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Abstract Returning crop residue may result in nutrient reduc-
tion in soil in the first few years. A two-year field experiment
was conducted to assess whether this negative effect is allevi-
ated by improved crop residue management (CRM). Nine
treatments (3 CRM and 3 N fertilizer rates) were used. The
CRM treatments were (1) R0: 100 % of the N using mineral
fertilizer with no crop residues return; (2) R: crop residue plus
mineral fertilizer as for the R0; and (3) Rc: crop residue plus
83 % of the N using mineral and 17 % manure fertilizer. Each
CRM received N fertilizer rates at 270, 360, and
450 kg N ha−1 year−1. At the end of the experiment, soil
NO3-N was reduced by 33 % from the R relative to the R0
treatment, while the Rc treatment resulted in a 21 to 44 %
increase in occluded particulate organic C and N, and 80 °C
extracted dissolved organic N, 19 to 32 % increase in micro-
bial biomass C and protease activity, and higher monounsat-
urated phospholipid fatty acid (PLFA):saturated PLFA ratio
from stimulating growth of indigenous bacteria when com-
pared with the R treatment. Principal component analysis
showed that the Biolog and PLFA profiles in the three CRM
treatments were different from each other. Overall, these prop-
erties were not influenced by the used N fertilizer rates. Our

results indicated that application of 17 % of the total N using
manure in a field with crop residues return was effective for
improving potential plant N availability and labile soil organic
matter, primarily due to a shift in the dominant microorganisms.

Keywords Soil organic matter . Fertilizer rate . Enzymatic
activity . Biolog . PLFA

Introduction

Incorporation of crop residue can improve soil quality by in-
creasing soil organic matter (Chen et al. 2006), promoting soil
structure formation (Rasool et al. 2008), increasing soil mi-
crobial biomass, and enhancing various enzymatic activities
(Tu et al. 2006). In addition, returning crop residues to fields
rather than burning them is strongly encouraged by the gov-
ernment of China and environmental scientists to mitigate air
pollution and improve nutrient availability in agricultural eco-
systems (Chen et al. 2006; Chen et al. 2014).

Farmers are often reluctant to use crop residues because of
increased labor costs and the risk for reduced crop yields. For
example, in a long-term, northern China field experiment, Cai
and Qin (2006) found that for the first 13 years (1990–2002),
continuous application of organic compost derived from
wheat (Triticum aestivum L.) residue resulted in lower crop
yields than applying only chemical fertilizers without any res-
idues. The decreased yield trend was finally reversed from
2003 onward (14 years after establishing the experiment).
This response was attributed to poor synchronization between
crop nutrient demand and release through mineralization of
the residue (Cai and Qin 2006). Therefore, a critical factor
for encouraging farmers to improve their crop residue man-
agement (CRM) practices is to shorten the poor
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synchronization period, which requires accelerating nutrient
release and soil quality improvement.

Soil microorganisms drive decomposition of organic mate-
rials (Stark et al. 2008), and mineralization of organic matter
through a wide range of metabolic processes (Saha et al.
2008). These processes depend primarily on the size, activity,
and composition of the soil microbial biomass (Böhme et al.
2005; Tu et al. 2006), suggesting that it is critically important
to build diverse soil microbial communities to sustain or im-
prove productivity of the field with crop residues return.

Application of organic manure, such as farmyard manure
from various domestic livestock, has been shown to enlarge
the microbial biomass pool, promote microbial activities, and
alter soil microbial communities (Böhme et al. 2005; Tu et al.
2006; Jangid et al. 2008; Zhang et al. 2012). These changes
are often attributed to relatively high amounts of available
organic C and N, as well as indigenous microbes within the
manure (Tu et al. 2006; Chu et al. 2007; Lucas et al. 2007;
Blagodatskaya et al. 2009), suggesting that organic manure
application may be a possible way to speed up crop residue
mineralization and to avoid nutrient shortage within the first
few years of the crop residue return.

Labile soil organic matter (SOM) fractions have been
shown to play a central role in the transport and supply of C
and N to microbial populations, and thus often regulate N
mineralization (Willson et al. 2001; Cookson and Murphy
2004). Among the various indicators of soil quality (e.g.,
Stott et al. 2013), dissolved organic matter extracted at
25 °C or at 80 °C, and particulate organic matter have been
recognized as sensitive indicators of labile SOM pools (Dou
et al. 2007; Huang et al. 2008). Although there are many
studies on changes in soil microbial community and nutrient
dynamics by manure and crop residues return (e.g. Zhao et al.
2013; Chen et al. 2014), few studies have documented link-
ages between the changes in soil nutrient availability and soil
quality indicators with alterations in functioning and compo-
sition of soil microbial community in a field with crop resi-
dues return in the first few years. Moreover, it is impossible in
real practice when all N is applied using the organic manure
due to its high cost.

We hypothesized that relative to mineral fertilization alone
in a field with crop residues return, a fraction of the total
applied N using organic manure would catalyze microbial
biomass growth, potentially cause a shift in microbial com-
munity composition and subsequently result in beneficial
changes that would improve biological functions in the soil
relative to nutrient cycling and availability. To test our hypoth-
esis, a field experiment was conducted to: (1) assess whether
returning crop residues has any negative effects on soil nutri-
ent supply and labile SOM indicators when mineral fertilizer
is applied, and if this holds true to evaluate whether this effect
is alleviated by applying mineral together with some fractions
of organic manure fertilizer, (2) determine whether those

labile SOM indicator changes are related to (i) shifts in enzy-
matic activities associated with C and N cycling, (ii) microbial
community substrate utilization, and/or (iii) microbial com-
munity composition, and (3) quantify how microbial commu-
nity composition and labile SOM indicators are affected by
the N fertilizer rate.

