Total N concentration was determined according to Horowitz [19], total P concentration was measured
by the vanadomolybdate yellow method [20] and total K concentration was determined by a flame
spectrophotometer. All analyses were performed in duplicate. The plant macronutrient’s composition
was presented as nutrient concentration (g kg−1).

Soil samples were collected (30 cm depth increments from 0 to 90 cm) in September 2017 from
each plot with a manual auger (inner diameter 2 cm). In order to obtain representative soil sample,
three cores were taken from each plot and fully mixed to obtain one representative soil sample per
plot. The soil samples were sieved field-moist though a 0.5 cm mesh, and one half was stored at
4 ◦C for measuring available N using a continuous flow analyzer (Seal-AA3, Seal Analytical GmbH,
Norderstedt, Germany). Another half of soil subsample were air-dried at room temperature and then
passed through a 0.25 cm mesh for available phosphorus and potassium analysis with the methods
of Olsen et al. [21] and Knudsen et al. [22]. For soil available N, we measured the three soil depth
(0–30 cm, 30–60cm, 60–90 cm), because N (as nitrate) is an easily movable nutrient in the soil profile and
N below 90cm soil depth has been considered as leaching. On the other hand, P and K are adsorbed at
soil particles, and accumulate in the top soil (0–30 cm).
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2.4. Calculation and Statistical Analysis

The nutrients (N, P and K) uptake by maize (grain and straw) was computed as the product of the
concentration multiplied by the dry weight of biomass.

Based on the annual amount of fertilizer applied and maize uptake during the 10 years,
we estimated the accumulated nutrient use efficiency that included the accumulated partial factor
productivity (PFPac), the accumulated agronomic efficiency (AEac) and the recovery efficiency (REac),
with the following formulas [23,24]:

PFPac (kg/kg) =
∑n

1 Y∑n
1 F

AEac (kg/kg) =
∑n

1 YF −
∑n

1 Yck∑n
1 F

REac (%) =
∑n

1 UF −
∑n

1 Uck∑n
1 F × 100

where YF was the crop yield (dry weight) with the corresponding nutrient applied (N, P, K); Yck was
the yield of the control; F represented the amount of nutrient applied. UF was the nutrient absorbed by
the crops with the fertilizer treatments of this experiment; UCK represented the nutrient uptake in the
aboveground crop biomass of CK. N is the number of year (10 years in the present study)

Statistical analyses were performed using Statistical Package for Windows (IBM SPSS statistics for
Windows, Version 22; IBM Corporation Armonk, NY, USA). Normality and homogeneity of variance
were tested by the Shapiro–Wilk method before variance analysis, and no significant outliers were
detected. For the results of crop yield and yield component from each year, accumulated nutrients use
efficiency, and soil nutrient content, one-way analysis of variance was used. For nutrients’ contents
and uptakes results, mixed models were used for analysis of variance, with fertilizer treatment as a
fixed effect, year as random effects. Treatment means were compared using Duncan at 0.05 level of
probability when the main effect was significant.

3. Results

3.1. Grain Yield

Ten years data showed that maize grain yields were significantly affected by fertilizer treatments,
year and their interaction (Table S1). In the first experimental year, maize with MF showed a
significantly higher grain yield than with maize using CM. The yields of MF treatments were 31.1%,
38.8%, 25.0% and 18.4% higher (under Levels 1, 2, 3 and 4, respectively) compared to CM treatments
(Figure 2). Furthermore, in the year 2008, maize yield was significantly increased with increased
fertilizer rates for both MF and CM treatments. Grain yields under the fertilizer Levels 1, 2, 3 and
4 fertilizer treatments were significantly higher than in the control treatment (CK) by 42.7%, 80.7%,
126.8% and 132.6%, respectively. In 2009, the second year of the experiment, maize with MF applications
at fertilizer Levels 1 and 2 exhibited superior yields in comparison with CM applications. However,
when higher fertilizers levels (Level 3 and Level 4) were applied, CM treatments exhibited better grain
yields than MF treatments. Increasing CM rates, significantly increased grain yield (up to Level 3),
but no significant yield differences were found for the four MF rates. From the year 2010 (the third year
of the experiment) onward no significant differences on grain yield between MF and CM treatments
for a given nutrient level were found (except 2014 Level 2 and 2017 Level 3). In addition, increasing
MF rate did not result in increases of maize yields during the subsequent 8 years of the experiment.
Nevertheless, raise CM rate from Level 1 to Level 4 continuously enhanced the maize yield in the first
8 years but with exception in 2013. However, these differences were not significant in the last two years
of the experiment. The 10-year average data showed that grain yield of summer maize significantly
increased by using MF and CM in comparison to no-fertilizer applications (CK). This response might
result from the differences observed in the yield components across fertilizer types (Table 3). In general,
there were no significant differences of maize yield between MF and CM, and the response of grain



