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Abstract Repeated compost or inorganic fertilization may
increase soil organic C (SOC) but how SOC accumulation
relates to changes in soil aggregation, microenvironment and
microbial community structure is unclear. Arable soils (Aquic
Inceptisol) following a 20-year (1989–2009) application of
inorganic fertilizer nitrogen (N), phosphorus (P) and potassi-
um (K) (NPK), fertilizer NP (NP), fertilizer NK (NK), fertil-
izer PK (PK), compost (CM), half compost N plus half fertil-
izer N (HCM), and non-fertilization (Control) were collected
to evaluate the relationship between SOC accumulation rate,
soil aggregation, microenvironment andmicrobial community
composition using phospholipid fatty acid (PLFA) analysis.
Compared to the starting year, SOC content after 20 years
under CM, HCM and NPK was significantly (P<0.05) in-
creased by 172 %, 107 % and 56 %, respectively, and by less
than 50 % under NP, NK and PK. The mass proportion of
macroaggregates was increased by 101–250 % under CM, but
was not significantly affected by inorganic fertilizations, ex-
cept PK. Compost and NPK significantly (P<0.05) reduced
the effective diffusion coefficient of oxygen primarily by
increasing the proportion of pores <4 μm, and in contrast,
increased the abundance of branched PLFAs and Gram-
positive (G+) bacteria, resulting in the reduction of the ratio
of monounsaturated/branched PLFAs (M/B) compared with
Control. The mass proportion of macroaggregates was

significantly (P<0.01) and negatively correlated with the
effective diffusion coefficient of oxygen; the latter was posi-
tively associated with M/B ratio. The SOC accumulation rate
(z) had a significant interaction with the mass proportion of
macroaggregates (x) and M/B ratio (y) (z=0.514+4.345ex-15–
0.149ey). Our results suggested that SOC accumulation pro-
moted the macroaggregation and reduced the effective diffu-
sion coefficient of oxygen, causing changes in microhabitats
and a shift in microbial community composition to more
facultative and/or obligate anaerobes; such microbial commu-
nity shifts favored accumulation of SOC in turn.
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Introduction

Concerns about long-term agricultural sustainability and the
high environmental costs of conventional cropping practices
have made it imperative that reasonable soil and crop man-
agement should be developed to enhance C sequestration and
improve soil quality, while mitigating global greenhouse gas
emissions (Kong et al. 2011). Soil organic C (SOC) content
could be more efficiently increased by organic compost ap-
plication, either alone or in combination with inorganic fertil-
izers, than inorganic fertilizer application alone (Rudrappa
et al. 2006). Fertilization could also promote aggregate for-
mation and stabilization, and enhance the physical inaccessi-
bility of organic C for decomposing microorganisms
(Jagadamma et al. 2014). In addition, changes of aggregate
formation under different management regimes can influence
the soil microenvironment and, consequently, the function of
the microbial communities in soil (Kong et al. 2011). In turn,
microorganisms strongly influence a wide range of soil
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processes, and their abundance and composition in soil are
being increasingly recognized as crucial for determining C
cycle processes such as organic C turnover, stabilization, and
accumulation in soil (Bossio et al. 1998; Sun et al. 2004;
Denef et al. 2009). For example, soil microbial communities
dominated by fungi have greater capability to degrade recal-
citrant organic C like lignin and cellulose than soils dominated
by bacterial communities because fungi release a broader
range of extracellular enzymes (Moore-Kucera and Dick
2008).

Application of organic or inorganic fertilizers could affect
the abundance, composition, diversity, and functioning of
microorganisms in soils (Marschner et al. 2003; Stark et al.
2007). Organic manure tends to increase the total microbial
biomass mainly through increasing the abundance of Gram-
positive (G+) and Gram-negative (G−) bacteria (Sun et al.
2004). Bossio et al. (1998) and Cookson et al. (2005) found
that fertilization, regardless of the type of fertilizer, stimulated
the growth of G+ bacteria. In contrast, a long-term experiment
in Tennessee showed that continuous 5-year application of
organic manure at the rate of 252 and 504 kg N ha−1 increased
the abundance of G− bacteria by 15 and 27 %, respectively
(Peacock et al. 2001), and variations in microbial community
composition were primarily related to the quantity and quality
of organic materials added (Elfstrand et al. 2007). On the other
hand, applications of inorganic fertilizers had exerted less
effect (positive or negative) on the abundance of bacteria in
soils compared with organic fertilizer (Sarathchandra et al.
2001; Plaza et al. 2004).

Fungi play an important role in the breakdown of recalci-
trant organic matter in soil (Moore-Kucera and Dick 2008).
Fungal biomass is generally low in soils compared with bac-
teria (Sessitsch et al. 2001) and decreased in agricultural soils
treated with organic manure or inorganic fertilizer (Bittman
et al. 2005). In contrast, Elfstrand et al. (2007) observed that
organic manure increased fungal abundance particularly that
of arbuscular mycorrhizal fungi, and de Vries et al. (2007)
reported that the fungi/bacteria ratio was higher in organic
manure treatment. The abundance of actinobacteria, which are
well-adapted to metabolize old soil organic matter, is also
decreased by the application of manure but may be stimulated
by addition of inorganic N (Peacock et al. 2001). These
findings indicate that inorganic and organic fertilizers may
exhibit different effects on the abundance and composition
of microbial communities, resulting in different levels of
organic C accumulation in soil. Understanding the shift of
microbial community composition and its relation to changes
in soil microenvironment and SOC accumulation rates follow-
ing long-term fertilization could guide development of sus-
tainable management practices for enhancing SOC sequestra-
tion and crop production (Dolfing et al. 2004).

