
The Journal of Agricultural
Science

cambridge.org/ags

Crops and Soils Research
Paper

Cite this article: Li X P, Liu C L, Zhao H, Gao F,
Ji G N, Hu F, Li H X (2018). Consistent
improvements in soil biochemical properties
and crop yields by organic fertilization for
above-ground (rapeseed) and below-ground
(sweet potato) crops. The Journal of
Agricultural Science 156, 1186–1195. https://
doi.org/10.1017/S0021859619000170

Received: 26 February 2018
Revised: 5 February 2019
Accepted: 26 February 2019
First published online: 19 March 2019

Key words:
Organic manure; red soil; soil-biological
properties; soil-chemical properties; soil
productivity

Author for correspondence:
H.X. Li, E-mail: huixinli@njau.edu.cn

© Cambridge University Press 2019

Consistent improvements in soil biochemical
properties and crop yields by organic
fertilization for above-ground (rapeseed) and
below-ground (sweet potato) crops

X. P. Li1,2, C. L. Liu1,2, H. Zhao1, F. Gao1, G. N. Ji1, F. Hu1 and H. X. Li1,3

1College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing, China; 2National
Engineering Research and Technology Center for Red Soil Improvement, Ecological Experiment Station of Red Soil,
Chinese Academy of Sciences, Yingtan, Jiangxi, China and 3Jiangsu Collaborative Innovation Center for Solid
Organic Waste Utilization, Nanjing, China

Abstract

Although application of organic fertilizers has become a recommended way for developing
sustainable agriculture, it is still unclear whether above-ground and below-ground crops
have similar responses to chemical fertilizers (CF) and organic manure (OM) under the
same farming conditions. The current study investigated soil quality and crop yield response
to fertilization of a double-cropping system with rapeseed (above-ground) and sweet potato
(below-ground) in an infertile red soil for 2 years (2014–16). Three fertilizer treatments
were compared, including CF, OM and organic manure plus chemical fertilizer (MCF).
Organic fertilizers (OM and MCF) increased the yield of both above- and below-ground
crops and improved soil biochemical properties significantly. The current study also found
that soil-chemical properties were the most important and direct factors in increasing crop
yields. Also, crop yield was affected indirectly by soil-biological properties, because no signifi-
cant effects of soil-biological activities on yield were detected after controlling the positive
effects of soil-chemical properties. Since organic fertilizers could not only increase crop
yield, but also improve soil nutrients and microbial activities efficiently and continuously,
OM application is a reliable agricultural practice for both above- and below-ground crops
in the red soils of China.

Introduction

Increasing crop yield is one of the main purposes of agricultural production, thus fertilization
has been a widely used agricultural management tool to improve soil fertility and productivity
over the years. However, continuous and excessive applications of chemical fertilizers (CF) can
lead to environmental pollution, soil degeneration and crop quality decline (Zhu and Chen,
2002; Ju et al., 2009; Zhang et al., 2013). Organic fertilizers have been suggested as substitutes
due to their efficiency for increasing crop yields, as well as their high potential for improving
soil quality and fertility (Diacono and Montemurro, 2010). However, it is unclear whether
similar positive effects of organic fertilizers could be obtained for both above- and below-
ground crops under the same farming conditions.

Soil physicochemical properties generally affect crop yield and quality directly. Compared
with non-fertilized soil, soil supplied with extra fertilizer would have significant improvement
in soil nutrients no matter what type of fertilizer is used (Haynes and Naidu, 1998). However,
there are some differences between chemical and organic fertilizers. CFs usually release avail-
able nutrients immediately, while the multiple macro- and micronutrients contained in
organic fertilizers are released slowly and continuously over a longer time (Diacono and
Montemurro, 2010). Organic fertilizers can also increase soil organic matter, improve soil
structure, enhance water and nutrient holding capacity and reduce erosion (Liu et al., 2007;
Diacono and Montemurro, 2010; Singh Brar et al., 2015). Thus, organic fertilizers are expected
to have potential to improve the growth and yield of both above- and below-ground crops.