Agronomy 2020, 10, 1329 6 of 16

yield to increased amount of MF and CM were similar. However, the minimum N rates required to
achieve the maximum grain yield were different between the MF and CM treatments. In comparison
with MF, more N from the CM is needed to achieve the maximum crop yields.

Table 3. Maize yield components in response to two types of fertilizers (CM and MF) and four
application levels.

Level 1 Level 2 Level 3 Level 4

Year CK CM MF CM MF CM MF CM MF

1000-kernel weight (g)

2008 207.6 b 213.1 b 246.4 a 226.1 a,b 255.2 a 250.9 a 255.4 a 241.2 a 248.6 a

2009 227.2 244.2 260.8 252.2 263.4 262.7 256.4 256.3 265.1
2010 247.2 b 269.2 a,b 289.8 a 275.4 a,b 278.4 a,b 270.9 a,b 259.9 a,b 261.4 a,b 270 a,b

2011 236.1 d 246.8 b,c,d 251.1 a,b,c 243.2 c,d 255.1 a,b,c 258.4 a,b 262.6 a 255.8 a,b,c 264.6 a

2012 233.2 c 264.2 b 273.7 a,b 281.3 a,b 282.6 a,b 288.6 a,b 264.8 a 283.9 a,b 295.2 a

2013 224.6 225.0 221.5 228.7 208.4 220.4 207.5 214.7 214.0
2014 240.1 b 266.4 a 267.2 a 271.4 a 261.7 a 264.1 a 268.3 a 263.7 a 269.1 a

2015 230.0 c 255.7 b 259.5 a,b 275.5 a 270.2 a,b 263.0 a,b 277.0 a 256.2 b 276 a

2016 247.0 266.1 280.3 249.4 263.5 252.2 275.9 248.5 250.0
2017 270.1 282.8 280.5 301.5 275.2 295.5 294.6 293.6 297.9
mean 237.3 254.4 263.3 261.4 261.1 262.7 262.9 257.7 265.0

Kernel number per ear

2008 362 b 432 a 433 a 462 a 479 a 480 a 466 a 499 a 460 a

2009 272 d 340.5 c 359 b,c 407 a,b 407 a,b 432 a 426 a 433 a 427 a

2010 432 c 452 b,c 444 b,c 485 a,b,c 490 a,b 500 ab 491 a,b 515 a 478 a,b,c

2011 395 b 471 a 479 a 488 a 472 a 475 a 478 a 483 a 464 a

2012 263 d 393 c 398 c 437 b,c 498 a,b 490 a,b 453 a,b,c 523 a 463 a,b,c

2013 308 c 397 b 418 b,c 440 a,b 465 a 470 a 447 a,b 477 a 446 a,b

2014 278 c 365 b 366 b 420 a,b 441 a 475 a 460 a 462 a 489 a

2015 243 d 277 c,d 313 b,c 380 a,b 336 a,b,c 373 a,b 391 a 381 a,b 368 a,b

2016 350 c 477 a,b 463 b 518 a,b 485 a,b 505 a,b 505 a,b 474 a,b 531 a

2017 293 337 318 329 345 374 335 310 357
mean 320 396 400 437 442 458 445 453 450

Harvest ear density

2011 7.13 7.48 7.44 7.44 7.43 7.3 7.07 7.46 7.41
2012 7.31 7.20 7.45 7.53 7.34 7.34 7.42 7.31 7.48
2013 6.97 6.58 6.67 6.17 6.61 5.97 6.44 6.56 6.53
2014 7.67 a,b 8.03 a 7.94 a 7.17 c 7.56 a,b,c 7.83 b,c 7.42 a,b 7.69 a,b 7.58 a,b,c