The North China Plain is one of the most important agri-
cultural regions in China. In 1989, a long-term field

experiment was established to evaluate the effect of compost
and inorganic fertilizer on SOC content and crop productivity.
Previous studies from this site have shown that the long-term
application of compost or inorganic fertilizer significantly
increased the activities of enzymes and SOC content, with
higher effects with compost addition (Cai and Qin 2006; Yu
et al. 2012a). Crop yields were also significantly improved by
compost or inorganic fertilizers application, except inorganic
NK fertilizer treatment (Cai and Qin 2006). In addition, soil
aggregate structure can be changed by long-term fertilization
(Majumder et al. 2010). However, there is a lack of under-
standing of the effects of long-term fertilization on the abun-
dance and community composition ofmicroorganisms and the
relationship of changes in the composition of soil microbial
communities with soil microenvironment and the accumula-
tion rate of SOC. We hypothesized that long-term fertilization
can influence soil microbial community composition through
altering SOC content and soil aggregate structure and conse-
quently oxygen diffusion coefficient (Kong et al. 2005;
Hansel et al. 2008), which would in turn affect accumulation
of SOC.

In this study, phospholipid fatty acids (PLFAs) were used
as biomarkers for various microbial groups to evaluate the
variation in the abundance and composition of microbial
communities since phospholipids are essential components
of cell membranes (Bossio et al. 1998; Peacock et al. 2001).
We also measured soil water retention curves and calculated
soil pore size and oxygen effective diffusion coefficient under
different fertilizations. This study had two objectives: (1) to
understand how a 20-year application of compost and inor-
ganic fertilizers affects soil organic C and the abundance and
composition of microbial communities, and (2) to evaluate the
relationships between organic C accumulation and shifts of
the microbial community composition in soils.

Materials and methods

Field experiment and soil sampling, processing, and basic
property analyses

A long-term field experiment was established since
September 1989 in the Fengqiu Agro-ecological
Experimental Station (35°00′N, 114°24′E, ∼70 m above sea
level), Chinese Academy of Sciences, Henan, China. The soil
with a sandy loam texture is developed from alluvial sedi-
ments of the Yellow River and classified as an Aquic
Inceptisol (USDA 1994). In the start of the experiment, soil
had been cultivated for >50 years in a similar agricultural
cropping system, so the heterogeneity of soil fertility was
considered to be minimal. In 1989, soil had an average pH
of 8.65, 4.48 g organic C kg−1, 0.43 g total N kg−1, 0.50 g total
P kg−1, and 18.60 g total K kg−1.
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Seven treatments (Table 1) with four replicate plots each
were examined in this experiment: (1) compost (CM), (2) half
organic compost N plus half inorganic N (HCM), (3) inorgan-
ic NPK (NPK), (4) inorganic NP (NP), (5) inorganic NK
(NK), (6) inorganic PK (PK), and (7) no-fertilization
(Control). The total N, P, and/or K across all treatments were
applied in equal amounts (Table 1). The size of each plot was
9.5 m×5 m. All plots were arranged in a randomized block
design. The compost used was composed of wheat straw, oil
cake, and cotton cake with a C/N ratio≈8 (Meng et al. 2005),
and contained 422 g C kg−1, 54 g N kg−1, 18 g P2O5kg

−1, and
24 g K2O kg−1 (averaged values over 20 years). Since 1989,
winter wheat (Triticum aestivum cv. Xinmai 19) has been
annually rotated with summer maize (Zea mays cv.
Zhengdan 958). Basal fertilizers were broadcasted evenly onto
the soil surface before sowing of maize (early June) or wheat
(early October) and the surface soil (0–20 cm) was then tilled
immediately. Supplemental fertilizer was also broadcast onto
the soil surface in late February for wheat and in late July for
maize. Field management practices were the same for all plots
during the experiment. Further details of the field site, com-
post preparation, and fertilization treatments have been report-
ed by Yu et al. (2012a).

On 7 June 2009, ten soil cores from each replicate plot were
collected using a 2.5-cm-diameter auger up to a depth of
20 cm, and then mixed as one composite sample. All samples
were stored at 4 °C and transported immediately to the labo-
ratory. Moist soil samples were gently broken apart along

natural break points and sieved (<8 mm). Visible plant roots
and organic debris in the sieved soil were carefully removed
with forceps and these moist samples were used for PLFA
analyses and aggregate fractionation. After thorough mixing,
a subsample was dried at 105 °C to measure soil moisture.
Another soil subsample was air-dried for the analyses of
organic C by the wet oxidation-redox titration method
(Carter 1993). The carbohydrate content in soil was also
measured according to Puget et al. (1999), since the microbial
growth is usually limited by available organic C (Hill et al.
2008).

PLFA analyses

PLFAs were extracted following a modified Bligh-Dyer tech-
nique (Brant et al. 2006). Briefly, fresh soil samples (3 g dry
weight equivalent) were extracted with methanol/chloroform/
phosphate buffer (2:1:0.8). Soil extracts were centrifuged
(750×g for 10 min) and chloroform phases were collected.
Phospholipids were separated from glycolipids and neutral
lipids using silicic acid-bonded solid-phase-extraction col-
umns by eluting sequentially 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, which contained a methyl nonadecanoate
(19:0) FAME standard.