Materials and methods

Field experiment

A 2-year, four-crop field experiment was carried out in
Pandian, Fengqiu County, Henan Province of China
(114°34′E, 35°01′N) between October 2008 and September
2010. The site has an elevation of 67.5 m above mean sea
level and a typical monsoon climate with average annual pre-
cipitation of 597 mm. Local topography is flat, and the soil is
an Alluvic Primosols, classified as a Typic Haplustepts ac-
cording to the FAO. Winter wheat (T. aestivum L.) was grown
from October to May and summer maize (Zea mays L.) was
grown from June to September. A baseline soil analysis prior
to initiating our study showed that the top soil (0–20 cm) had a
pH of 7.9 and 7.71, 0.80, 0.69, and 19.5 g kg−1 organic C, total
N, total P, and total K, respectively. Soil texture is sandy loam
from 0 to 60 cm, clay from 60 to 90 cm, and sand below
90 cm.

In October 2008, 27 8 × 5.5 m plots were established.
Nine treatments [3 crop residue management (CRM) strat-
egies × 3 fertilization rates], each replicated three times
(27 plots), were arranged in a randomized complete block
design. The three CRM treatments were: (1) R0: for
which all previous aboveground crop residues were re-
moved and all N was applied using mineral fertilizer
(urea); (2) R: for which all aboveground crop residue
was returned after cutting it into pieces of ≤5 cm and
again applying all N using the same mineral fertilizer as
for the R0; and (3) Rc: for which all aboveground crop
residues were managed as for the R, but N management
was changed to provide only 83 % of the total N using
mineral fertilizer and the remaining 17 % using commer-
cially available chicken manure. Supplemental P and K
applications were used to maintain a constant N-P2O5-
K2O ratio of 1:0.75:0.5 as described below. When aver-
aged for both crops, the total amount of aboveground
residue returned to the soil in the R and Rc treatments
was ∼1.57 kg m−2 year−1 (dry weight) (i.e., ∼678 g C
m−2 year−1, as wheat residue contains 413 g C kg−1 and
maize residue 450 g C kg−1). The manure contained
277.6 g C kg−1, 22.1 g N kg−1, 14.5 g P kg−1, and
12.4 g K kg−1. Therefore, the Rc treatment received extra
C derived from the manure by 58, 77, and 96 g m−2
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year−1 for the F270, F360, and F450 treatments, see their
explanations in the next paragraph respectively.

The three total N treatments (F270, F360 and F450) pro-
vided 270, 360, and 450 kg N ha−1 year−1, split between the
wheat crop which received 150, 200, and 250 kg N ha−1

year−1, and maize which received 120, 160, and
200 kg N ha−1 year−1, respectively. Mineral P and K were
applied to maintain the desired N-based nutrient ratio for each
plot. Since the manure contained only 14.5 and 12.4 g kg−1

total P and K, additional mineral P and K was applied to the
Rc plots to ensure the nutrient ratio was the same as for the R
and R0 treatments.

Chicken manure providing 17 % of the N was applied to
the Rc plots prior to planting wheat and maize. Mineral fertil-
izers were applied to all plots according to local farming prac-
tices whichmeant that all superphosphate (P), K2SO4 (K), and
either 60% (wheat) or 40% (maize) of the urea was applied as
basal fertilizer and the remaining 40 or 60 % of the urea was
topdressed. All the plots were plowed to a depth of about
20 cm immediately after basal fertilization application, mixing
soil, fertilizer, and crop residue as applicable.

Soil sampling and analysis

In September 2010, soil samples (0–20 cm) were collected
from all 27 plots following harvest of the second maize crop
to examine the two-year effects of our CRM and fertilizer
treatments. Samples were taken randomly at six points within
each plot and mixed to create a single composite sample. Each
sample was then divided into two roughly equal parts. One
part was air-dried and used for analysis of total organic C and
N (TOC and TON), particulate organic C and N (POC and
PON), occluded particulate organic C and N (OPOC and
OPON), and dissolved organic C and N (DOC and DON).
The other part was stored in a field-moist condition at 4 °C
after sieving (<2 mm) for up to 2 weeks awaiting analyses of
soil NO3-N and microbial properties, including microbial bio-
mass C (MBC), microbial functioning using both enzymatic
activities and the Biolog™ system, as well as microbial com-
munity composition. Ultimately, all soil quality indicators
were analyzed statistically and are reported on an oven-dry
(105 °C) weight basis.

Total organic C and TON were determined by dichromate
oxidation (Nelson and Sommers 1982) and Kjeldahl digestion
(Bremner 1965), respectively. These methods were also ap-
plied to determination of POC and PON, and OPOC and
OPON as indicated below. POC and PON were measured
following the method of Willson et al. (2001), who defined
them as the total C and N content of sand-sized (53–2000 μm)
soil fractions.

Separation of occluded particulate organic matter (OPOM)
and free particulate organic matter (FPOM) was conducted on
water stable aggregates (53–2000 μm). This method was

adapted from Six et al. (1998). Aggregates with 53–
2000μmdiameters were collected bywet sieving as described
by Elliott (1986), followed by suspension in 1.85 g cm−3 so-
dium polytungstate. After centrifugation, the floating material
(i.e., the FPOM) was aspirated. The heavy fraction was dis-
persed in 0.5 % sodium hexametaphosphate, and passed
through a 53-μm sieve. Materials remaining on the sieve were
used for determination of OPOC andOPON, separately. There
were too few FPOMmaterials to measure C and N contents in
the present study.

DOC and DON were extracted as described by Chodak
et al. (2003) with the following modifications. Air-dried soil
(20 g) was mixed with 100 ml of 0.5 M K2SO4 at 25 °C and
80 °C separately (under a reflux at 80 °C) and shaken for 1 h.
After cooling, samples were extracted at 80 °C. The suspen-
sions were centrifuged for 20min at 4000 rpm and then passed
through 0.45-μm filters. The DOC and DON in the filtrate
were analyzed using a TOC analyzer (Muti C/N 3100,
Analytik Jena AG, Germany). Results hereafter are referred
to as DOC25, DON25, DOC80, and DON80, respectively, for
the 25 and 80 °C extractions, respectively.

The MBC was determined using the fumigation-extraction
method of Vance et al. (1987). Fumigated and non-fumigated
soils were extracted in the same manner as DOC extraction at
25 °C. Total extractable C in the extracts was determined
using the same TOC analyzer described above. A correction
factor [Kec=0.38 (Ocio and Brookes 1990)] was applied to
each analysis.

