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Abstract Pig manure (PM) is widely used as an organic
fertilizer to increase yields of crops. Excessive application
of compost containing relatively great concentrations of
copper (Cu) and zinc (Zn) can change soil quality. To
clarify the effects of different rates of application and to
determine the optimal rate of fertilization, PM containing
1,115 mg Cu kg−1, dry mass (dm) and 1,497 mg Zn kg−1,
dmwas applied to alkaline soil at rates of 0, 11, 22, 44, 88,
and 222 g PM kg−1, dm. Phospholipid fatty acids (PLFAs)
were used to assess soil microbial community composi-
tion. Application of PM resulted in greater concentrations
of total nitrogen (TN), NH4

+-N, NO3
−-N, total carbon

(TC), soil organic matter (SOM) but lesser pH values.
Soils with application rates of 88–222 g PM kg−1, dm
had concentrations of total and EDTA-extractable Cu and
Zn significantly greater than those in soil without PM, and
concentrations of T-Cu and T-Zn in these amended soils
exceeded maximum limits set by standards in china.
Except in the soil with a rate of 11 g PM kg−1, dm, total

bacterial and fungal PLFAs were directly proportional to
rate of application of PM. Biomasses of bacteria and fungi
were significantly greater in soils with application rates of
44–222 g PM kg−1, dm than in the soil without PM. SOM,
TC and EDTA-Zn had the most direct influence on soil
microbial communities. To improve fertility of soils and
maintain quality of soil, rate of application should be 22–
44 g PM kg−1 dm, soil containing Cu and Zn.

Keywords Soil quality . Metals . Microbes . Rate of
application

Introduction

Due to recent rapid growth in intensive and large-scale
farming in China, over 3 billion t of animal manures,
among which pig manure (PM) accounts for a large
proportion, are produced annually (Duan et al. 2012;
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Cao et al. 2013). PM applied to agricultural land, espe-
cially vegetable plots, is accepted as a good fertilizer for
crops and land application of PM is a good disposal of
organic waste (Shi et al. 2011; Xiong et al. 2010).
Multiple studies have been conducted to evaluate effects
of PM on soil properties. PM significantly increased
nutrient content, pH, available water and decreased
availability of heavy metals (Baker et al. 2011).
Organic carbon, available phosphorus and available po-
tassium of surface soil were significantly greater in the
soils amended with medium (60 t ha−1, dm) or greater
rates (120 t ha−1, dm) of PM (Lee et al. 2006). pH,
electrical conductivity (EC), total carbon (TC) and total
nitrogen (TN) were greater in soils to which PM had
been applied over a long time at rates of 53.2 or 159.6 t
fresh weight ha−1 year−1 than those amended with chem-
ical fertilizers (Asada et al. 2012).

Although agricultural field application of PM is con-
sidered to be environment-friendly disposal of waste,
accumulation of metals by excessive application of PM
to soil is still an environmental problem (Duan et al.
2012). Furthermore, accumulated heavy metals in soil
can migrate to surface and ground waters, and thus
negatively affecting water quality and human health
(Fan et al. 2013; Asada et al. 2012). Greater concentra-
tions of copper (Cu) (from 699 to 988 mg kg−1) and zinc
(Zn) (from 560 to 1514 mg kg−1) in PM are of particular
concern because these metals are components of pig
feed additives that are commonly or excessively used
to stimulate growth and prevent disease of pigs (Jacela
et al. 2012; Bhattacharyya et al. 2008; Meng et al. 2013;
Shi et al. 2011). After application of the PM for 17 years,
concentrations of these metals increased about 17.0- and
18.9-fold, respectively, compared with those of the con-
trol (Wu et al. 2012). Concentrations in soils were
directly proportional to the rate of application of PM
(Lee et al. 2006). These concentrations of metals (Cu
>60 mg kg−1; Zn >90 mg kg−1) could adversely affect
plants, humans andmicrobial ecosystems in soils (Baker
et al. 2011; Lichtfouse 2009).