Soil-biological properties such as basal respiration, microbial biomass and microbial quo-
tient can provide additional valuable information for soil-quality assessment (Bending et al.,
2004; Fließbach et al., 2007). Soil microorganisms which contribute to biochemical cycles
and energy flows play critical roles in maintaining soil structure and function (Morris and
Blackwood, 2015). Many studies have demonstrated that organic fertilizers improve soil-
biological activities through increasing soil-microbial biomass and altering microbial commu-
nities (Tejada and Gonzalez, 2009; Chaudhry et al., 2012; Lazcano et al., 2013; Reilly et al.,
2013; Lupwayi et al., 2014), and strong positive correlations have been found between crop
yield and soil-biological properties (Insam et al., 1991; Alves de Castro Lopes et al., 2013;
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Lupwayi et al., 2015). In contrast, the application of CFs has
destroyed a large number of beneficial microorganisms and
decreased soil-microbial activities, although the responses of spe-
cific microbial groups depend on environmental and crop
management-related factors (Treseder, 2008; Ramirez et al.,
2012; Geisseler and Scow, 2014). In addition, organic fertilizers
may also promote microbial activities indirectly through increas-
ing root biomass and root exudates (Ebhin Masto et al., 2006). It
is hypothesized that higher soil-biological activities can be
obtained with organic fertilizers than with CFs for both above-
and below-ground crops.

Soil-biological activities are interconnected with many soil
physical and chemical properties. For example, soil organic matter
and pH can affect the activities of many soil microorganisms,
which can in turn influence carbon and nutrient cycling, and
reform soil physical structure (Paul and Clark, 1996; Nannipieri
et al., 2003). Although it is accepted that organic fertilizers can
improve crop yield through increasing soil-biological activities
(Insam et al., 1991; Alves de Castro Lopes et al., 2013; Lupwayi
et al., 2015), several other studies discovered no significant corre-
lations between soil-biological properties and crop productivity
across regions and species (Franco-Otero et al., 2012; Tian
et al., 2015). Adding extra nutrients into the soil through fertilizer
applications would absolutely increase soil fertility and facilitate
the growth of plants directly; meanwhile, the fertilizers might
also boost soil-microbial activities, which in turn facilitate add-
itional release of soil nutrients. Soil-microbial activities play
important roles in soil nutrient release and accumulation but
might not link to crop yield directly. Thus, no significant effects
of soil-biological activities on crop yield would be found when
the covariate effects of soil-chemical properties were removed.

Although many studies have demonstrated the effects of
organic or organic–inorganic complex fertilizers on soil quality
and productivity, whether consistent effects exist for both
above- and below-ground crops under the same farming condi-
tions is still worth exploring. The objective of the current study
was to evaluate whether organic fertilizers could improve the
soil biochemical properties and yields for both above- (rapeseed)
and below-ground (sweet potato) crops.

Materials and methods

Site and experimental design

The study was conducted at the Jiangxi Institute of Red Soil (116°
55′N, 28°13′E, 45 m a.s.l.), Jiangxi Province, China. The field site
is located in the typical sub-tropical monsoon landscape zone of
South China, with mean annual rainfall of 1788 mm, mean
annual evaporation of 1359 mm and mean annual temperature
of 17.6 °C. The experimental site was in an abandoned agricul-
tural field that supported double-cropping of local varieties of
rapeseed (Brassica napus L.) and sweet potato (Ipomoea batatas
L.). Rapeseed and sweet potato were harvested in May and
September, respectively. The soil was sandy loam derived from
quaternary real clay, with very low soil organic matter in the top-
soil (pH, 5.83; total C, 5.73 g/kg; total N, 0.41 g/kg; total P, 0.31 g/
kg). The soil is classified as an Ultisol (Soil Survey Staff, 1999),
which is usually called red soil in China.

The fertilization experiment was established in 2014. Three
treatments with three replicates were arranged in a completely
randomized design: (1) CF, (2) organic manure (OM) and (3)
organic manure plus CF (MCF). Plot size was 5 × 4 m2 and