Soil NO3-N was extracted with 2 M KCl using a 1:4 solid-
to-liquid ratio that was shaken for 1 h and then filtered. The
NO3-N concentration in the extracting solution was deter-
mined with a Segmented Flow Analyzer (Skalar, San Plus
System, The Netherlands).

Protease activity (PRO) and invertase activity (INV) were
measured because PRO characterizes N mineralization (Saha
et al. 2008), and INV can drive C cycling by catalyzing hy-
drolysis of sucrose (Frankenberger and Johanson 1983). The
PRO was assayed by determining the tyrosine released after
incubating the soil with Tris buffer and Na-caseinate at 50 °C
for 2 h, as indicated by Saha et al. (2008). Results were
expressed as mg tyrosine released per kg soil per 2 h (mg
tyrosine kg−1 2 h−1). The INV was determined using sucrose
as a substrate (An et al. 2008), with the result being expressed
as mg released glucose per g soil per day (mg glucose g−1

day−1).
Sole carbon source utilization profiles by microbial com-

munity were generated using Biolog™ Eco-microplates.
These plates contain 31 C sources and rely on the redox dye
tetrazolium violet to detect respiration from each C source.
The method used for the inoculum preparation was adapted
from Garland and Mills (1991). Each well within the micro-
plates was directly inoculated with 150 μl of soil supernatant
diluted by 10−3. The plates were incubated at 25 °C, and
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substrate utilization was monitored by measuring light absor-
bance at 590 nm every 12 h up to 192 h with an Emax preci-
sion microplate reader (Biolog Inc., Hayward, CA). Average
well color development (AWCD) for metabolic activity of the
microbial community was calculated as the mean of the
corrected absorbance values for all 31 C substrates.
AWCD=∑ (Ai−A1)/31, where Ai is color production within
each well (optical density measurement), and A1 is the absor-
bance value of the plate’s control wells.

Microbial community composition of both the original ma-
nure and soil samples was examined using phospholipid fatty
acids (PLFAs) analysis. Extraction of PLFAs was carried out
as described by Brant et al. (2006). Fresh soil (3 g oven-dried)
was extracted for 2 h with 20 ml of a chloroform-methanol-
phosphate buffer mixture (1:2:0.8, pH 7.0). The phospholipids
were separated from glycolipids and neutral lipids using silica
acid bonded solid-phase-extraction columns by sequential
leaching with chloroform, acetone, and methanol.
Phospholipids were saponified and methylated to fatty acid
methyl esters (FAMEs) under N2 at 37 °C and then dissolved
in hexane containing a 19:0 (methyl nonadecanoate fatty acid)
FAME standard. The resulting FAMEs were analyzed with a
gas chromatograph mass spectrometer (GCeMS) QP 2010
PLUS (Shimadzu, Kyoto, Japan) equipped with a Varian
VF23-MS column (30 m×0.25 mm i.d. × 0.25 m film thick-
ness; Varian Associates Inc., Walnut Creek, CA, USA). The
PLFAs 15:0, 16:0, 17:0, and 18:0 are used as biomarkers for
general bacteria (Sundh et al. 1997); i15:0, a13:0, a15:0, and
a17:0 for Gram-positive (G+) bacteria (Zechmeister-
Boltenstern et al. 2011); cyc17:0, 16:1ω7c, 18:1ω7t,
19:1ω9t, 18:1ω8t, and 18:1ω9t for Gram-negative (G−) bac-
teria (Sundh et al. 1997; Spring et al. 2000; Zechmeister-
Boltenstern et al. 2011); 18:1ω9c, 18:2ω6c, and 18:2ω9t
for fungi (Frostegard and Bååth 1996; Zechmeister-
Boltenstern et al. 2011); and 10Me18:0 for Actinobacteria
(Sundh et al. 1997; Spring et al. 2000). The PLFAs
16:1ω7c, 18:1ω7t, 19:1ω9t, 18:1ω8t, 18:1ω9t, and
18:1ω9c represent monounsaturated fatty acids, while 15:0,
16:0, 17:0, 18:0, i15:0, a13:0, a15:0, a17:0, cyc17:0, and
10Me18:0 represent saturated fatty acids. The ratio of mono-
unsaturated PLFAs to saturated PLFAs is expressed as Mono
PLFA:Sat PLFA, which can reflect biodegradability of the
carbonated substrates (Bastida et al. 2008).

Statistical analysis

Univariate analysis of variance (GLMmodel) with two factors
was used to determine the effect of crop residue management
(R0, R, and Rc), N fertilizer rate (F270, F360, and F450), and
the interaction between the two factors on soil quality indica-
tors including various SOM indicators, enzymatic activities,
and parameters based on Biolog and PLFA data. Tukey’s
Honest Significant Difference (HSD) test for multiple

comparisons was run if significant differences were found
(p<0.05).

Absorbance values (i.e., Ai-A1) at 96 h in Biolog analysis
as well as the concentrations of the individual PLFA were
subjected to principal component analysis (PCA), separately,
using a covariance matrix, to examine whether carbon source
utilization profiles by microbial community and microbial
community composition were shifted by CRM. The PCA axes
(i.e., Biolog PC1 and PC2 for Biolog data, and PLFA PC1 and
PC2 for PLFA data) that explained the largest variation in the
Biolog and PLFA data were used for further analysis. Pearson
correlation analysis was used to determine the significance of
relationships between various SOM indicators and the func-
tions and composition of the soil microbial community. All
statistical analyses were performed using SPSS (version 17.0).

Results

Labile SOM indicators and NO3-N

All measures of labile SOM indicators differed among the
CRM treatments except DOC25, but there were no signif-
icant SOM differences (P < 0.05) due to fertilizer rate
(Table 1). The NO3-N content was influenced by both
CRM and fertilizer rate treatments. Significant interaction
effect was found only for OPON; under the F270 treat-
ment, the three CRM treatments had similar OPON
content.