2015 7.47 7.42 7.47 7.14 6.86 7.36 7.22 7.33 6.92
2016 7.92 7.50 7.28 7.47 7.25 7.72 7.31 7.64 7.81
2017 7.81 a 7.64 a,b 7.86 a 7.78 a 6.98 b 7.84 a 7.34 a,b 7.20 a,b 7.28 a,b

mean 7.47 7.41 7.44 7.24 7.15 7.34 7.17 7.31 7.29

Note: CK: Control treatment (non-fertilized); CM: cattle manure; MF: mineral fertilizer; Level 1 corresponding to
3 t CM ha−1, Level 2 to 6 t CM ha−1, Level 3 to 9 t CM ha−1, Level 4 to 12 t CM ha−1. Different lowercase letters
indicate statistical differences (p ≤ 0.05) among fertilizer treatments, letters are not provided when no differences
between treatments were found.



Agronomy 2020, 10, 1329 7 of 16
Agronomy 2020, 10, x FOR PEER REVIEW 7 of 19 

  

Figure 2. Maize yields observed under two types of fertilizer and four application levels along a 10-year field experiment (2008–2017) at North China Plain region,
China. CK: Control treatment (non-fertilized); CM: cattle manure; MF: mineral fertilizer; Level 1 corresponding to 3 t CM ha−1, Level 2 to 6 t CM ha−1, Level 3 to
9 t CM ha−1, Level 4 to 12 t CM ha−1. Error bars are standard error of three replicates. Different lowercase letters indicate statistical differences (p ≤ 0.05) among
fertilizer treatments.
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3.2. Nutrient Content

The average N and P content in grain ranged within 9.32–12.88 g kg−1 and 2.41–2.73 g kg−1 and
were significantly higher than the N and P contents in straw, which ranged between 9.26–5.24 g kg−1

and 0.67–1.28 g kg−1 (Table 4). K content in maize straw ranged from 14.06 to 20.67 g kg−1 and was
remarkably greater than K contents in grain (2.44–2.58 g kg−1) (Table 4). The N contents in grain and
straw increased with the addition of MF and CM. Among all treatments, maize fertilized with MF
at the highest level (Level 4) had the maximum N contents in the different plant parts. However,
differences between the grain N content of MF and CM at Level 4 were not apparent. Conversely,
P contents in grain and straw did not show significant changes with increasing CM and MF rates.
Maize using CM displayed superior grain and straw P content than the maize that received MF
applications, this response was different to the one observed with N. Although applying MF and CM
could increase grain K content, no statistical differences were observed between fertilizer treatments.
The K content of straw increased with increasing MF and CM application, but no evident differences
have been found between MF and CM.

Table 4. Average N, P and K contents and uptakes in maize in response to different fertilization
treatments over 10 years.

Item Plant
Part

Treatments

CK
Level 1 Level 2 Level 3 Level 4

CM MF CM MF CM MF CM MF

N content Grain 9.32 f 10.05 e,f 10.51 d,e 11.12 c,d 11.81 b,c 11.74 b,c 12.63 a,b 12.45 a,b 12.88 a

(g kg−1) Straw 5.24 h 5.79 g,h 6.19 f,g 6.81 e,f 7.74 c,d 7.06 d,e 8.56 a,b 8.11 b,c 9.26 a

N uptake Grain 41.31 f 61.60 e 68.92 d,e 78.48 c,d 83.39 b,c 90.16 a,b 93.58 a,b 91.35 a,b 94.39 a

(kg ha−1) Straw 25.83 g 37.78 f 40.93 e,f 49.26 d,e 58.42 c,d 51.29 c,d 70.43 a 60.58 b,c 69.21 a,b

P content Grain 2.54 a,b 2.73 a 2.42 b 2.56 a,b 2.41 a,b 2.67 a,b 2.53 a,b 2.68 a,b 2.54 a,b

(g kg−1) Straw 1.03 b 1.28 a 0.67 d 0.92 b,c 0.78 c,d 0.98 b,c 0.76 c,d 0.96 b,c 0.82 b,c,d