separated by concrete barriers (60 cm deep and 10 cm above-
ground). The CF treatment, which reflected local fertilizer prac-
tice, received 152.72 kg nitrogen (N)/ha, 116.20 kg phosphorus
pentoxide (P2O5)/ha and 166.32 kg potassium oxide (K2O)/ha.
Urea was used as the N source, calcium superphosphate as the
phosphorus (P) source and potassium chloride as the potassium
(K) source. This treatment was chosen as the control for compar-
ing and assessing the effect of local application of fertilizer on soil
fertility and crop yield. For the OM treatment, 11 290 kg/ha com-
posted pig manure was applied (total N, 13.6 g/kg; total P, 2.67 g/
kg; total K, 1.51 g/kg; available phosphorus (AP), 0.61 g/kg and
available K, 0.15 g/kg), which had the same total N as the CF
treatment. For MCF, the composted manure and CF were
mixed in a 60 : 40 ratio to maintain the same amount of N as
in the CF and OM treatments. The CFs and OM were applied
as basal fertilization before planting sweet potato each year, and
mineral fertilizers (152.72 kg N per ha, 116.20 kg P2O5 per ha
and 166.32 kg K2O per ha) were applied to all plots before plant-
ing rapeseed. The marketable yields of the crops were harvested
manually. The dry seeds of rapeseed and fresh tubers of sweet
potato were gathered and weighed after harvest.

Soil sampling

Soil samples were collected at a depth of 0–20 cm in May, after
rapeseed was harvested, and in September, after sweet potato
was harvested. For each plot, five soil cores with a diameter of
4 cm were collected randomly and mixed together as one compos-
ite sample per plot after removing the roots and rocks. The sam-
ples were sealed in plastic bags and stored at 4 °C until soil
biochemical properties were analysed.

Analysis of chemical and biological properties

Soil total organic carbon (TOC) and total nitrogen (TN) were ana-
lysed using an automated elemental analyser (Vario MAX CN,
Elementar Co., Germany) after the soil samples had been air
dried. Total phosphorus (TP) was analysed by sodium hydroxide
(NaOH) fusion and colorimetric procedures (Olsen and Somers,
1982). AP was determined colorimetrically using molybdate after
extracting samples with 0.5 M sodium bicarbonate (NaHCO3;
Olsen, 1954). Soil nitrate (NO3

−) and ammonium (NH4
+) were mea-

sured with an auto analyser (AA3, Bran and Luebbe, Germany) after
extracting with 2 M potassium chloride (KCl) solution (Lu, 1999).

Microbial biomass carbon (MBC) and microbial biomass
nitrogen (MBN) were estimated by a fumigation–extraction
method (Vance et al., 1987). Briefly, two fresh soil samples (10
g dry weight equivalent) were placed in 250 ml centrifuge tubes
and one was fumigated for 24 h by adding 0.5 ml ethanol-free
chloroform to the tube. Both fumigated and non-fumigated
soils were extracted with 40 ml 0.5 M potassium sulphate
(K2SO4) solution. The carbon (C) and N in extracts were deter-
mined by an automated C/N analyser. The factors used to convert
the extracted organic C and N to MBC and MBN were 0.38 and
0.45, respectively (Vance et al., 1987). Soil respiration (SR) was
measured by weighing fresh soil (equivalent to 5 g dry mass)
into jars, then calculating carbon dioxide (CO2) concentration
by gas chromatography after incubating at 25 °C for 12 h.

Statistical analysis

Analysis of variance (ANOVA) was used to compare the effect of
fertilizer treatments on soil-chemical properties, biological
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properties and crop yield. Since soil-biological properties were
correlated with many soil-chemical properties, analysis of covari-
ance (ANCOVA) was adopted to determine whether soil-
biological properties were different among treatments. In the
ANCOVA, soil-biological properties were used as dependent vari-
ables, with treatment as a fixed factor, and soil-chemical proper-
ties as the continuous covariates. Prior to the ANCOVA
procedure, the number of variables of soil-chemical properties
was reduced by principal component analysis (PCA) for rapeseed
and sweet potato separately. Partial regression analysis was also
used to assess how crop yield was explained by each of the bio-
logical variables independently after accounting for the variation
of soil-chemical properties. Data from 2015 and 2016 were ana-
lysed separately, due to continuous rainfall in the spring of
2016 that led to a significant decline in the yield of rapeseed (leav-
ing many small and stunted pods). All analyses were performed in
R 3.2.3 (R Core Team, 2016).