For the R treatment, POC, PON, and DOC80 were 20–
30 % higher, while NO3-N was 33 % lower, than in the R0
treatment (Table 1). All other indicators showed no statistical-
ly significant differences between the R and R0 treatments. As
for the Rc treatment, OPOC, OPON, DON80, and MBC were
21–44 % higher, on average, than in the R treatment, while
other labile SOM indicators and NO3-N levels were similar
between the two treatments. The trend in NO3-N content was
to decrease with decreases in the fertilizer rate.

Enzymatic activities and microbial community carbon use

Similar to most labile SOM indicators, the two enzymatic
activities examined in our study were also affected by CRM
treatment (P<0.05), but not by fertilizer rate, nor their inter-
action (Table 2). No significant differences of PRO and INV
were found between the R and R0 treatments. The PRO from
the Rc treatment was 19 % higher than from the R treatment,
while the INV was similar between these two treatments.

Neither CRM treatment nor fertilizer rate had an influence
on AWCD (Table 2), indicating there were no detectable dif-
ferences in metabolic activity for the 31 C substrates. Based
on the overall PCA for the observed sole carbon source utili-
zation patterns of the soil microbial community (figure not

17584 Environ Sci Pollut Res (2016) 23:17581–17591



T
ab

le
1

Ty
pi
ca
ls
oi
lc
ar
bo
n
an
d
ot
he
r
in
di
ca
to
rs
of

so
il
qu
al
ity

un
de
r
di
ff
er
en
tc
ro
p
re
si
du
e
m
an
ag
em

en
ta
nd

N
fe
rt
ili
ze
r
ra
te

So
il
qu
al
ity

in
di
ca
to
r

C
ro
p
re
si
du
e
m
an
ag
em

en
t(
C
R
M
)
T
re
at
m
en
t

A
nn
ua
lt
ot
al
N
fe
rt
ili
ze
r
ra
te
(k
g
ha

−1
)

C
R
M

×
N
-r
at
e

in
te
ra
ct
io
n

R
0a

R
R
c

Si
gn
if
ic
an
ce

b
F2

70
c

F3
60

F4
50

Si
gn
if
ic
an
ce

Si
gn
if
ic
an
ce

M
ea
n
(±

SD
)d

M
ea
n
(±

S
D
)c

T
O
C
(g

kg
−1
)

7.
06

±
0.
72

bc
7.
72

±
0.
35

b
8.
59

±
0.
83

a
**

7.
52

±
0.
83

7.
80

±
0.
87

8.
05

±
1.
02

N
S

N
S

T
O
N
(g

kg
−1
)

0.
88

±
0.
06

b
0.
93

±
0.
05

ab
1.
01

±
0.
14

a
*

0.
90

±
0.
09

0.
93

±
0.
10

0.
98

±
0.
11

N
S

N
S

P
O
C
(g

kg
−1
)

1.
67

±
01
6
b

2.
01

±
0.
27

a
2.
25

±
0.
30

a
**

2.
04

±
0.
40

1.
90

±
0.
32

1.
99

±
0.
32

N
S

N
S

P
O
N
(g

kg
−1
)

0.
15

±
0.
02

b
0.
19

±
0.
02

a
0.
21

±
0.
03

a
**

0.
17

±
0.
04

0.
18

±
0.
03

0.
19

±
0.
04

N
S

N
S

O
PO

C
(g

kg
−1
)

1.
37

±
0.
14

b
1.
64

±
0.
27

b
2.
13

±
0.
25

a
**

1.
72

±
0.
36

1.
76

±
0.
44

1.
66

±
0.
40

N
S

N
S

O
PO

N
(g

kg
−1
)

0.
11

±
0.
02

b
0.
13

±
0.
02

b
0.
16

±
0.
02

a
**

0.
13

±
0.
01

0.
13

±
0.
03

0.
14

±
0.
03

N
S

*

D
O
C
25

(m
g
kg

−1
)

21
4
±
27

19
5
±
19

19
2
±
37

N
S

19
3
±
30

20
4
±
26

20
3
±
33

N
S

N
S

D
O
N
25

(m
g
kg

−1
)

5.
49

±
1.
45

b
7.
06

±
1.
28

ab
7.
77

±
2.
56

a
*

5.
78

±
1.
87

7.
10

±
1.
73

7.
44

±
2.
27

N
S

N
S

D
O
C
80

(m
g
kg

−1
)

70
4
±
14
3
b

91
3
±
11
4
a

77
0
±
13
3
ab

*
80
6
±
19
8

83
1
±
11
3

75
0
±
14
3

N
S

N
S

D
O
N
80

(m
g
kg

−1
)

15
.1
±
5.
0
b

17
.1
±
4.
9
b

24
.4
±
3.
0
a

**
18
.8
±
7.
1

18
.2
±
5.
6

19
.7
±
5.
4

N
S

N
S

M
B
C
(m

g
kg

−1
)

15
1
±
30

b
14
0
±
23

b
18
6
±
32

a
**

15
6
±
18

16
0
±
40

16
1
±
42

N
S

N
S

N
O
3
-N

(m
g
kg

−1
)

7.
00

±
3.
24

a
4.
65

±
0.
98

b
6.
18

±
1.
78

ab
*

4.
95

±
0.
49

b
5.
38

±
1.
25

ab
7.
49

±
3.
44

a
*

N
S

a
R
0
=
cr
op

re
si
du
e
re
m
ov
ed
,a
ll
m
in
er
al
fe
rt
ili
ze
r;
R
=
cr
op

re
si
du
e
re
tu
rn
ed

in
≤
5
cm

pi
ec
es

pr
ov
id
in
g
∼0

.6
78

kg
C
m

−2
ye
ar
−1
,a
ll
m
in
er
al
fe
rt
ili
ze
r;
R
c
=
cr
op

re
si
du
e
re
tu
rn
ed

in
≤
5
cm

pi
ec
es

pr
ov
id
in
g

∼0
.6
78

kg
C
m

−2
ye
ar
−1
,1
7
%

of
N
ap
pl
ie
d
us
in
g
co
m
po
st
ed

ch
ic
ke
n
m
an
ur
e
th
us

in
cr
ea
si
ng

C
in
pu
tb

y
58
,7
7,
or

96
g
m

−2
ye
ar
−1

b
Si
gn
if
ic
an
ce

le
ve
ls
ar
e:
*p

<
0.
05
;*

*p
<
0.
01
;a
nd

N
S
no

si
gn
if
ic
an
ce

c
F2

70
,F

36
0,
an
d
F
45
0
=
To

ta
la
nn
ua
lN

fe
rt
ili
ze
r
ap
pl
ic
at
io
n
to

w
he
at
an
d
m
ai
ze

cr
op
s
(c
om

bi
ne
d)