Due to widespread application of PM and the serious
environmental pollution of Cu and Zn in agriculture soils,
to improve fertilities of soils while minimizing adverse
effects of metals, it was important to determine a safe rate
of application of PM. Previous studies have focused on
effects of applications of metal-contaminated animal ma-
nures on accumulation of metals in soils, plants and
animals (Thu et al. 2013; Rees et al. 2013; Shi et al.
2011; Li et al. 2009), but few researches on their effects

on microorganisms in soils has been conducted.
Determining the potential effects of metals on the
microbial community is important to maintain cycling
of nutrients within soil ecosystems. Although effects of
Cu and Zn on soil microorganisms has been reported by
Azarbad et al. (2013) and application of PM significantly
decreased availability of metals (Al Chami et al. 2013),
little information was available on effects of different
rates of application of PM containing Cu and Zn on
structures of microbial communities in soils.

Microbes are sensitive to changes in the physical–
chemical environment of soils, and the microbial com-
munity is considered as a useful indicator to monitor soil
fertility and toxic effects of metals. Suitable concentra-
tions of Cu and Zn can accelerate the growth of microor-
ganisms in soils, but excessive concentrations of Cu and
Zn can adversely affect microorganisms in soils (Mackie
et al. 2013; Azarbad et al. 2013). Understanding stresses
caused by application of PM containing Cu and Zn on
microorganisms in soils can provide insight into nutrient
availability and the combined effects of excessive Cu, Zn,
organic matter and nutrients (Duarte et al. 2008). Thus, it
was deemed important to use newly available non-
culture-based techniques to study as great a proportion
of the microbial community as possible. For this purpose,
a community-level approach for characterizing
(profiling) soil phospholipid fatty acids (PLFAs) of mi-
croorganisms, which has been found to be more discrim-
inatory than other methods (Hinojosa et al. 2010), was
developed and utilized. This approach enabled sensitive
and culture-independent analyses of the structures of
whole communities of microbes in soils, which provides
a more effective assessment of the effects of both metals
and PM on multiple aspects of communities of microbes
in soils (Chodak et al. 2013; Hammesfahr et al. 2008;
Azarbad et al. 2013).

In the current study, the profile of relative concentra-
tions of PLFAs was applied to evaluate the effects of
different rates of application of the PM on soil quality
and microbial community structure. The aims were to
(1) investigate effects of the application of PM contain-
ing high concentrations of Cu and Zn on soil properties;
(2) determine whether different application of PM con-
taining high concentrations of Cu and Zn might change
the microbial community and identify their influencing
factors; and (3) recommend the optimal application rate
of PM. The results of this study can help us develop
environmentally sound management strategies for the
land application rate of PM containing Cu and Zn.
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Materials and methods

PMwas collected from an intensive pig farm in a suburb
of Beijing. The studied soil was sampled from the
topsoil (0–15 cm in depth) of clean forest near the farm.
The PM and soil were air dried, sieved through a 1.0-
mmmesh and thoroughly homogenized. Approximately
50 g dried PM and soils were set aside for the quantifi-
cation of chemical parameters (pH, SOM, TN and TC).
The soil was slightly alkaline (pH=8.3), while the PM
was almost neutral (pH=6.7) (Table 1). The content of
soil organic matter (SOM) of PM is greater (94 g kg−1)
than that of the soil (16 g kg−1). The average concentra-
tion of TN and TC were 13- to 16-fold greater in PM
than in the soil. The remaining PM was mixed thor-
oughly with the soil at the rate of 11, 22, 44, 88 or
222 g PM kg−1 soil, equivalent to 25, 50, 100, 200 or
500 t ha−1, dm, respectively. An 8-kg sample of each
mixture was weighed and placed into a cylindrical plas-
tic container 20 cm in diameter and 20 cm in height. A
control treatment in which no PM was added to the soil
in a container was also set up. Four replicates were
performed for each mixture (treatment) and the control.
The five treatments and the control were identified as
P1, P2, P3, P4, P5 and CK. Ten seeds of mustard
(Brassica sinensis L.) were planted in the soil of each
container. A water content of approximately 60 % was
maintained in all soils by adding water every week
during the growth of B. sinensis L in a green house.
After 60 days, soil outside the rhizosphere was sampled
and B. sinensis L. was harvested. Each sampled soil was
mixed gently and divided into two fractions, one of
which was immediately sieved through a 2-mm mesh
and stored without drying at 4 °C for microbial commu-
nity characterization, while the other fraction was air
dried and passed through a 2-mm sieve for chemical
analyses.