Results

Soil-chemical and -biological properties

Compared with the CF treatment, organically fertilized treatments
(OM and MCF) had significantly higher soil TOC, TN, TP, AP,

NO3
−-N and NH4

+-N for both crops (all P < 0.01; Tables 1 and
2), except that no significant improvement was detected in
NH4

+-N in the sweet potato phase in 2016. Generally, soil-
chemical properties showed consistent improvement with OM
and MCF. In the rapeseed phase, the MCF treatment had a higher
content of TP than the OM treatment. In the sweet potato phase,
the OM treatment increased TOC, TN, NO3

−-N and NH4
+-N in

2015, and increased AP in 2016 compared with MCF. The highest
NO3

−-N was found in 2016 under MCF treatment for both crops
(Table 1). To reduce the dimensionality of soil-chemical variables,
and to minimize the impact of inherent collinearity of these vari-
ables, the first principal component (PC1) of a PCA of soil TOC,
TN, TP, AP, NO3

−-N and NH4
+-N was used to represent soil-

chemical properties for subsequent analyses. The PC1s explained
77–92% of the total variance in soil-chemical properties for both
crops (Fig. 1).

Organically fertilized treatments (OM and MCF) also had sig-
nificantly higher levels of SR, MBC and MBN for both rapeseed
and sweet potato in the 2 years (all P < 0.01; Tables 1 and 2).
Generally, the OM treatment performed better in improving the
soil-biological properties for both crops than the other two treat-
ments (CF and MCF) (Table 1). The OM treatment had 1.3–3.6
times higher SR, 1.2–6.3 times higher MBC and 1.1–6.4 times
higher MBN than the CF and MCF treatments in both phases.

Table 1. Chemical and biological properties (mean ± standard error) of soils under different fertilizer treatments for both above- (rapeseed) and below-ground
(sweet potato) crops

2015 2016

CF OM MCF CF OM MCF

Above-ground crop
(rapeseed)

Chemical

Total C (g/kg) 7.2 ± 0.42 13 ± 1.1 11.7 ± 0.89 5.8 ± 0.13 8.7 ± 0.35 10.1 ± 0.93

Total N (g/kg) 0.5 ± 0.01 0.9 ± 0.04 1.0 ± 0.08 0.4 ± 0.01 0.7 ± 0.01 0.6 ± 0.02

Total P (g/kg) 0.5 ± 0.02 0.7 ± 0.02 1.0 ± 0.01 0.6 ± 0.02 0.8 ± 0.03 0.9 ± 0.02

AP (mg/kg) 13 ± 1.1 44 ± 2.1 41 ± 3.6 15.3 ± 0.55 35 ± 2.5 33 ± 1.5

Nitrate (NO3
−-N, mg/kg) 5.1 ± 0.91 17 ± 1.9 19.6 ± 0.89 6.9 ± 0.80 11 ± 1.2 18 ± 1.3

Ammonium (NH4
+-N, mg/kg) 0.9 ± 0.09 1.7 ± 0.10 1.5 ± 0.11 0.5 ± 0.04 1.2 ± 0.07 1.5 ± 0.11

Biological

SR (μg/g/h) 0.1 ± 0.01 0.3 ± 0.02 0.3 ± 0.02 0.2 ± 0.03 0.7 ± 0.02 0.6 ± 0.08

Microbial biomass C (mg/kg) 8 ± 3.3 180 ± 9.5 137 ± 7.7 123 ± 13.5 287 ± 8.7 243 ± 7.6

Microbial biomass N (mg/kg) 5.0 ± 0.56 32 ± 1.6 20.7 ± 0.88 16 ± 1.2 44 ± 3.1 39 ± 1.3

Below-ground crop (sweet
potato)

Chemical

Total C (g/kg) 6.7 ± 0.23 15.9 ± 0.92 12.2 ± 0.67 6.8 ± 0.54 13.8 ± 0.24 12.6 ± 0.68

Total N (g/kg) 0.5 ± 0.01 1.1 ± 0.03 0.9 ± 0.01 0.6 ± 0.01 0.9 ± 0.03 0.9 ± 0.03

Total P (g/kg) 0.4 ± 0.02 0.7 ± 0.02 0.7 ± 0.04 0.4 ± 0.06 0.8 ± 0.02 0.8 ± 0.02

AP (mg/kg) 10 ± 1.0 50 ± 1.7 44 ± 1.5 14 ± 1.4 64 ± 2.1 33 ± 6.9

Nitrate (NO3
−-N, mg/kg) 5.1 ± 0.22 13.2 ± 0.58 10.4 ± 0.46 9.7 ± 0.59 28 ± 2.6 37 ± 2.2

Ammonium (NH4
+-N, mg/kg) 0.4 ± 0.01 1.4 ± 0.09 0.8 ± 0.03 1.2 ± 0.07 1.7 ± 0.18 1.4 ± 0.14

Biological

SR (μg/g/h) 0.1 ± 0.01 0.4 ± 0.03 0.2 ± 0.02 0.1 ± 0.02 0.5 ± 0.04 0.3 ± 0.03

Microbial biomass C (mg/kg) 4 ± 5.5 302 ± 7.6 217 ± 7.6 79 ± 8.5 378 ± 32.3 231 ± 11.3

Microbial biomass N (mg/kg) 8.2 ± 0.85 21.3 ± 0.53 18.3 ± 0.28 11 ± 1.2 48 ± 3.9 31 ± 1.5

CF, chemical fertilizer; OM, organic manure; MCF, organic manure plus CF.