d
M
ea
n
so
il
qu
al
ity

in
di
ca
to
r
va
lu
e
±
st
an
da
rd

de
vi
at
io
n;

va
lu
es

fo
llo

w
ed

by
di
ff
er
en
tl
et
te
rs
fo
r
ei
th
er

th
e
th
re
e
C
R
M

or
th
re
e
N
-r
at
e
tr
ea
tm

en
ts
ar
e
si
gn
if
ic
an
tly

di
ff
er
en
ta
tp

<
0.
05

Environ Sci Pollut Res (2016) 23:17581–17591 17585



shown), the first and second principal component (i.e., Biolog
PC1 and Biolog PC2) accounted for 50.7 and 9.6 % of the
total variance, respectively. The Biolog PC1 depended on the
CRM treatment, fertilizer rate, and interaction of those factors
(Table 2). The Rc treatments were different from the R treat-
ment, as indicated by the lower values of Biolog PC1 when
compared with those for the R and R0 treatments which were
similar. Also, Biolog PC1 values for the F450 treatment were
slightly lower than for the F270 treatment (Table 2). The
Biolog PC2, however, separated neither the CRM nor fertiliz-
er rate treatments.

Soil microbial community composition

For the microbial community composition (Table 3),
CRM treatment significantly affected 15 of the 18 indi-
vidual lipid biomarkers, as well as the total PLFAs. In
contrast, the fertilizer rate only affected 4 of 18 individual
lipid biomarkers. There was a significant interaction effect
of CRM and fertilizer rate on cyc17:0, 18:1ω7t, and
18:1ω9t contents. Specifically, under the Rc treatment,
the cyc17:0 content in the F270 treatment was significant-
ly higher than in the F450 treatment, and the 18:1ω7t and
18:1ω9t contents were higher in the F360 treatment than
in the F450 or F270 treatments, but no significant differ-
ences were found among the fertilizer rates under the R0
and R treatments.

With PCA, the PLFA PC1 and PLFA PC2 axes together
accounted for 57.4 % of the variation (PLFA PC1 36.5 % and
PLFA PC2 20.9 %) (Fig. 1). Three clusters were identified on
this factorial map due to the three CRM treatments, but none
were evident due to the fertilizer rate treatments. That is, sam-
ples within each CRM treatment had microbial community
profiles that were more similar to each other than to the other
treatments.

The soil microbial community composition in the Rc
treatment clearly differed from that of the R treatment
along the PLFA PC1 axis (Table 3; Fig. 1). Correlation
analyses showed that separation of the differences along
the PLFA PC1 axis was mainly influenced by 18:0, i15:0,
a17:0, cyc17:0, 18:1ω7t, 18:1ω8t, 18:1ω9c, and
10Me18:0. The latter five PLFAs were heavily weighted
along the PLFA PC1 axis and had factor loadings > 0.7,
indicating that cyc17:0, 18:1ω7t, 18:1ω8t, 18:1ω9c, and
10Me18:0 were among the most important fatty acids to
define the differences in the soil microbial community
between the Rc and R treatments. The 18:1ω7t,
18:1ω8t, 18:1ω9c are monounsaturated fatty acids.
They accounted for 75 % of the total monounsaturated
fatty acids in the Rc treatment compared to 39 % in the
R treatment. In addition, the biomarkers of 18:1ω7t,
18:1ω8t existed only in the Rc treatment, whereas
18:1ω9c did not differ between the Rc and R treatmentsT
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(Table 3). This resulted in much higher (1.75×) monoun-
saturated PLFA:saturated PLFA ratio in the Rc relative to
the R treatment (Table 3).

Relations of labile SOM indicators to microbial function
and community composition

Labile SOM indicators of OPOC, OPON, DON80, and MBC,
which were shown to be significantly higher from Rc than
from R treatments (Table 1), were strongly correlated with
three function indicators [PRO, INV, and AWCD or Biolog
PC1 (|r| = 0.584−0.951)], and two community composition
indicators [PLFA PC1 and total PLFAs (r=0.635–0.955)]
(Table 4).

As for POC, PON, and DOC80, which were shown to be
significantly higher fromR than fromR0 treatments (Table 1),
they seemed to be less dependent on microbial properties than
the aforementioned four labile SOM indicators. This was

reflected by the generally good correlation with less than four
microbial indicators (Table 4). POC was found to be related to
INV, AWCD, PLFA PC1, and total PLFAs (r=0.635−0.857),
while PON was related to INV, AWCD, Biolog PC1, and total
PLFAs (|r| = 0.601−0.904), and DOC80 was correlated only
with Biolog PC2 and PLFA PC2 (Table 4).