The pH was determined with a Crison GLP 21 pH
meter, using water ratios of 1:2.5 (w/v) for the soil and
1:5 (w/v) for the PM. Before sampling at the end of the
pot experiment, the redox potential (Eh) in the soil was

measured by inserting a platinum electrode (H800,
USA) to a soil depth of 20 cm. TN was determined by
the semi-micro Kjeldahl method. Ammonium nitrogen
(NH4

+-N) and nitrate nitrogen (NO3
−-N) were measured

by the colorimetric method (Bremner 1965). TC was
measured by dry combustion with an elemental analyzer
(Vario EL III, Germany). SOM was determined by the
oil bath–K2Cr2O7 titration method. DOC was analyzed
using a standard low-temperature Dohrmann DC-80
total organic C analyzer (Xertex/Dohrmann, Santa
Clara, CA, USA) (Cook and Allan 1992). All soil and
manure samples were digested by HNO3 and HF
(USEPA method 3052) for the analysis of total Cu (T-
Cu) and total Zn (T-Zn). Each soil sample was also
extracted with a 0.05 mol l−1 EDTA aqueous solution
at pH 7 at a ratio of 1:10 (w/v) for 1 h to determine the
EDTA-extractable Cu (EDTA-Cu) and EDTA-
extractable Zn (EDTA-Zn) levels (Wakelin et al.
2010). Concentrations of Cu and Zn in solution were
quantified by inductively coupled plasma-mass spec-
trometry (ICP-MS) (Agilent 7500, USA). A reference
soil (GSS-1) was used as a control for analysis quality.
The Cu and Zn recovery rates were 97 % and 102 %,
respectively.

Briefly, lipids were extracted from soil in chloroform/
methanol/citrate buffer (1:2:0.8 v/v/v) and separated
into neutral lipids, glycolipids and phospholipids using
a pre-packed silica column. The phospholipids were
subjected to a mild alkaline methanolysis, and the fatty
acid methyl esters were identified by gas chromatogra-
phy (flame ionization detector) based on the relative
retention times of the fatty acids; methyl nonadecanoate
(19:0) was used as an internal standard. The PLFAs
were designated by their total number of carbon atoms,
total number of double bonds and the positions of the
double bonds. The prefixes ‘a’, ‘I’, ‘cy’ and ‘Me’ indi-
cate anteiso, iso, cyclopropyl and methyl branching,
respectively. Non-specific branching was designated
by ‘br’, whereas cis and trans configurations were indi-
cated by ‘c’ and ‘t’, respectively. The total microbial
biomass was estimated as the sum of all extracted

Table 1 Physicochemical properties of soil and pig manure (PM) (mean ± SD, n=4)

Matrix TN (g kg−1) TC (g kg−1) Cu (mg kg−1) Zn (mg kg−1) pH SOM (g kg−1)

PM 14±0.10 187±9.7 1115±79 1497±91 6.7±0.030 94±4.0

Soil 0.90±0.00 14±0.30 56±4.4 74±5.2 8.3±0.040 16±0.26
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PLFAs. The sum of the PLFAs considered to be pre-
dominantly of bacterial origin (i15:0, a15:0, 15:0, i16:0,
16:1ω9; 16:1ω7t, i17:0, a17:0, 17:0, cy17:0, 18:1ω7
and cy19:0) was used as an index of the bacterial bio-
mass, and the quantity of 18:2ω6,9 was used as an
indicator of fungal biomass (Fernández-Calviño et al.
2010). The PLFAs i14:0, a15:0, i16:0 and 10Me18:0 are
predominantly found in gram-positive (G+) bacteria,
while the PLFAs cy17:0, cy19:0, 16:1ω7c and
18:1ω7 characterize gram-negative (G−) bacteria
(Zhang et al. 2012).