1188 X.P. Li et al.

https://doi.org/10.1017/S0021859619000170 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859619000170


Moreover, the results of ANCOVA showed that there were signifi-
cant effects of fertilizer treatment on all biological properties
when the effects of soil-chemical properties were controlled (all
P < 0.01; Table 3).

Crop yield and its relationship with soil biochemical factors

Crop yields with organic fertilization (OM and MCF) were higher
than those with chemical fertilization (CF) (Fig. 2). The yields of

Table 2. ANOVA (F value [P value]) for soil-chemical and biological properties under different fertilizer treatments

Rapeseed Sweet potato

2015 2016 2015 2016

Chemical

Total C 13.4 (0.006) 14.3 (0.005) 47.3 (<0.001) 51.9 (<0.001)

Total N 23.6 (0.001) 62.4 (<0.001) 155.7 (<0.001) 57.8 (<0.001)

Total P 91.9 (<0.001) 57.2 (<0.001) 42.0 (<0.001) 29.5 (<0.001)

AP 48.0 (<0.001) 40.0 (<0.001) 225.1 (<0.001) 36.3 (<0.001)

Nitrate 34.7 (<0.001) 26.8 (0.001) 85.9 (<0.001) 50.3 (<0.001)

Ammonium 18.2 (0.003) 37.80 (0.003) 82.8 (<0.001) 3.2 (0.114)

Biological

SR 30.8 (0.001) 20.0 (0.002) 30.0 (0.001) 38.1 (<0.001)

Microbial biomass C 113.2 (<0.001) 68.50 (<0.001) 298.4 (<0.001) 53.9 (<0.001)

Microbial biomass N 149.3 (<0.001) 51.5 (<0.001) 131.8 (<0.001) 53.0 (<0.001)

Fig. 1. Percentage of variances explained by each principal component for both crops.

The Journal of Agricultural Science 1189

https://doi.org/10.1017/S0021859619000170 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859619000170


rapeseed ranged from 0.7 to 2.1 t/ha in 2015 and from 0.5 to 1.0 t/
ha in 2016. Although heavy rain in the spring of 2016 caused a
significant decrease in rapeseed yield, positive effects of OM
application on yield were still detected (Fig. 2). Seed yield of rape-
seed in organic treatments (OM and MCF) was 80–204% higher
than that in the CF treatment. The tuber yield of sweet potato
differed greatly between fertilizer treatments and was 1.4–1.86
times higher in the organic fertilizer treatments (26.1–33.5 t/ha
in OM and 28.8–33.5 t/ha in MCF) than in the CF treatment
(18.1–18.7 t/ha in CF). Significantly higher yield of rapeseed
was only found in the MCF treatment when compared with the
OM treatment in 2015 (P = 0.03). The yields of both crops were
positively correlated with most of the soil biochemical properties
(Fig. 3). The first component of the PCA of soil-chemical proper-
ties explained most of the variance in crop yield (R2 ranges from
0.59 to 0.95, Fig. 4). There was no significant relationship between
crop yield and soil-biological properties for either crop when the
effect of soil-chemical properties was controlled by a partial
correlation analysis (all P > 0.05; Table 4, Figs 5 and 6).