P uptake Grain 10.91 e 16.53 c,d 15.77 d 17.70 b,c,d 17.02
b,c,d 20.48 a 19.01

a,b,c 19.65 a,b 18.78
a,b,c

(kg ha−1) Straw 4.77 c,d 7.83 a 4.38 c,d 6.11 b,c 5.87 b,c 6.63 a,b 6.31 b 6.85 a,b 6.12 b,c

K content Grain 2.44 2.55 2.49 2.46 2.56 2.44 2.54 2.50 2.58

(g kg−1) Straw 14.06 e 15.88 d,e 15.80 d,e 17.87 b,c,d 17.51 c,d 18.42
a,b,c,d

19.28
a,b,c 20.30 a,b 20.67 a

K uptake Grain 10.80 b 15.49 a 16.10 a 17.30 a 18.13 a 18.72 a 19.41 a 18.49 a 19.60 a

(kg ha−1) Straw 70.12 e 101.7 d 107.97 c,d 125.72 b,c,d 130.75 b,c 130.82
a,b 160.10 a 149.40

a,b
150.65
a,b

CK: Control treatment (non-fertilized); CM: cattle manure; MF: synthetic fertilizer; Level 1 corresponding to
3 t CM ha−1, Level 2 to 6 t CM ha−1, Level 3 to 9 t CM ha−1, Level 4 to 12 t CM ha−1. Different letters represent
significance groups (p ≤ 0.05), letters are not provided when no differences between treatments were found.

3.3. Nutrients Uptake

Compared with the control treatment (CK), the 10-year average data show that MF and CM
applications led to a significant increase in aboveground N, P and K uptake (Table 4). Similar to
the pattern of the nutrient contents, Table 4 shows that the average N and P uptake in the grain
was higher than in the straw, but straw K uptake was 6.4–8.2 times higher than the grain K uptake.
Aboveground N uptake ranges from 67.14 to 164.82 kg ha−1 which was similar to aboveground K
uptake (80.93–179.51 kg ha−1), whereas P uptake (15.29–28.31 kg ha−1) was significantly lower than
N and K. Maize with MF treatments exhibited notably higher aboveground N uptakes than CM
treatments at all levels of fertilizer rates. At Level 1 of fertilization, grain N content with MF was
considerably higher than that of CM. However, no clear differences were found between MF and CM
in the other three fertilizer input levels (Levels 2, 3 and 4). Contrasting with grain N content, the straw
content under MF treatments were significantly higher than that under CM treatments, with exception
at Level 1 fertilizer rate. Similarly to the N contents, the grain and straw N uptake increased with
increasing fertilizer rates for both MF and CM. Grain, straw and aboveground P uptakes under the CM
treatments were higher than under MF treatments, however, these differences were significant only for
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straw P uptake with the lowest fertilization level (Level 1). No considerable difference of P contents in
grain and straw was found between MF and CM treatment at Level 2, Level 3 and Level 4 fertilizer
rates. Comparing to CK, application of MF and CM could significantly improve the grain, straw and
aboveground P uptake to different extents. The aboveground P uptake increased with increasing
fertilizer rate for both MF and CM treatments. Generally, no significant differences of grain, straw and
aboveground K uptake were obtained between MF and CM treatments in all fertilizer application
levels. However, increasing the fertilizer rate significantly increased the grain, straw and aboveground
K uptake.

3.4. Accumulated Nutrients Use Efficiencies

In this study, 10-year field data were used to estimate the accumulated nutrients (N, P and K)
use efficiencies including PFPac, AEac and REac. Our results showed that N, P and K use efficiencies
containing PFPac, AEac and REac were in a clear decreasing trend with increasing fertilizer rates for both
MF and CM treatments (Figure 3). However, PFPac, AEac and REac displayed differently for studied
macronutrients. For phosphor, PFPac ranged 108.4–393.3 kg/kg, which was significantly higher than
that of nitrogen (34.5–122.2 kg kg−1) and potassium (47.9–172.4 kg kg−1). Similar to AEac, the value of
AEPac was also statistically higher than AENac and AEKac. However, REPac ranges from 13.5% to 53.6%
were lower than REKac ranges (58.2–113.0%) and RENac ranges (39.7–78.7%) (Figure 3).