Statistical analyses were conducted in Microsoft
Excel and SPSS 16.0 (SPSS, Chicago, IL, USA).
Multiple comparisons of the mean values of the soil
properties, total PLFAs, fungal PLFAs and bacterial
PLFAs were performed by one-way ANOVA with a
specified probability of Type I error (α) of 0.05.
Correlation analyses (Pearson's correlation) of the
chemical andmicrobial properties of soils amended with
different application rates of Cu- and Zn-rich PM were
performed. Principal component analysis (PCA) was
employed to compare the structures of the microbial
communities based on profiles of PLFAs at different
rates of application of PM.

Results and discussion

Changes in soil properties after the application of PM

Properties of the soil and PM before experiment are
given in Table 1. Soil was slightly alkaline (pH=8.3),
while the PM was almost neutral (pH=6.7). However,
the PM had significantly greater SOM (94 g kg−1) than
the soil (SOM=16 g kg−1). After the experiment, the
mean concentrations of pH, TN and TC in CK (Table 2)
were similar to those at the beginning of the experiment
(Table 1). Concentrations of TN (1.0–3.5 g kg−1), NH4

+-
N (6.6–19 mg kg−1) and NO3-N (29–86 mg kg−1) in all
PM amended soils, except for in P1,were significantly
greater than those in (p<0.05) CK, which exhibited the
following concentrations: TN=0.9 g kg−1; NH4

+-N=
5.5 mg kg−1; NO3

−-N=25 mg kg−1. Concentrations of
TN, NH4

+-N and NO3
−-Nwere 3- to 4-fold greater in P5

than in CK. SOM concentrations in P3, P4 and P5 were
20, 31 and 49 g kg−1, respectively, significantly greater
than that in CK (12 g kg−1). The SOM concentration in
P5 was 4-fold greater than that in CK. In comparison to
CK, the concentration of TC in P1 was not significantly

greater, but in P2–P5, the concentrations of TC ranged
from 17 to 42 g kg−1 were significantly greater than that
in CK (15 g kg−1). The concentration of TC was ap-
proximately 3-fold greater in P5 than in CK. The con-
centration of DOC in P5 (369 mg kg−1) was three times
greater than that in CK (126 mg kg−1), but there were no
significant differences in concentrations of DOC be-
tween CK and P1–P4 (158–168 mg kg−1). No signifi-
cant difference in Eh was observed among treatments
(Table 2). Addition of PM resulted in a decreasing trend
of pH values in P3, P4 and P5 (8.1, 8.1 and 7.8, respec-
tively). These values were significantly lesser than that
in CK, which were 8.4. Results of previous studies have
indicated lesser pH (Huang et al. 2007) and greater
concentrations of TC, TN and SOM in soils amended
with PM (Lee et al. 2006; Angers et al. 2010). Fertility
of soil was significantly improved when amended with
PM.