Discussion

It was demonstrated that organic fertilizers not only supply soil
with chemical nutrients, but also improve soil-biological

properties and crop yields. The current results also suggested
that organic fertilizers have consistent positive effects for both
above-ground (rapeseed) and below-ground (sweet potato)
crops. The current study found organically fertilized treatments
improved multiple soil nutrient parameters significantly, such as
TOC, TN, TP, AP, NO3

−-N and NH4
+-N. Similar results have

been shown in previous studies using various types of organic
amendments across different soils (Whalen et al., 2000; Cherr
et al., 2006; Herencia et al., 2007; Lithourgidis et al., 2007; Liu
et al., 2010). Increases in soil TOC with application of OM
could be due to the addition of organic materials, and also to
the return of more roots and crop residues (Kundu et al., 2007;
Liang et al., 2012). A slow release of N from organic fertilizer
and higher biological N-transformation frequencies stimulated
by manure may contribute to the increase in soil organic and
inorganic N (Kundu et al., 2007; Bhattacharyya et al., 2008).
Inputs of P with OM in excess of crop requirement can result
in a higher concentration of both TP and AP in soil (Singh
et al., 2007; Liu et al., 2010). In addition, it is well known that
many nutrient cycling processes in the soil are coupled with the
C cycle and that applications of OM are beneficial for the accu-
mulation of soil organic matter and other soil nutrients over a
long period (Whalen and Chang, 2002; Braschi et al., 2003;
Varinderpal-Singh et al., 2006).

Table 3. Significance of fertilization treatment effects on soil-biological properties when effects of soil-chemical properties were controlled for

Rapeseed Sweet potato

2015 2016 2015 2016

SR 33.2 (0.001) 16.7 (0.006) 25.1 (0.002) 38.3 (0.001)

Microbial biomass C 165.0 (<0.001) 60.3 (<0.001) 348.5 (<0.001） 65.9 (<0.001)

Microbial biomass N 198.1 (<0.001) 56.4 (<0.001) 118.4 (<0.001) 70.5 (<0.001)

The table shows F values with P values in parentheses. The soil-chemical properties were represented by the first principal component (PC1) of a PCA analysis based on soil-chemical
properties of TOC, TN, TP, AP, NO3

−-N and NH4
+-N, and the PC1s explained more than 77% of the total variance for each crop.

Fig. 2. Yields of rapeseed and sweet potato under different
fertilizer treatments. CF, chemical fertilizer; OM, organic
manure; MCF, organic manure plus CF.
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The current study found a significant increase in microbial
activities (indicated by microbial biomass and respiration) after
addition of organic fertilizers, which is in agreement with some
other studies (Marschner et al., 2003; Böhme et al., 2005; Gu
et al., 2009). Soil organic matter supplied by organic fertilizers
provides carbon sources for intensive activity of microbes,
which would result in higher soil-microbial biomass and commu-
nity functional diversity (Marschner et al., 2003; Zhong and Cai,
2007; Tejada and Gonzalez, 2009; Chang et al., 2014). In addition,
the increase in root biomass and root exudates promoted by OM
application may also contribute to the improvement of microbial
biomass (Ebhin Masto et al., 2006). In contrast, as Bünemann
et al. (2006) summarized, the toxicity of metal contaminants
contained in CFs and the acidic soil environment created by
application of these fertilizers might cause the loss and reduction
of soil-microbial communities.

Higher crop yields were obtained under OM treatments for
both rapeseed and sweet potato in the current study. Although
there is no report from the same cropping system, similar effects
have been reported by other studies for rapeseed and sweet potato
separately. For example, Lupwayi et al. (2005) found rapeseed
yields increased by 46% with pig manure, and 24% with cattle
manure compared with the yield in soil with CF application.
Agbede (2010) recorded that poultry manure and CF plus poultry
manure increased sweet potato root yield by 4 and 32% relative to
the yield under CF treatment. In the current study, compared with
CF treatment, mean yields of rapeseed and sweet potato were
increased by 132 and 62% under OM only and increased by
156 and 69% under CF plus manure application, respectively.

The high increment indicated that the infertile red soil may
have high productivity potential when proper fertilization prac-
tices are performed. Generally, the results confirmed that organic
fertilizer is effective at increasing crop yield for both above- and
below-ground crops (Saleque et al., 2004; Yang et al., 2006;
Zhang et al., 2009).