The resulting FAMEs were analyzed with a Shimadzu Gas
Chromatography-Mass Spectrometer (GC-MS) QP 2010

Table 1 Application rate of nutrients (N, P, and K) through compost and inorganic fertilizers across various treatments

Treatment Basal fertilizer Supplementary
fertilizer urea (kg N ha−1)

N (kg N ha−1) P (kg P2O5ha
−1) K (kg K2O ha−1)

Compost Urea Compost Calcium superphosphate Compost Potassium sulfate

Maize

Control 0 0 0 0 0 0 0

HCM 75 0 25.5 49.5 32.5 117.5 75

CM 150 0 51 24 65 85 0

NPK 0 60 0 75 0 150 90

NP 0 60 0 75 0 0 90

NK 0 60 0 0 0 150 90

PK 0 0 0 75 0 150 0

Wheat

Control 0 0 0 0 0 0 0

HCM 75 15 22.5 52.5 31.5 118.5 60

CM 150 0 45 30 63 87 0

NPK 0 0 0 75 0 150 60

NP 0 0 0 75 0 0 60

NK 0 0 0 0 0 150 60

PK 0 0 0 75 0 150 0
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PLUS (Shimadzu, Kyoto, Japan) equipped with a Varian
VF23ms column (30 m×0.25 mm [i. d.]×0.25 μm film thick-
ness) (Varian Associates Inc., Walnut Creek, CA, USA). The
GC used helium as the carrier gas and the oven temperature
was programmed to be 50 °C for 2 min, increasing at
3 °C min−1 to 200 °C for 4 min, before increasing further at
5 °C min−1 to 240 °C for 10 min. The interface with the MS
was set to maximum oven temperature (240 °C), while the ion
source was at 210 °C. The MS was programmed to scan m/z
50–650 at 1.7 scans s−1. Peaks were identified by comparing
retention times with known standards, while the abundance of
each PLFAwas calculated by comparing peak areas with that
of the 19:0 FAME standard.

PLFAs have been used as biomarkers for various groups of
microorganisms (Bossio et al. 1998): 16:3ω3, 18:1ω9,
20:1ω9, and 18:2ω6c indicate fungi (Frostegard and Bååth
1996); 16:1ω5c is generally attributed to arbuscular mycor-
rhizal fungi (Olsson 1999); 10Me16:0, 10Me17:0, 10Me18:0,
and 10Me20:0 indicate actinobacteria (Sundh et al. 1997);
i14:0, a15:0, i15:0, a16:0, i16:0, a17:0, i17:0, and i18:0 indi-
cate G+ bacteria (Sundh et al. 1997); and cy17:0, cy19:0,
16:1ω5t, 16:1ω7c, 16:1ω7t, 16:1ω9, and 18:1ω7c indicate
G− bacteria (Sundh et al. 1997). G+ and G− bacteria have
different effects on the C cycling process and accumulation,
and the higher ratio of G+/G− bacteria is favorable for organic
C accumulation in soils (Ponder and Tadros 2002; Zhang et al.
2013). The ratio of fungal/bacterial PLFAs (F/B) decreased
with the increase of nutrient availability (Rinnan et al. 2007),
and a higher F/B ratio can be seen as an indicator for the
dominant supplies of plant nutrients for crop growth by or-
ganic matter decomposition and N mineralization (de Vries
et al. 2007). In addition, 16:1ω5t, 16:1ω5c, 16:1ω7c,
16:1ω7t, 18:1ω7c, 16:1ω9, 17:1ω5c, 18:1ω9, 19:1ω8,
and 20:1ω9 are monounsaturated PLFAs, while i14:0,
a15:0, i15:0, a16:0, i16:0, a17:0, i17:0, i18:0, i19:0,
10Me16:0, 10Me17:0, 10Me18:0, and 10Me20:0 are
branched PLFAs (Bossio et al. 2006). The ratio of
monounsaturated/branched PLFAs (M/B) is suggested to be
the relative proportion of aerobic to anaerobic microorgan-
isms, while the ratio of cyclopropyl (cy17:0, cy19:0) to its
precursors (16:1ω7c, 18:1ω7c), i.e., the ratio of sum cy/ω7c,
indicates the growth stage of G− bacteria (Rajendran et al.
1992; Bossio et al. 2006) and the development of anaerobic
conditions in soil (Feng et al. 2003).

Soil aggregate fractionation

Moist soils (<8 mm) were physically fractionated into differ-
ent aggregates according to the procedure of Elliott (1986).
One hundred grams of moist soil samples (on an oven-dried
basis) was submerged in deionized water on top of a 250-μm
sieve for 5 min. The sieve was manually moved up and down
by 3 cm, and this process was repeated 50 times over a 2-min

period. Floating organic material was discarded. The fraction
remaining on the 250 μm sieve was collected in a pre-weighed
aluminum pan and the fraction is termed as macroaggregates.
Water plus soil with particle size <250μmwas poured through a
53-μm sieve, and the sieving procedure was repeated. The
fraction remaining on the 53-μm sieve was collected in another
pre-weighed aluminum pan and the fraction is termed as
microaggregates (53–250 μm). All materials through the
53-μm sieve were transferred into 250-ml centrifuge tubes and
centrifuged at 3,750×g for 30 min at 4 °C and the supernatant
was discarded. The pellets were resuspended in deionized water
and the above centrifugation steps were repeated three times to
exclude the possible adsorption of dissolved organic C to min-
erals in the silt + clay fraction. Finally, the pellets were collected
to obtain the silt + clay fraction (<53 μm).