Changes in concentrations of Cu and Zn in the PM
amended soils

To achieve maximum crop productivity, farmers have
often applied excessive amounts of PM containing large
amounts of metals to soils (Atafar et al. 2010).
Consequently, accumulation of metals in soils is of
concern (Duan et al. 2012). Concentrations of T-Cu
and T-Zn were directly proportional to rates of applica-
tion of PM to soils (Table 2). Concentrations of T-Cu
ranged from 63 mg kg−1 dm, in CK to 177 mg kg−1 dm
in P5, while those of T-Zn ranged from 78 mg kg−1 dm
in CK to 426 mg kg−1 dm in P5. Concentrations of T-Cu
and T-Zn in the treatments with greater rates of applica-
tion of PM (P4 and P5) were not only significantly
greater than those in CK, but also greater than those in
treatments with lesser rates of application of PM (P1, P2
and P3) (p<0.05) (Table 2). Concentrations of T-Cu in
P4 and P5 were approximately 2- to 3-fold greater than
that in CK, while those of T-Zn in P4 and P5 were 4- to
5-fold greater than that in CK. However, concentrations
of both T-Cu and T-Zn were less than 1-fold greater with
lesser rates of application of PM (P1, P2 and P3). Since
only some forms of metals in the amended soils are
bioavailable (Krishnamurti et al. 2013), effects could
be less than predicted. In the current study, EDTA was
used to identify the portion of metals in soil that were
most readily bioavailable. Greater concentrations of
EDTA-Cu and EDTA-Zn were consistent with those of
T-Cu and T-Zn (Table 2). Concentrations of both EDTA-
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Cu and EDTA-Zn in P3–P5 were significantly greater
than those in CK. Concentrations of EDTA-Cu and
EDTA-Zn in the treatments with greater rates of appli-
cation of PM (P4 and P5) were not only approximately
4- to 16-fold greater than those in CK, but also signifi-
cantly greater than those in treatments with lesser rates
of application of PM (P1, P2 and P3). This result indi-
cated that the greater rates of application of PM (P4 and
P5) resulted in greater amounts of mobile Cu and Zn,
especially mobile Zn in the amended soils, and would
cause great leaching of Cu and Zn, which might have
significantly adverse effects on environments and eco-
systems (Park et al. 2010). These results are consistent
with those of a previous study in which addition of
organic fertilizer was found to modify bioavailability
of metals in soils (Al Chami et al. 2013). Application
of 120 t ha−1, dm (between P2 and P3 in this study)
containing 96 mg Cu kg−1 dm and 133 mg Zn kg−1 dm
would provide moderate amounts of bio-available Cu
and Zn.

Effects of PM on soil microbial communities

Application of PM can improve quality of soil for grow-
ing crops by increasing availability of nutrients, such as
N, P and K, and increasing the content of organic matter
and by changing the composition of the microbial com-
munity (Baker et al. 2011). Since total PLFAs represent
an estimate of the microbial biomass in soils, great
application rates of PM containing high concentrations

of Cu and Zn in P4 and P5 significantly increased the
total microbial biomass in the amended soils (Fig. 1).
The greatest total PLFAs for bacteria and fungi were
observed in P5. The combined effects of organic matter
and heavy metal to microbial growth were shown in P1.
Although application of PM in P1 can provide some soil
nutrients, due to toxicities of Cu and Zn in the manure
the net effect was lesser growth of the microbial com-
munity. Amounts of both bacterial and fungal PLFAs
were significantly greater in P3, P4 and P5 than in CK
(p<0.05) and total PLFAs in P5 was approximately 2-
fold greater than that in CK. The ratio of fungal to
bacterial PLFAs in P5 was significantly greater than
those in CK and P1–P3, but not significantly different
from that in P4 (Fig. 1). Soil ecosystems with greater
Fungi/Bacteria ratios indicate stimulation of fertilization
to microbe, and a soil system that is more sustainable
and stable (de Vries et al. 2006). Mineralization of
residues from plants or animals by fungi is far
outweighing bacteria, which can provide more nutrients
to soil. Mineralization of residues from plants or animals
by fungi is far outweighing bacteria, which can support
more nutrition to soil.