The high yields obtained in the current study should be due
largely to the enhancement of soil nutrient level. High correla-
tions between yields and soil nutrients were found in the current
study, and the first principal component of the PCA of all soil-
chemical properties explained most of the variance in the yields
for both crops. Although different crops or different plant organs
have distinctive nutrient requirements, the comprehensive advan-
tages provided by organic fertilizers promote the growth and yield
of many crops. For example, rapeseed has a relatively high
requirement for soil N and sulphur (S), but it can utilize soil P
and K more effectively than many cereal crops (Grant and
Bailey, 1993; Jackson, 2000). In addition, micronutrient deficien-
cies are not common for rapeseed, although its seed yield may be
restricted on specific soils (Grant and Bailey, 1993). Thus, organic
fertilizers might be beneficial to the growth of rapeseed by sus-
taining the levels of N and S in the soil. Although higher N appli-
cations might cause more N to be taken up in the non-marketable
plant parts such as vines (Hartemink et al., 2000), the relatively
balanced nutrients supplied by organic fertilizers, together with
the improved soil physical structure caused by organic fertilizers,
might play more important roles in promoting the tuber yield of
sweet potato (Haynes and Naidu, 1998; Mukhtar et al., 2010). In
contrast, for CF, the release rates of nutrients to the soil are

Fig. 3. (Colour online) Correlations between crop
yield, soil-chemical and biological properties for
rapeseed (a, 2015; b, 2016) and sweet potato (c,
2015; d, 2016). The number of asterisks indicates
different significance levels (***P < 0.001; **P <
0.01; *P < 0.05).
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usually faster than crop absorption rates, which may lead to
greater nutrient losses (Ju et al., 2009; Zhang et al., 2009;
Cameron et al., 2013).

Although there were positive relationships in the current study
between the crop yields and soil-biological properties in both
crops, no significant associations were detected when partial
regression analysis was used to assess the effect of soil-biological
characteristics on crop yield, independently of soil-chemical char-
acteristics. Some previous studies have demonstrated that high
microbial activities increased crop yield, based on simple bivariate
correlations (Insam et al., 1991; Alves de Castro Lopes et al., 2013;
Lupwayi et al., 2015); however, these studies failed to control the

multicollinearities between soil-microbial parameters and soil-
chemical properties. Considering the direct effects of improve-
ments in soil-chemical nutrients, high microbial activities could
influence crop yields indirectly for both above- and below-ground
crops. It is suggested that the soil nutrient condition should be
more acceptable and straightforward in assessing the productivity
of soil.

Some studies found that combined application of CF and
organic amendment would be better than using organic fertilizer
alone (Dhull et al., 2004; Mukhtar et al., 2010). However, in the
current study, OM plus CF treatment only had higher nitrate
for both crops in 2016, and higher total P for rapeseed for the

Fig. 4. Relationship between crop yield and soil-chemical properties for rapeseed and sweet potato in the 2 years. The soil-chemical properties were represented by
the first principal component (PC1) of a PCA of TOC, TN, TP, AP, NO3

−-N and NH4
+-N, and the PC1s explained more than 77% of the total variance for rapeseed and

sweet potato separately. The contribution of PC1 to the variations in the yield was demonstrated by the proportion of the total variance explained (R2) by a simple
linear regression model, and the number of asterisks indicates the significance level of the model (***P < 0.001; *P < 0.05). CF, chemical fertilizer; OM, organic
manure; MCF, organic manure plus CF.

Table 4. Partial correlation coefficients (with P values in the parentheses) between crop yield and soil-biological properties after controlling for the variation of
soil-chemical properties (represented by the first principal component of a PCA)

Rapeseed Sweet potato

2015 2016 2015 2016

SR 0.23 (0.588) 0.41 (0.309) −0.32 (0.443) −0.65 (0.084)

Microbial biomass C 0.03 (0.946) 0.27 (0.524) −0.57 (0.143) −0.17 (0.691)

Microbial biomass N −0.06 (0.887) 0.17 (0.692) 0.16 (0.699) −0.13 (0.764)
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Fig. 5. Partial regressions between crop yields and soil-biological properties after controlling for the effects of soil-chemical properties in 2015. CF, chemical fer-
tilizer; OM, organic manure; MCF, organic manure plus CF.

Fig. 6. Partial regressions between crop yields and soil-biological properties after controlling for the effects of soil-chemical properties in 2016. CF, chemical fer-
tilizer; OM, organic manure; MCF, organic manure plus CF.
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2 years compared with OM only. Generally, these two treatments
have similar positive effects on soil productivity and fertility.

After applying three fertilizer treatments (CF, OM and OM
plus CF) on both rapeseed and sweet potato in red soil for the
2 years, the current study demonstrated that organic fertilizers
can improve the soil biochemical properties and crop yields sig-
nificantly for both crops, which expands our understanding of
the effects of organic fertilizers on both above- and below-ground
crops.
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