Discussion

Effects of crop residue on soil properties

The POC, PON, and DOC80 were significantly higher and
NO3-N content was significantly lower in soils from the R
treatment than from the R0 treatment, but OPOC, OPON,
and MBC were similar (Table 1). This indicates that differ-
ences in POC, PON, and DOC80 may be primarily in the free
particulate organic C (FPOC) and free particulate organic N

Table 3 Mean PLFA constituents (nmol g−1) and principal components (PLFA, PC1, and PC2) based on PLFA data in the experimental soil with
various crop residue management and N fertilizer rate

Soil quality
indicator

Crop residue management (CRM) treatment Annual total N-fertilizer rate (kg ha−1) CRM×N-
rate
interaction

R0a R Rc Significanceb F270c F360 F450 Significance Significance
Mean (± SD)d Mean (± SD)d

15:0 3.06 ± 1.01 b 4.94 ± 1.55 a 3.53 ± 1.24 b ** 3.61 ± 1.30 4.22 ± 2.07 3.69 ± 0.94 NS NS
16:0 11.5 ± 2.2 b 11.6 ± 3.8 b 14.7 ± 1.8 a * 12.8 ± 2.1 11.2 ± 3.0 13.8 ± 3.5 NS NS
17:0 0.50 ± 0.23 0.43 ± 0.25 0.50 ± 0.10 NS 0.62 ± 0.17 a 0.44 ± 0.12 ab 0.36 ± 0.22 b * NS
18:0 2.13 ± 0.46 c 2.77 ± 0.57 b 3.81 ± 0.55 a ** 2.80 ± 0.73 2.78 ± 0.78 3.13 ± 1.10 NS NS
General bacteria 17.2 ± 2.9 b 19.8 ± 3.5 ab 22.6 ± 2.6 a ** 19.8 ± 2.9 18.7 ± 3.1 21.0 ± 4.7 NS NS
i15:0 0.06 ± 0.03 b 0.06 ± 0.03 b 0.12 ± 0.04 a ** 0.10 ± 0.03 0.07 ± 0.04 0.08 ± 0.04 NS NS
a13:0 0.32 ± 0.14 0.31 ± 0.14 0.43 ± 0.19 NS 0.47 ± 0.10 a 0.29 ± 0.19 b 0.30 ± 0.12 b * NS
a15:0 1.81 ± 1.58 2.13 ± 0.58 1.66 ± 0.43 NS 1.66 ± 0.54 2.36 ± 1.53 1.58 ± 0.33 NS NS
a17:0 1.76 ± 0.61 b 3.09 ± 0.73 a 3.73 ± 0.83 a ** 2.64 ± 0.79 3.17 ± 1.35 2.41 ± 0.69 NS NS
Gram-positive (+) 3.96 ± 2.05 5.60 ± 1.30 5.58 ± 1.17 NS 4.88 ± 1.30 5.89 ± 2.33 4.37 ± 0.90 NS NS
cyc17:0 1.80 ± 0.71 b 2.06 ± 0.54 b 4.61 ± 1.65 a ** 3.48 ± 2.24 a 2.71 ± 1.46 ab 2.27 ± 0.98 b * *
16:1ω7c 4.32 ± 2.16 a 1.82 ± 0.61 b 2.30 ± 0.28 b ** 2.92 ± 1.66 2.91 ± 1.83 2.60 ± 1.70 NS NS
18:1ω7t 0.00 ± 0.00 b 0.00 ± 0.00 b 1.51 ± 0.24 a ** 0.45 ± 0.67 b 0.59 ± 0.90 a 0.47 ± 0.70 b ** **
19:1ω9t 0.00 ± 0.00 b 1.67 ± 0.63 a 0.00 ± 0.00 b ** 0.59 ± 0.89 0.71 ± 1.14 0.37 ± 0.56 NS NS
18:1ω8t 0.00 ± 0.00 b 0.00 ± 0.00 b 4.83 ± 1.20 a ** 1.38 ± 2.07 1.60 ± 2.59 1.85 ± 2.80 NS NS
18:1ω9t 0.00 ± 0.00 b 0.00 ± 0.00 b 1.19 ± 0.82 a ** 0.20 ± 0.39 b 0.52 ± 1.02 a 0.17 ± 0.32 b ** **
Gram-negative (−) 6.11 ± 2.80 b 5.54 ± 1.74 b 14.05 ± 1.62 a ** 8.99 ± 4.49 9.01 ± 4.88 7.71 ± 4.37 NS NS
Total bacteria 27.3 ± 7.2 b 30.9 ± 4.0 b 42.2 ± 3.0 a ** 33.7 ± 6.9 33.6 ± 9.5 33.1 ± 8.6 NS NS
18:1ω9c 1.86 ± 0.62 b 2.23 ± 0.69 ab 3.02 ± 0.88 a * 2.56 ± 0.60 2.28 ± 1.01 2.27 ± 0.99 NS NS
18:2ω6c 1.83 ± 0.59 ab 2.49 ± 0.93 a 1.29 ± 0.55 b ** 1.64 ± 0.71 2.23 ± 1.20 1.74 ± 0.41 NS NS
18:2ω9t 0.00 ± 0.00 b 4.45 ± 0.85 a 0.00 ± 0.00 b ** 1.55 ± 2.42 1.58 ± 2.38 1.32 ± 2.00 NS NS
Fungi 3.69 ± 1.18 b 9.18 ± 1.90 a 4.31 ± 1.28 b ** 5.75 ± 2.93 6.10 ± 3.67 5.32 ± 2.13 NS NS
10Me18:0 (Actinomycetes) 1.60 ± 0.81 b 1.73 ± 0.61 b 2.98 ± 0.81 a ** 2.22 ± 0.87 2.22 ± 1.01 1.87 ± 1.05 NS NS
Total PLFA 32.58 ± 8.43 b 41.80 ± 5.82 a 49.47 ± 4.15 a ** 41.68 ± 8.17 41.91 ± 10.66 40.27 ± 10.05 NS NS
Mono PLFA:Sat PLFA 0.24 ± 0.07 b 0.20 ± 0.06 b 0.35 ± 0.04 a ** 0.26 ± 0.06 0.28 ± 0.09 0.25 ± 0.10 NS NS
PLFA PC1 −0.65 ± 0.44 b −0.40 ± 0.73 b 1.05 ± 0.80 a ** 0.13 ± 0.89 0.14 ± 1.05 −0.27 ± 1.11 NS NS
PLFA PC2 −0.83 ± 0.22 b 1.22 ± 0.68 a −0.39 ± 0.32 b ** −0.02 ± 1.09 0.25 ± 1.20 −0.23 ± 0.71 NS NS

a R0 = crop residue removed, all mineral fertilizer; R = crop residue returned in≤ 5 cm pieces providing ∼0.678 kg C m−2 year−1 , all mineral fertilizer;
Rc = crop residue returned in≤ 5 cm pieces providing ∼0.678 kg C m−2 year−1 , 17 % of N applied using composted chicken manure thus increasing C
input by 58, 77, or 96 g m−2 year−1