Soil water retention curve and oxygen effective diffusion
coefficient measurement

Undisturbed core soil samples (cylinder 100 cm3) were taken
from each replicate plot at different locations (n=8) for labo-
ratory measurements. Water retention curves were determined
with a ceramic pressure plate assembly at equilibrium matric
potentials of −0.1, −0.2, −1, −3.5, −6, −10, −33, −50, −100,
−200, −500, and −1,500 kPa in a pressure chamber. The
obtained data were used to calculate the soil water retention
curves and to derive the van Genuchten parameters by the
RETention Curve (RETC) software (van Genuchten 1980)
using the following equation.

θ ψð Þ ¼ θr þ θs−θr
1þ αψð Þn½ �m ð1Þ

where θ is the soil water content (cm3 cm−3), θs and θr are the
saturated and residual water content (cm3 cm−3), respectively, ψ
is the matric potential (kPa) as indicated by the pressure head,
and the parameters of α, n, andm (m=1–1/n) are dimensionless.

According to the capillary rise theory, the pore size was
calculated as follows when the soil was hydrophilic at 20 °C
of water (Kutílek and Nielsen 1994).

d ¼ 3000

ψj j ð2Þ

where d is the diameter of pore (μm), and |ψ| is the absolute
matric potential (kPa).

The effective diffusion coefficient of oxygen (D, m2 s−1)
through the pore space of the soil was calculated as follows
(Aachib et al. 2004):

D ¼ 1
�
N2 � Da0 � Qa

pð Þ þ KH � Dw0 � Qw
pð Þ½ � ð3Þ
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where N is soil porosity (%), Da0 is the free diffusion
coefficient of oxygen in air (1.8×10−5 m2 s−1 at 20 °C), KH

is Henry’s equilibrium constant (0.03 at 20 °C),Dw0 is the free
diffusion coefficient of oxygen in water (2.2×10−9 m2 s−1 at
20 °C),Qa andQw are the proportion of soil porosity occupied
by air and water, respectively, i.e., Qa+Qw=1, and p is a
power constant (p=3.4). The soil porosity (N) was calculated
as follows:

N ¼ 1−p=po ð4Þ

where ρ is the soil bulk density (g cm−3), and ρ0 is the soil
particle density (g cm−3). The proportion of soil porosity
occupied by water (Qw) was calculated as follows:

Qw ¼ ρ� θm=N ð5Þ

where ρ is the soil bulk density (g cm−3), and θm is the soil
moisture content (cm3 g−1).

Statistical analysis

Accumulation rate of organic C in soil was calculated as
follows:

Accumulation rate

¼ organic C content in 2009–organic C content in 1989ð Þ=20
ð6Þ

Microbial biomass per SOC (mmol g−1 SOC) was calcu-
lated as the following:

Microbial biomass per SOC

¼ the abundance of total PLFAs=SOC content

ð7Þ

Statistically significant differences among treatments
were evaluated by the analysis of variance (one-way
ANOVA) and least significant difference (LSD) calcula-
tions at the 5 % level with the SPSS 18 for Windows
(SPSS Inc., Chicago, IL, USA). Redundancy analyses
(RDA) (ter Braak and Šmilauer 1998) was used to test
relationships between the accumulation rate of organic
C and the microbial community composition, and re-
gression analyses were used to test relationships be-
tween oxygen effective diffusion coefficient and macro-
aggregate mass proportion, and between microbial com-
munity composition and oxygen effective diffusion
coefficient.

Results

Soil organic C content and crop yields

Compared to the experiment starting year of 1989, after
20 years, SOC contents slightly decreased under Control,
significantly (P<0.05) increased by 107–172 % under com-
post fertilized soils and by 17–56 % under inorganic fertilizer-
added soils (Table 2). Compared to NPK, a significant de-
crease of SOC content was observed under NK but not under
NP. The highest accumulation rate of organic C was 0.39 g
C kg−1 year−1 under CM, higher under HCM, and the lowest
under NK. Compost (CM and HCM) and NPK application
also significantly (P<0.05) enhanced soil carbohydrate con-
tent, while unbalance fertilizations, except NP, did not have
such an enhancement, relative to the Control. Compared to
Control, both wheat and maize yields were significantly
(P<0.05) increased by all fertilizations, except NK, and
HCM and NPK treatments more effectively increased crop
yields than other fertilizer treatments (Table 2).

Soil aggregation, pore size, and effective diffusion coefficient
of oxygen

The microaggregates accounted for 55.1–71.5 % of the total
soil mass in all treatments, which were significantly (P<0.05)
higher than the other fractions. The mass proportion of mac-
roaggregates, ranging from 9.9 to 30.8 % (Fig. 1), significant-
ly (P<0.05) increased by 250 % under CM and 101 % under
HCM. In contrast, all inorganic fertilizations, except PK, did
not s igni f icant ly affec t the mass propor t ion of
macroaggregates.