The first and second principal component axes (PC1
and PC2) explained 39.6 % and 14.7 % of the total
variation in the structure of the microbial communities
in the soils, respectively (Fig. 2a). Soils amended with
greater amounts of PM (P4 and P5) were separated from
those that contained less PM (P1, P2 and P3) along axis
1, while P1 was separated from the other treatments

Table 2 Physicochemical properties of soils at the end of the pot experiment (mean ± SD, n=4)

Treatments CK P1 P2 P3 P4 P5

PM dose (g kg−1) 0 11 22 44 89 222

TN (g kg−1) 0.9±0.00e 1.0±0.00e 1.2±0.04d 1.6±0.10c 2.2±0.10b 3.5±0.01a

NO3
−-N (mg kg−1) 25±1.7d 29±1.2d 49±4.2c 57±4.4bc 63±1.8b 86±4.3a

NH4
+-N (mg kg−1) 5.5±0.19d 6.6±0.11d 11±0.45c 16±0.92 b 16±0.42b 19±0.70a

SOM (g kg−1) 12±0.41d 13±1.1d 14±0.080d 20±0.65 c 31±1.3b 49±0.16a

TC (g kg−1) 15±0.30e 16±0.40de 17±0.20 d 20±0.60 c 26±0.80b 42±0.90a

DOC (mg kg−1) 126±5.4b 158±30b 166±9.9b 188±28 b 168±15b 369±53a

pH 8.4±0.030a 8.4±0.040a 8.3±0.010ab 8.1±0.040 b 8.1±0.090b 7.8±0.10c

Eh (mv) 455±13a 448±11a 457±13a 417±21 a 428±14a 424±14a

Total Cu (mg kg−1) 63±4.9c 66±1.4c 71±3.7c 75±1.1c 111±6.5b 177±9.1a

Total Zn (mg kg−1) 78±3.5f 88±3.6df 106±1.9d 131±1.7c 209±7.1b 426±12a

EDTA-Cu (mg kg−1) 13±0.14d 18±1.1d 22±1.2 cd 28±1.9c 56±5.6b 114±5.5a

EDTA-Zn (mg kg−1) 16±0.47d 19±1.1d 32±2.4 cd 51±5.4c 114±12b 262±9.8a

Values within the same row and not followed by the same letter are significantly different (p<0.05)
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along axis 2. This result indicated that the structures of
the microbial communities in soils with great applica-
tion rates of PM such as P4 and P5 were different from
those to which low rates of PM such as P1, P2 and P3
were added. Fatty acids of 18:2ω6,9 and 10Me18:0
were used as indicators of fungi and actinomycetes,
respectively. Meanwhile, a15:0, i16:0, 16:0, 15:0,
17:0, 16:1ω7t, 18:0, 18:1ω8 and cy19:0 represented
the bacterial-derived lipids (Frostegård and Bååth.
1996; Zelles. 1999). The plot of correlation coefficients
for individual fatty acids sampled on day 60 (Fig. 2b)
indicated that four PLFAs— 18:1ω8, cy19:0, 18:2ω6,9
and 18:0 — were the predominant PLFAs ordinated
along axis 1, while seven PLFAs — 10Me18:0, a15:0,
i16:0, 16:0, 15:0, 17:0 and 16:1ω7t — were the pre-
dominant PLFAs of axis 2. Addition of PM containing
Cu and Zn to soils promoted bacteria and fungi to be the
main microbial communities in the amended soils.
Results of PCA suggested that several necessary com-
munities of bacteria and fungi were sensitive to organic
matter or metals after application of PM, and therefore,
those PLFAs can be used as one indicator for evaluation
of the soil fertilization.

Factors influencing soil microbial communities

Total PLFAs and bacterial PLFAs were significantly and
positively correlated (Pearson's correlation) with soil
properties such as T-Zn, TN, TC, SOM, NH4