Applying the same amount of nutrient with different fertilizer types (MF and CM) at different
levels affected the nutrient use efficiencies at different extents. At Level 1 of fertilization, the PFPac and
AEac of all the nutrients (N, P and K) with MF treatments were significantly higher than that with CM
treatment. However, increasing fertilizer input levels (Levels 2, 3 and 4) with CM, resulted in slightly
higher PFPac and AEac values for all the nutrients compared with values of MF treatments. The REac

of N, P and K performed differently in MF and CM treatments. Maize with MF applications exhibited
higher RENac than that with CM applications. However, higher REPac was found in CM treatments
rather than MF treatments at all fertilizer rates, especially at Level 1. Generally, no apparent differences
of REKac were found between CM and MF treatments.

3.5. Soil Nutrients

Soil NO3-N, available P and K content showed a significant increase as fertilizer rate level
increased (Figures 4 and 5). Soil NO3-N increased from 4.5 to 39.6 mg kg−1 at the 0–30 cm soil layers.
No significant difference of soil NO3-N and available K was found between CM and MF at the 0–30 cm
soil layer. However, at deeper layers (30–60 cm and 60–90 cm) and under higher fertilizer rates
(Level 3 and Level 4), NO3-N in the MF treatments were significantly higher than in the CM treatments.
This study also found that at 0–30 cm soil layer, soil available P in CM treatments were higher than in
MF treatments. These results showed that the application of organic fertilizer (CM) adds significantly
more available P content to the soil than the application of mineral fertilizer (MF).
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4. Discussion

4.1. Response of Yield to Fertilizer Treatments

This long-term study revealed that significantly higher maize yields were obtained with MF and
CM compared with the control treatment (CK). Numerous studies also reported that manure and
mineral fertilizer could improve the crop yield in China [10,25,26]. However, our study found that
the fertilizer type (organic vs. inorganic) did not alter maize yield when the equal amount of major
nutrient was applied over 10 years. These results are in agreement with Xin et al. [27] who reported that
20-year grain yield averages between mineral fertilizer and compost treatments were similar. However,
the first harvest (2008) showed significantly higher grain yields for MF compared to CM treatments.
These differences narrowed with time. As a result that most of the nutrients in CM treatments were
organically bounded and slowly released compared to MF treatments, nutrients provided from the soil
in CM treatments would not keep up with the nutrients demand of maize [15,28]. In later periods of
the long-term experiment, more available nutrients in manure were released and the yield gap between
MF and CM narrowed. In the last years of the experiment, maize with CM showed slightly higher
grain yield than maize with MF. Long-term CM application may improve soil properties, soil structure
and micro-biological activity, thus enhance the nutrients retention and absorption capacity of crop
roots [6,29,30]. Our findings are consistent with reports from Zhang et al. [31] who also demonstrated
that the effect of full MF substitution by manure on crop yield becomes non-significant with an
increased duration of the experiment. Fan et al. [32] through model simulation and field experiments
in Denmark also reported increasing crop yield with increasing number of years under organic farming
management. Our study also found that increased yield by CM compared to MF was greater on the
long term than on the short term. These results are consistent with experiments in Japan [33]. However,
this study also demonstrated that as the fertilizer rate increases, effects of fertilizer type on crop yield
become smaller to non-significant, especially at the highest rate when sufficient nutrients might have
been already supplied for growth. These results are in agreement with Zhang et al. [31].