The proportion of pores with a neck diameter <4 μm under
CM and HCM amounted to 65.1 and 59.9%, respectively, and
was significantly (P<0.05) higher than in the Control
(55.9 %), which had a similar pore proportion with all inor-
ganic fertilizations (53.8–55.4 %) (Fig. 2). Fertilization, re-
gardless of organic or inorganic, significantly (P<0.05) de-
creased the proportion of 4–15 μm pores and, in contrast,
increased the proportion of 60–300 μm pores compared with
the Control. NPK application also increased the proportion of
pores greater than 300 μm. Significant (P<0.05) differences
in the proportion of pores with a neck diameter of 15–60 μm
could be ranked as Control, PK > NPK, NK, PK > HCM >
CM, and the proportion under CM was only 11.3 %.

The estimated effective diffusion coefficient of oxygen
under Control amounted to 5.19×10−6 m2 s−1, which was
significantly (P<0.05) higher than in the other treatments,
with the lowest value of 1.30×10−6 m2 s−1 for CM (Fig. 3a).
The effective diffusion coefficient of oxygen was ranked in
the order of Control > NK > NPK, NP, PK > HCM> CM. The
regression analysis showed that the effective diffusion coeffi-
cient of oxygen was negatively and exponentially correlated
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with the mass proportion of the macroaggregates (P<0.01)
and macroaggregates plus microaggregates (P=0.068) in the
soil across the tested treatments (Fig. 3b).

PLFA profiles

A total of 36 PLFAs containing saturated, unsaturated, meth-
yl-branched, and cyclopropane fatty acids were identified and
used for the statistical analysis. The abundance of total micro-
bial and bacterial PLFAs was highest under HCM and CM,
which was significantly (P<0.05) higher than in the other
treatments, and there was no significant difference between
Control and inorganic fertilizations except for the bacterial
PLFAs under NPK (Table 3). The microbial biomass per SOC
was significantly (P<0.05) decreased by compost and inor-
ganic fertilizations especially under CM and HCM (Fig. 4).

Fertilization, regardless of organic or inorganic, significant-
ly (P<0.05) increased G+ bacterial PLFAs, but not G−

bacteria, compared with the Control (Table 3). In contrast,
the abundance of actinobacterial PLFAs was significantly
(P<0.05) reduced from 14.5 nmol g−1 in the Control soil to
9.4–11.9 nmol g−1 in the soil treated with compost or inor-
ganic fertilizers. The abundance of fungal PLFAs varied from
9.9 to 13.2 nmol g−1 soil across the all treatments, and the
highest abundance was under HCM while the lowest under
NPK. The abundance of branched (B) PLFAs was significant-
ly (P<0.05) increased under CM, HCM, and NPK, and in
contrast, the abundance of monounsaturated (M) PLFAs sig-
nificantly (P<0.05) decreased under CM and NP.

The ratio of monounsaturated/branched PLFAs (M/B), an
indicator for the ratio of aerobic to anaerobic microorganisms,
was 0.42, 0.68, and 0.87, respectively, under CM, HCM, and
NPK, a value that was significantly (P<0.05) lower than in the
other fertilization treatments (Fig. 5a). The ratio of fungal/
bacterial PLFAs was significantly (P<0.05) decreased under
compost (CM and HCM) and NPK compared with the control
(Fig. 5b). Whereas the ratio of G+/G− bacteria or cy/ω7c
significantly (P<0.05) increased in the fertilization treatments
except NK. The G+/G− ratio was ranked in the order of CM >
HCM >NPK, PK > NP, NK > Control, while the cy/ω7c ratio
was ranked as CM > HCM > NPK, NP, PK > NK, Control
(Fig. 5c, d). Correlation analysis showed that the ratio of sum
cy/ω7c was significantly (P<0.01) and negatively, whereas
the M/B ratio was significantly (P<0.05) and positively, cor-
related to the effective diffusion coefficient of oxygen in the
soil across the tested treatments (Fig. 6).

Relating microbial PLFAs to accumulation rate
of soil organic C

The accumulation rate of SOC across the tested treatments
was significantly and positively correlated with the abundance
of branched (P<0.001) and G+ bacterial (P<0.01) PLFAs, or
the ratio of G+/G− (P=0.003), whereas significantly and neg-
atively correlated with the ratios of M/B (P<0.001) and

Table 2 Organic C and carbohydrate contents and organic C accumulation rate as well as crop yields in a sandy loam soil following 20-year compost
and inorganic fertilizations

Treatment Organic C Carbohydrate (g C kg−1 soil) Crop yield in 2009 (kg ha−1)

Content (g C kg−1 soil) Accumulation rate (g C kg−1 soil year−1) Wheat Maize

Control 4.45±0.03e 0.00±0.00f 0.49±0.04e 310±15f 1,003±14d

CM 12.20±0.08a 0.39±0.00a 1.00±0.04a 3,561±110d 8,865±123a

HCM 9.28±0.08b 0.24±0.01b 0.78±0.06b 4,535±108a 8,829±113a

NPK 7.00±0.04c 0.13±0.01c 0.60±0.02c 4,285±91b 8,892±188a

NP 6.64±0.05c 0.11±0.01c 0.58±0.04 cd 3,756±38c 7,418±199b

NK 5.22±0.06de 0.04±0.00e 0.55±0.03de 319±27f 959±79d

PK 5.80±0.10d 0.07±0.00d 0.51±0.07e 891±23e 1,880±46c

Means±standard deviation (n=4). Different letters indicate significant differences between treatments at P<0.05
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Fig. 1 Effects of long-term (20 years) compost and inorganic fertiliza-
tions on the mass proportion of soil aggregates. Vertical bars denote the
standard deviation of means (n=4). Different letters indicate significant
differences between treatments for the same aggregate fraction at P<0.05
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fungal/bacterial PLFAs (P<0.05). The abundance of
actinobacterial PLFAs was also marginally and negatively
correlated to the accumulation rate of SOC albeit at P<0.10
(Fig. 7). Further analysis showed that the SOC accumulation
rate (z) significantly (P<0.001) interacted with the mass pro-
portion of macroaggregates (x) and ratio of M/B (y) (z=
0.514+4.345ex-15–0.149ey, Fig. 8); the latter two could ac-
count for 94 % of variation of SOC accumulation rate.