+-N,
EDTA-Cu, EDTA-Zn (Table 3). However, the correla-
tion coefficients between fungal PLFAs and the soil
properties were lower than those for total PLFAs or

bacterial PLFAs. Of these soil properties, SOM and
EDTA-Zn had the most direct influences on microbial
communities because SOM, TC, EDTA-Zn were
strongly associated with great total PLFAs, especially
bacterial PLFAs, seen from their greater correlation
coefficients (r≥0.88). The greater amounts of SOM,
TC and EDTA-Zn improved soil quality by increasing
CEC and Zn availability, thus provided nutrients to
stimulate growth of bacteria and fungi in soils and
reduced toxicity of metals (Park et al. 2010). Results
of a previous study demonstrated that although applica-
tion of PM to soils improved growth of soil microbes,
greater concentrations of Cu and Zn in soil had little
additional effects on soil microbial communities
(Anderson et al. 2008; Lee et al. 2006). Alternatively,
it has been reported that potential accumulation of Cu
and Zn in soils and subsequent toxicity to microbial
communities might adversely affect fertilities of soils
and long-term sustainability of yields of crops (Baker
et al. 2011). Therefore, some studies are still needed to
understand the mechanisms of the eco-toxicology of Cu
and Zn and their long-term effects on communities of
microbes in soils.

Recommendations for application of manure

Although in China it is commonly recognized that in-
creasing rates of application of PM can be economically
beneficial by increasing yields of crops, optimal rates of
application of PM that allows for benefits while mini-
mizing long-term toxic effects of metals was still un-
known. Based on the results of the study reported upon

Fig. 1 PLFAs and fungi/bacteria
ratios for different treatments.
Significant differences (p<0.05)
between the values of a soil
property at the same layer are
indicated by different letters
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Fig. 2 Principal component
analyses (PCAs) and correlation
coefficients for individual fatty
acids. The scores for each fatty
acid used for PCA represented the
amount of that fatty acid present
in a sample expressed as a
percentage of the total fatty acids
in the sample. a PCA of PLFA
profiles of soils sampled at day
60. PC1 accounted for 39.60 % of
the variance in the data, and PC2
accounted for 14.68 % of the
variance in the data. b Plot of
correlation coefficients for
individual fatty acids at day 60
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here, amounts of total, bacterial and fungal PLFAs in
soils were proportional to the amounts of PM added and
significantly greater rates of application of PM in P4 and
P5 provided nutrients and promoted growth of microor-
ganisms in soils. Alternatively, although lesser rates of
application of PM in P1 can provide some soil nutrients,
the amount of nutrients were insufficient to stimulate
growth of the microbial communities in soils, as indi-
cated by the low amounts of total, bacterial and fungal
PLFAs. The rates of application in P2–P5 were ideal for
agricultural production and maintaining the microbial
communities of the amended soils. PM significantly
increased nutrient content and available water to stimu-
late plant growth (Baker et al. 2011). However, uptake
of nutrient by crops ranges from only 6 % to 59% of the
applied N. Surplus nutrient moves beyond agricultural
fields and pollutes water environments, leading to non-
point source pollution (Huang et al. 2014).

It is of importance to adopt appropriate rates of appli-
cation of PM to agricultural soils to provide nutrients and
organic matter that increase yields of crops while mini-
mizing risks posed by metals on long-term productivities
of soils. In order to ensure agricultural production, the
Chinese Soil Environmental Quality Standard-Class II
(GB 15618-1995), indicating the maximum concentra-
tions of various substances in soil in order to meet re-
quirements for health of humans, suggests that the max-
imum allowable concentrations of Cu and Zn are 100 and
300 mg kg−1, respectively. Background concentrations of
Cu and Zn in local soils are 18.7 and 57.5 mg/kg, respec-
tively (Chen et al. 2004), while Chinese national soil