b Significance levels are: * = p< 0.05; ** = p < 0.01; and NS= no significance
c F270, F360, and F450=Total annual N fertilizer application to wheat and maize crops (combined)
dMean soil quality indicator value ± standard deviation; values followed by different letters for either the three CRM or three N-rate treatments are
significantly different at p< 0.05
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(FPON) fractions, which is thought to be younger and more
plant derived (Six et al. 2002a), suggesting the larger POC and
PON in the R treatment reflect greater decomposition of recent
added crop residues, which occurs through and is catalyzed by
soil microorganisms (Saha et al. 2008; Stark et al. 2008). In
addition, the DOC80 includes a portion of MBC and simple
organic compounds (Chen et al. 2004), suggesting that some
simple organic compounds were released from the returned
crop residues during the experimental periods.

Separation of the microbial community between the R and
R0 treatments was observed along the PLFA PC2 axis
(Table 3; Fig. 1). This was mainly influenced by 15:0, a15:0,
a17:0, 19:1ω9t, 18:2ω6c, and 18:2ω9t, in which 15:0,

19:1ω9t, and 18:2ω9t had factor loadings of 0.761, 0.951,
and 0.920, respectively, while others had less than 0.7. In
addition, the distinct exceptions were that biomarkers of
19:1ω9t (Gram-negative bacteria) and 18:2ω9t (fungi) were
only observed in the R treatment, and PLFA 15:0 content was
significantly higher in the R than R0 treatment (Table 3). This
suggests that 19:1ω9t, 18:2ω9t, and 15:0 mainly contributed
to crop residue decomposition.

A negative relationship between DOC80 and NO3-N
(r=−0.749, P<0.05) observed in the present study was con-
sistent with that reported by Huang et al. (2013), probably
because of increased microbial N immobilization by bacteria.
Myrold and Posavatz (2007) found that bacteria, rather than

Table 4 Correlation coefficients
between labile SOM indicators
and microbial indicators of soil
quality in a northern China soil.
The significance levels are noted
as: Δp < 0.1 or; *p< 0.05

OPOC OPON DON80 MBC POC PON DOC80

Indicators of microbial community functioning

Enzymatic activities

PRO 0.703** 0.649Δ 0.669** 0.584Δ

INV 0.773** 0.776** 0.650Δ 0.748** 0.857** 0.904**

Biolog-derived indicators

AWCD 0.803** 0.951** 0.655Δ 0.601Δ

Biolog PC1 −0.857** −0.814** −0.669**
Biolog PC2 0.695**

Indicators of microbial community composition

PLFA PC1 0.882** 0.674** 0.799** 0.772** 0.658Δ

PLFA PC2 0.868**

Total PLFAs 0.955** 0.841** 0.740** 0.635Δ 0.821** 0.836**

R0F450 R0F360

R0F270

RF450

RF360

RF270

RcF450
RcF360

RcF270
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Fig. 1 A principal component analyses (PCA) combined ordination plot
of phospholipid fatty acid profiles (PLFA) for the three CRM treatments
(R0, R or Rc) and three N fertilizer rate treatments (F270, F360, or F450).
The three groupings show point that are closer together than other
combinations and suggest that carbon input (i.e., CRM) is more
influential on the PLFA profiles than the N fertilizer rates. R0 = crop
residue removed, all mineral fertilizer; R = crop residue returned

in ≤ 5 cm pieces providing ∼0.678 kg C m−2 year−1, all mineral
fertilizer; Rc = crop residue returned in ≤ 5 cm pieces providing
∼0.678 kg C m−2 year−1, 17 % of N applied using composted chicken
manure thus increasing C input by 58, 77, or 96 g m−2 year−1; F270,
F360, and F450 = Total annual N fertilizer application to wheat and
maize crops (combined)

17588 Environ Sci Pollut Res (2016) 23:17581–17591



fungi, had the greatest potential for assimilating, or
immobilizing NO3

−. In this study, we did not find any differ-
ences in the total content of bacteria between the R and R0
treatment, while some PLFAs indicative of bacteria were
higher in the R than R0 treatment, such as 15:0, 18:0, a17:0,
and 19:1ω9t (Table 3). This may have contributed to the low-
er NO3-N content in the R than the R0 treatment. Therefore,
mineral fertilization alone in the field with residue return
tended to decrease the available N content.

Effects of manure on soil properties in a field with crop
residues return

The most notable change between the Rc and R treat-
ments was that the OPOC, OPON, DON80, and MBC
were significantly higher (Table 1). Carbon in the OPOC
fraction is older and more microbially derived than cur-
rent input C (Six et al. 2002a), suggesting that OPOC in
the Rc treatment was more likely derived from organic
manure induced microbial biomass than directly from
the additional C supplied by the manure. Larger amounts
of MBC in the Rc treatment further support this sugges-
tion (Table 1). The OPOC also has lower decomposition
rates when compared with FPOC, and has been proven to
be stable for longer periods of time and to impact soil
structure stability (Six et al. 2002b). The OPOC and
OPON contents were closely related (r= 0.826; P< 0.01),
indicating they may respond similarly to the various CRM
treatments (Table 1).

Crop residue plus organic manure and crop residue alone
were, respectively, the two most important sources of organic
N in the Rc and R treatments. Although statistically non-
significant (presumably due to high variability among the rep-
licates), the difference in TON between the Rc and R treat-
ments was 80mg kg−1 (Table 1), which was much greater than
the 31 to 52mg kg−1 of total N supplied by the organic manure
during the entire experimental period (i.e., 2 years). This sug-
gests that adding organic manure to the crop residues in-
creased the amount of soil TON derived from crop residues,
presumably by stimulating the decomposition process.