Discussion

Effect of fertilization on microbial community composition

This study shows that the abundance and composition of soil
microbial community were significantly altered by 20 years of
organic compost or inorganic fertilization, relative to the
Control (Table 3). Our results of a significant (P<0.05) in-
crease in the abundance of total microbial PLFAs following
the 20-year application of compost or compost plus inorganic
N, but not due to the long-term application of inorganic
fertilizers alone, are consistent with the findings from another
long-term fertilization experiment on fluvo-aquic soil in the
North China Plain (Ai et al. 2012; Huang et al. 2013).
Kandeler et al. (1999) and Peacock et al. (2001) demonstrated
that an addition of compost increased soil microbial biomass
and enzyme activities. However, there have been
contradictory findings regarding the effect of inorganic
fertilizer on microbial abundance. For instance, Böhme et al.
(2005) and Rinnan et al. (2007) reported that 15- to 100-year
NPK fertilization significantly (P<0.05) increased microbial
biomass, whereas Peacock et al. (2001) found a 15% decrease
of total microbial PLFAs in a silt loam soil of northwest
Tennessee, USA, after 5 years of ammonium nitrate applica-
tion compared with the no extra nutrients addition. It has been

suggested that the microbial abundance primarily depends on
the level of labile organic C rather than total organic C in soils
(Hatch et al. 2000; Hill et al. 2008). In the present study,
although inorganic fertilizations significantly (P<0.05) in-
creased organic C in soil by 30–57 %, the carbohydrate
content was increased by only 4–22 %, which was signifi-
cantly (P<0.05) lower than the 59–104 % increase of carbo-
hydrates in the compost-amended soil (Table 2). Yu et al.
(2012c) demonstrated that structural polysaccharides were
more efficiently accumulated in the compost-amended soil
than in the inorganic fertilizer-added soil. Therefore, it seems
that the addition of compost does provide both relatively
stable and labile (readily available) substrates for themicrobial
community, whereas the relatively small increase of labile
organic C under inorganic fertilizations may be unable to
support the substantial growth of microorganisms (Hatch
et al. 2000; Hill et al. 2008).

Both compost and inorganic fertilizers application had no
effects on the abundance of G− bacteria; however, fertilization,
regardless of fertilizer type, significantly (P<0.05) increased
the abundance of G+ bacterial PLFAs compared to the
Control. Thus far, there have been conflicting results
concerning the effect of fertilizations on the abundance of
G− and G+ bacteria. Bossio et al. (1998) and Cookson et al.
(2005) reported that fertilization stimulated the growth of G+

bacteria. A 31-year addition of organic fertilizer increased the
abundance of G+ bacteria, but inorganic fertilizer increased G−

bacteria (Ai et al. 2012). In contrast, Peacock et al. (2001)
documented that a 5-year application of manure decreased the
G+ bacterial biomass but increased the G− bacterial biomass. It
was hypothesized that the abundance of G− bacteria would
increase with available organic substrates because G− bacteria
could utilize a variety of organic C sources under well-aerated
conditions (Ponder and Tadros 2002) and hence can outcom-
pete G+ bacteria growing on relatively labile organic C
(Bossio and Scow 1998; Peacock et al. 2001). However,
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Marschner et al. (2003) found a shift in the response of G− and
G+ bacteria to exogenous organic material addition with time,
indicating that G− bacteria were stimulated initially upon the
addition of compost, while the abundance of G+ bacteria
increased over time. As discussed above, the lack of any
increase in the abundance of G− bacteria in the inorganic
fertilizer treatments might be due to a relatively low increase
in labile organic C such as carbohydrates. However, this could

not be the case in the compost-treated plots, as the content of
total organic C and labile organic C (carbohydrates) was
significantly (P<0.05) increased (Table 2). We found that in
the G− bacteria, the sum cy/ω7c ratio was significantly
(P<0.05) greater in the compost-treated soil than in the soil
receiving only inorganic fertilizers (Fig. 5). Furthermore, the
sum cy/ω7c ratio was logarithmically and negatively corre-
lated with the effective diffusion coefficient of oxygen
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(Fig. 6); the latter was significantly (P<0.01) and negatively
correlated to the mass proportion of macroaggregates or mar-
ginally (P=0.068) and negatively correlated to the proportion
of macroaggregates plus microaggregates (Fig. 3b). Previous
studies demonstrated that the spatial distribution, functioning,
and diversity of bacterial populations at the microscale are
affected by the size and stability of soil aggregates through
changing factors such as predation pressure, water potential,
and oxygen availability (Hansel et al. 2008; Kong et al. 2005,
2011). Our findings of increase in the sum cy/ω7c ratio in the
compost-treated soil (cf. Control) further indicate the devel-
opment of anaerobic microsites during the formation of mac-
roaggregates (Bossio et al. 1998; Cookson et al. 2005; Wixon
and Balser 2013).