background concentrations are 22.6 and 74.2 mg/kg, re-
spectively (Wei et al. 1991). Before the application of PM
to agricultural soils, the concentration of Cu (56 mg/kg)
exceeded both local and national soil background con-
centrations, while the concentration of Zn (74 mg/kg)
exceeded local background concentrations but was equal
to the Chinese national soil background concentration.
After the experiment, concentrations of Cu and Zn were
greater than both local and national soil background
concentrations. In the current study, concentrations of T-
Cu (56 mg kg−1) and T-Zn (74 mg kg−1) in CK were
within these limits. Thus, concentrations of both T-Cu
and T-Zn in CK were considered safe for cultivation of
plants. Concentrations of T-Cu and T-Zn in soils amended
with the greatest rates of PM in P4 and P5 exceeded the
maximum limits for soils in China Soil Environmental
Quality Standard-Class II, and even those in P5 were
approximately 2- to 1-fold greater than the standard.
Bioavailability andmobility of Cu and Zn in the amended
soils in P4 and P5 might have significantly adverse
effects on microorganisms in soils (Park et al. 2010).
Thus, greater rates of application of PM, such as P4 and
P5, were not environmentally sustainable practice.
Results of a previous study confirmed that concentrations
of mobile Cu and Zn greater than 25mg kg−1 (such as P3,
P4 and P5 in the current study) will result in lesser yields
of crops (Li et al. 1987). Consequently, potential for
decreases in yields of crops should be given special
attention, especially in China while a large population
and minimal amounts of arable land, where PM is often
applied to agricultural soils.

Table 3 Correlation matrix of
soil chemical and microbial
properties in soils amended with
different application rates of Cu-
and Zn-rich PM (n=24)

*Correlation is significant at the
0.05 level (two-tailed)

**Correlation is significant at the
0.01 level (two-tailed)

Total PLFA Bacterial PLFA Fungal PLFA Actinomycete
PLFA

Total Cu 0.75** 0.76** 0.59** −0.29
Total Zn 0.85** 0.88** 0.73** −0.41*
TN 0.85** 0.88** 0.73** −0.30
TC 0.89** 0.88** 0.74** −0.32
pH −0.66** −0.76** −0.55** 0.32

Eh −0.43* −0.41* −0.46* 0.066

SOM 0.89** 0.93** 0.73** −0.38
NO3

−-N 0.75** 0.85** 0.65** −0.31
NH4

+-N 0.87** 0.88** 0.71** −0.37
DOC 0.58** 0.75** 0.60** −0.54**
EDTA-Cu 0.86** 0.90** 0.75** −0.37
EDTA-Zn 0.88** 0.90** 0.73** −0.35
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Combined with increasing activities of microbes in
soils and soil quality as well as ecological risks of metals
in soils, application of PM at rates of 50–100 t ha−1, dm)
would be a good management practice to provide max-
imum long-term fertility of soils and yields of crops.
This application rate is in agreement with the long-term
land application rate of 40-60 t ha−1, dm of PM sug-
gested by Lee et al. (2006), in terms of improvement of
the soil physico-chemical and biological properties and
crop yield. Since Cu and Zn are non-biodegradable and
cumulative, necessary remediation is still needed for
soils with long-term land applications of PM containing
high Cu and Zn.

Conclusions

When added to soils, the concentrations of TN, NH4
+-N,

NO3-N, SOM and TC in all PM amended soils increased
compared with CK. Concentrations of T-Cu and T-Zn
were directly proportional to rates of application of PM.
Concentrations of T-Cu ranged from 63 in CK to
177 mg kg−1, dm in P5, while those of T-Zn ranged
from 78 in CK to 426 mg kg−1, dm in P5.
Concentrations of T-Cu and T-Zn in treatments with
greater rates of application of PM (P4 and P5) exceeded
maximum limits of Chinese Soil Environmental Quality
Standard-Class II. In comparison to CK, total PLFAs for
bacteria and fungi was greater in P2–P5, but less in P1,
relative to that of control soils. The predominant PLFAs
were 8:1ω8, cy19:0, 18:2ω6,9 and 18:0. SOM, TC and
EDTA-Zn were key factors associated with great micro-
bial biomass. Although high application rates of PM can
improve soil fertility and microbial community, the
great accumulation of Cu and Zn in soils can reduce
the environmental safety. Therefore, application of PM
at a rate of 22–44 g kg−1 (50–100 t ha−1) is suggested as
environmentally sound rate of application of PM to
agricultural land.
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