One approach to confirm this proposed response would be
to use the hot-water extraction method of Keeney and
Bremner (1966) to determine the readily available pool of
organic N. More recently, Curtin et al. (2006) reported that
N released by hot water was mainly in organic form (80 % on
average) and could better predict N availability for a
greenhouse-grown oat (Avena sativa L.) than total N, anaero-
bically mineralizable N, and hot KCl N. Greater DON80 in
soils from Rc than R treatments was also observed (Table 1),
suggesting that residue incorporation with a combination of
mineral fertilizer plus organic manure could significantly in-
crease potential plant N availability, and possibly accelerate
crop residue decomposition. Therefore, the Rc treatment also

had a tendency to improve soil structural stability and increase
potential plant N availability.

The OPOC, OPON, DON80, and MBC were consistently
and significantly correlated with microbial functioning and
community composition measured either as PRO and INV
activities or using the Biolog system (Table 4). There is a high
probability that the correlation between labile SOM and mi-
crobial community composition was through microbial func-
tioning, since microbial activity often provides a useful link-
age between community composition and C processing
(Waldrop et al. 2000). In addition, OPOC, OPON, and
DON80 were also correlated with MBC (r=0.632, P<0.1
for OPOC; r = 0.711, P < 0.05 for OPON; r = 0.545,
P=0.129 for DON80). This indicates that crop residues incor-
poration plus mineral fertilizer and organic manure (Rc) en-
hanced OPOC, OPON, and DON80 levels compared to resi-
dues plus mineral fertilizer only (R), which may be due to
increased microbial community growth as well as a modifica-
tion of its composition.

The higher MBC in soils from the Rc treatment than
from the R treatment (Table 1), which reflects the size of
the soil microbial community, agrees with findings report-
ed by Saha et al. (2008) and Zhao et al. (2013), showing
that MBC size increased in manure treated soil when
compared to soil receiving only inorganic nutrients. It is
generally recognized that increased organic residue inputs,
either from plants or animal manure, will increase MBC
size and enzymatic activities (Buchanan and King 1992;
Dick 1992; Stark et al. 2008) because of increased avail-
ability of C substrate that stimulates microbial activity
(Nayak et al. 2007). In this study, the Rc treatment re-
ceived extra C derived from organic manure by 58, 77,
and 96 g m−2 year−1 for the F270, F360, and F450 treat-
ments, respectively. The correlation of MBC with PLFA
PC1 and total PLFAs (Table 4) was consistent with other
findings that microbial diversity and MBC size are corre-
lated (Bastida et al. 2008). We thus inferred that the great-
er MBC size from the Rc than from the R treatment was
attributed to both manure-derived extra C and manure-
stimulated microbial diversity.

The higher biomarker 18:1ω7t and 18:1ω8t contents
led to greater monounsaturated PLFA:saturated PLFA ra-
tio in the Rc than in the R treatment (Table 3), indicating
a greater biodegradability of the carbonated substrates in
the Rc than the R treatment (Bastida et al. 2008). This
suggests that Rc treatments were more capable of
decomposing organic materials than the R treatment,
which was mainly determined by the appearance of
18:1ω7t and 18:1ω8t following organic manure applica-
tion. The biomarkers of 18:1ω7t and 18:1ω8t were not
found in the original manure (data not shown), indicating
that the appearance of 18:1ω7t and 18:1ω8t in the Rc
treatment rather than in the R treatment (Table 3) might
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not be due to direct influence of the bacteria in the com-
post, but due to the stimulating effect of the manure on
the growth of indigenous bacteria in the soils after manure
application. The results also suggest that compared to
mineral fertilization alone (R), combining mineral and
manure fertilizers in the Rc field induced changes in the
labile SOM indicators, wherein dominant microorganisms
were different.

Effects of fertilizer rate on soil properties

The fertilizer rate did not significantly affect microbial com-
munity composition (Table 3; Fig. 1), suggesting that soil
microorganisms may not be sensitive to the three fertilizer
rates used in this study. This is consistent with many previous
reports conducted on forest soils (Lucas et al. 2007), bentgrass
soils (Liu et al. 2011), and farmland soils (Chu et al. 2007).
Inorganic N did not show any significant influence on abun-
dance of soil microbes, nor on their composition measured by
lipid analysis (Lucas et al. 2007). Using denaturing gradient
gel electrophoresis (DGGE), Liu et al. (2011) found that the
differences in microbial community composition occurred on-
ly between unfertilized and fertilized plots rather than between
fertilizer rates after 1-year fertilization treatments, while Chu
et al. (2007) reported that DGGE banding pattern was not
altered regardless of soil was fertilized or not following 16-
year fertilization treatments.

Our results showing no significant alterations in microbial
community composition due to fertilization level paralleled no
changes in microbial functioning and consequently soil C and
N cycling, as reflected by no significant differences in soil
enzymatic activities, Biolog-derived parameters except for
Biolog PC1, and all indicators for labile SOM pools among
the fertilizer rates (Tables 1 and 2). The F450 had higher NO3-
N content than the F360 and F270 treatments (Table 1), indi-
cating that the highest application rate used in this study was
more than the plants took up under experimental conditions.

Conclusions

Under mineral fertilization alone, returning crop residues in-
creased soil particulate organic C and N, and 80 °C extracted
dissolved organic Cwhen comparedwith the treatment receiv-
ing no crop residues, but the soil NO3-N was significantly
reduced by 33 %, regardless of the N fertilizer rate. This re-
duction was partly avoided by improved crop residue man-
agement (CRM), which consisted of returning crop residues
and simultaneously applying 83 % of the N using mineral
fertilizer and the remaining 17 % using organic manure. The
improved CRM was also effective for enhancing potential
plant N availability and labile SOM pools as documented by
larger quantities of occluded particulate organic C and N, and

80 °C extracted dissolved organic N, and bigger size of mi-
crobial biomass C at the end of the two-year experiment.
Besides the extra C derived from the manure, which could
fuel microbial growth and catalyze microbial activity,
manure-induced microbial diversity via stimulating indige-
nous bacteria also contributed to the improved N availability
and labile SOM, which was not influenced by the used N
fertilizer rates. We infer that the improved CRM can poten-
tially accelerate turnover rates for the returned crop residues in
the soil, relative to CRM receiving crop residues combined
with only mineral fertilizer.
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