Zhuang et al. (2008) and Yu et al. (2012b) reported that the
increase of organic C in microaggregates (free or within
macroaggregates) caused an increase in pore-filling organic
matter (particulate or amorphous). This may decrease pore
connectivity, increase water retention, and as a result, decrease
the effective diffusion coefficient of oxygen in soil, as

observed in the present study, which in turn could lower
oxygen concentration in the soil air and promote the formation
of anaerobic microsites (Schjønning et al. 2003; Huang et al.
2004). According to Blagodatsky and Smith (2012), the aer-
ation of intra-aggregate gradually decreased with the forma-
tion of aggregates and depending on the kind and intensity of
aggregation, intra-aggregate pores could be completely anox-
ic. Thus, we argue that a short-term compost application, such
as in the study of Peacock et al. (2001), would increase total
organic C and labile organic C in particular, but may not
sufficiently enhance the formation of soil aggregates, and
might stimulate the growth of G− bacteria. In contrast, a
long-term compost application might not only increase organ-
ic C but would also strongly enhance soil aggregation,
resulting in the development of anaerobic microhabitats and
the suppression of G− bacterial growth.

In the present study, the abundance of fungal PLFAs in-
cluding arbuscular mycorrhizal and saprotrophic species was
low under all treatments (relative to bacterial PLFAs) possibly
because tillage significantly (P<0.05) decreased the abun-
dance of fungi by destroying mycelial networks (He and
Nara 2007). Arbuscular mycorrhizal fungi are indeed more
susceptible to tillage than saprotrophic fungal species (Douds
et al. 1993; de Vries et al. 2007), and consistent with this
observation, the abundance of the arbuscular mycorrhizal
biomarker PLFA 16:1ω5c in the present study was relatively
lower (<2 nmol g−1 soil) compared to forest and grassland
soils (Oehl et al. 2010). In addition, bacterial proliferation
following the increase of labile organic substrates had antag-
onistic effects on fungal growth (Lazcano et al. 2013). Hence,
the inherently low fungal abundance and inhibiting effect of
bacteria might be the reasons for the relatively limited re-
sponse of the fungal community to the addition of organic
and inorganic fertilizers in the test soil (Lazcano et al. 2013).

The observation of decreased abundance of actinobacteria
in the long-term compost and inorganic fertilization treat-
ments (Table 3) suggests that the increase in SOC across these
treatments (Table 2) exhibited an inhibitory rather than a
stimulatory effect on the growth of actinobacteria. Peacock

Table 3 PLFA abundance (nmol g−1) in soils following 20-year compost and/or inorganic fertilizations

Treatments Total PLFAs Monounsaturated
PLFAs

Branched
PLFAs

Bacterial
PLFAs

G+ bacterial
PLFAs

G− bacterial
PLFAs

Fungal PLFAs Actinobacterial
PLFAs

Control 67.87±7.71c 24.73±3.28a 21.91±2.47d 41.45±5.09d 7.40±0.90e 24.14±3.46ab 10.24±0.69 cd 14.51±1.57a

CM 86.11±6.39ab 19.25±1.52c 46.03±3.44a 61.16±4.49b 36.61±2.51a 20.55±1.27b 10.27±0.82c 9.78±0.95c

HCM 92.52±5.06a 24.53±1.29a 36.19±2.40b 70.52±3.63a 33.05±2.04b 23.49±0.86ab 13.24±0.81a 9.41±0.62c

NPK 75.95±5.32bc 24.84±1.60a 28.46±2.65c 55.12±3.52c 19.02±1.61c 26.34±1.43a 9.89±0.63d 9.81±1.12c

NP 71.26±7.81c 20.92±1.46bc 20.81±3.06d 48.72±6.69 cd 15.05±2.82d 22.56±2.49ab 11.59±0.46b 9.87±0.26c

NK 66.98±7.34c 23.58±2.55ab 19.79±2.09d 44.52±6.25d 12.93±1.97d 20.89±2.59b 11.14±0.86bc 11.42±0.23bc

PK 70.39±3.91c 22.18±1.07abc 19.12±1.19d 46.16±2.51d 14.86±1.01d 20.84±0.65b 11.52±0.67b 11.88±0.70b

Means±standard deviation (n=4). Different letters indicate significant differences between treatments at P<0.05
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et al. (2001) demonstrated that soils treated with manure were
enriched in total bacterial markers but depleted in
actinobacterial markers. Clegg et al. (2003) also found that
the abundance of PLFA biomarkers for actinobacteria was
lower in N-fertilized, compared with unfertilized, grassland
soils. A previous study has shown that actinobacteria domi-
nate under stress conditions, for example, where the soil is
depleted of soluble C, N, and other nutrients supporting mi-
crobial growth (Zhang et al. 2012), because actinobacteria

utilize very little newly added or formed organic C but are
well-adapted tometabolize old organic matter with a relatively
low soil C/N ratio (McCarthy and Williams 1992). It is sug-
gested that the abundance and activity of actinobacteria would
be decreased because fertilization may increase new C inputs,
which would decrease the opportunity for actinobacteria to
access old organic matter and may mainly rely on their storage
compounds for maintaining cell wall in fertilized soils
(Billings and Ziegler 2008).
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Relationship between microbial community composition
and organic C accumulation in soil