4.2. Accumulated Nutrients Use Efficiencies

Nutrient use efficiencies are meaningful for the nutrient cycle. Most studies focused on comparing
nitrogen use efficiency (NUE) between MF and partial substitution of MF by manure [34,35].
Vanlauwe et al. [35] reported that maize annual nitrogen agronomic efficiency (NAE) increased from
25 kg kg−1 to 38 kg kg−1 after manure was additionally applied. Duan et al. [34] also found that
combined application of mineral fertilizer and manure could increase maize NAE by 15–86% at four
study sites of China. Our study found that complete substitution of MF with CM results in the
significantly lower accumulated PFPNac, AENac and RENac at the low fertilizer input level (Level 1,
around 56 kg N ha−1), but these impacts disappeared with increasing fertilizer rate. The main reasons
for differences between our study and the above mentioned studies were: (1) we focused on the
accumulated nutrient use efficiency, rather than on the annual nutrient use efficiency and (2) MF was
completely substituted by CM in our study rather than a partly substitution as done in the other
studies. In our study, N supply was insufficient for maize growth at low fertilizer rates, available N
was released fast from MF and could be completely used by maize, but available N from the CM could
not be totally released which resulted in lower PFPNac, AENac and RENac. With increasing fertilizer
rate, more available N was released from CM to meet the crop demand, the difference between MF
and CM under the same fertilizer input level became smaller, and no significant differences of PFPNac,
AENac and RENac were found between CM and MF. This finding is in agreement with Gai et al. [10],
who stated that grain N concentration in MF treatments was significantly higher than that of manure
treatments and that of MF and manure combinations, and consequently results in higher AENac in MF
than in manure treatments during the 22 years experiment. We also found that P and K accumulated
use efficiency were similar to N, where maize with MF showed significant higher PFPPac, PFPKac,
AEPac and AEKac under the lowest fertilizer rate, but with increased fertilizer rates, those differences
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vanished. These results can be explained by the yield gap between MF and CM. However, our study
shows that CM can increase maize REPac, especially at low fertilizer rates which was consistent with
Xin et al. [27], who also reported that organic fertilizer can significantly increase REPac in a 20-year
long term experiment. Xin et al. [27] also found that REPac could reach 81%, which was higher than the
values obtained in our study (53%), mainly because their experiment time was longer. The REPac over
the 20 year experiment was much higher than the results from the short-term experiment [27].

4.3. Nutrient Balance and Loss

Soil nutrient balance is essential for enhancing plant growth, while inappropriate fertilizer use
might lead to nutrient loss, leaching and pollution of non-agriculture ecosystems. In our study, the use
of no fertilizer (CK) could not meet maize nutrient requirements for good growth. Conversely, higher
fertilizer application rates (Level 3 and Level 4) significantly raised soil nutrient accumulation, which is
beneficial for plant nutrient uptake. Nevertheless, the overuse of fertilizer might result in nutrient
loss. N and P leaching might pollute the groundwater and increase risks for human health. In our
long-term field trial, N rate about 78 kg N ha−1 was satisfactory for maize production. Extensive use of
N fertilizer at Level 3 (166.8 N ha−1) and Level 4 (222.4 N ha−1) considerably increased the soil NO3-N
content in the 0–90 cm soil layer. Ju and Gu [36] stated that soil available N higher than 90 kg ha−1 in
0–90 cm soil layer would result in N leaching in China’s farmland. In our experiment, soil NO3-N
in CM treatments were 93.4 and 252.7 kg N ha−1 respectively for Level 3 and Level 4, which were
lower than those of MF treatments (201.3 and 398.5 kg N ha−1, respectively). This means that using
MF results in a higher N leaching risk than using organic fertilizer. However, exclude Level 4 CM
treatments (42 mg kg−1), P leaching was not found in our study. The soil available P content was below
the threshold for China’s farmland (40 mg kg−1) [37]. These results showed that with a reasonable P
fertilizer input, the organic form of P did not increase P leaching compared with mineral P fertilizer,
but high level of organic fertilizer input (Level 4) might cause P leaching over the long run. Overall,
these long-term experiments showed that maize supplied with 6 t CM ha−1 can meet maize growth
demand and would not cause nutrient leaching.

5. Conclusions

Fertilizer application rate strongly influenced maize yield and nutrient use efficiencies. The 10-year
average maize yields varied from 4.4 t ha−1 (CK) to 7.6 t ha−1 (Level 3). However, the yield response to
the type of fertilizers (MF and CM) across 10 years was similar. Compared with the MF treatments,
CM treatments showed lower maize yields in the first experimental year. As time progressed,
CM treatments displayed slightly better yields than MF treatments. Except for P-RE, at the lowest
fertilizer rate (Level 1), maize with MF exhibited better AE, PFP and RE for all the nutrients than maize
with CM. However, no clear differences were found between CM and MF treatments when higher
levels of fertilizer were applied. Therefore, low fertilizer rates (6 t ha−1) with CM are recommended for
maize cultivation at the North China Plain. Further improvements of yield and nutrient use efficiencies
are possible by studying the nutrient balances.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1329/s1,
Table S1: Results of a two-way ANOVA for the analysis of the main effects of fertilizer treatments (T), year (Y),
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ear density (ED).
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