In the present study, both the accumulation rate of organic C
and the abundance of total microbial PLFAs were significantly
(P<0.05) higher under compost than under inorganic fertiliza-
tions, whereas the microbial biomass per SOC was lowest
under CM, and highest under Control (Fig. 4), which caused
the lower specific SOC decomposition rate (decomposition rate
of per unit organic C) under CM (0.32 mg C g−1 SOC day−1)
than under other fertilizations (0.34–0.52 mg C g−1 SOC day−1,

Yu et al. 2012a). Jagadamma et al. (2014) also reported that
there was an inverse relationship between the SOC content and
the percentage of SOC lost through respiration. This indicated
that organic C turnover was not only affected by total microbial
abundance in soil. It is known that the decomposition rate of
organic C was also dependent on the proportion of large pores
(Yoo et al. 2006; Ruamps et al. 2011) and the location in the
pore network (Killham et al. 1993; Strong et al. 2004). Organic
C turnover was reported to be faster in pores with >4 μm than
with <4 μm neck diameters (Killham et al. 1993; Strong et al.
2004). Strong et al. (2004) also found that the accumulation rate
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of organic C was positively correlated with the proportion of
<4 μm pores, but was negatively correlated with the proportion
of 15–60μmpores. In this study, the proportion of <4μmpores
was significantly (P<0.05) higher and of 15–60 μm pores was
significantly (P<0.05) lower under CM than under other fertil-
izations (Fig. 2). It is known that soil aeration condition played
an important role in the storage and turnover of organic C
(Sundh et al. 1997). The accumulation rate of organic C would
be higher in soil with oxygen concentration ≤10 % by slowing
down the oxidation of labile organic C (Zibilske and Bradford
2007). The soil pore system is closely related to the effective
diffusion coefficient of oxygen, and compared with other treat-
ments, the changes of pore systems under CM lowered the
effective oxygen diffusion coefficient. This may also be the
reason for the lowest specific SOC mineralization in the com-
post treatment, hence favoring accumulation of SOC and car-
bohydrate contents in the soil (Killham et al. 1993; Strong et al.
2004; Yoo et al. 2006; Ruamps et al. 2011, Table 2).

Our results demonstrated that the abundance of branched
PLFAs was significantly (P<0.05) higher under CM, HCM,
and NPK than under other fertilizations, and the ratio of M/B
PLFAs, an indicator for the ratio of aerobic to anaerobic micro-
organisms (Bossio et al. 2006), was less than 1.0. This sug-
gested that the 20-year application of compost and NPK
fertilizer induced a shift in microbial community composition
to more facultative and/or obligate anaerobes under CM, HCM,
and NPK. Zhong et al. (2010) reported that a 20-year applica-
tion of compost mainly stimulated the growth of facultative and
obligate anaerobes in a paddy soil, which is widely distributed
in southeast of China. In this study, the M/B ratio was signif-
icantly (P<0.05) and positively correlated to the effective dif-
fusion coefficient of oxygen in the tested treatments (Fig. 6). It
is possible that by promoting soil aggregation, the long-term
application of compost also gradually accelerated the develop-
ment of anaerobic microhabitats (Denef et al. 2009), which in
turn suppressed the proliferation of the monounsaturated
PLFAs while increasing the branched PLFAs (Rajendran et al.
1992). It has been observed that aerobes decompose organic C
more efficiently than anaerobes (Ding and Sun 2005); there-
fore, we consider that a gradual shift in dominant species of
microbial community composition from aerobes to facultative
and/or obligate anaerobes could manipulate the accumulation
rate of organic C in the tested treatments, due to an interaction
between soil microbial community composition, organic C
accumulation, and aggregation (Fig. 8).

The accumulation rate of SOC in the tested treatments was
significantly (P<0.01) and positively correlated with the abun-
dance of G+ bacteria or the ratio of G+/G− bacteria. Compared
to G− bacteria, G+ bacteria generally possess a greater propor-
tion of peptidoglycan, which contains significant quantities of
N-acetylglucosamine that is a precursor of relatively decay-
resistant soil organic matter (Simpson et al. 2007). Zhang
et al. (2013) verified that 13C from added 13C-glucose was

more effectively used by G+ bacteria and preserved in the
CM-fertilized soil than in the NPK-fertilized soil and Control
soil. Accordingly, a more efficient increase in the abundance of
G+ bacteria under NPK, HCM, and CM might result in a more
effective accumulation of relatively resistant organic material.
This also explains why Murugan and Kumar (2013) observed
that microbial residual C stock was higher in soils receiving
organic fertilizer than inorganic fertilizers. On the other hand,
the abundance of actinobacteria negatively related to the accu-
mulation rate of organic C (Fig. 7). We acknowledge that
actinobacteria were efficient decomposers of nutrient-poor or-
ganic compounds (Mackenziem and Quideau 2010) and were
capable of using chitin as a sole carbon source, which is a major
component of fungal cell walls (Zaitlin et al. 2004). The de-
crease in the abundance of actinobacteria under fertilization
would lead to a decrease in the decomposition of old soil
organic matter or newly formed relatively recalcitrant organic
C (Billings and Ziegler 2008). Thus, we hypothesize that
fertilization may favor the accumulation of decay-resistant
organic C through suppressing the growth of actinobacteria.

Conclusions

Our study has shown that the increase on SOC and aggregation
through the long-term application of compost or balanced NPK
fertilization would contribute to altering soil microenviron-
ment, i.e., the size and distribution of pores and effective
oxygen diffusion coefficient, and in turn the abundance and
composition of soil microbial communities. The shift in micro-
bial community composition to more facultative and/or obli-
gate anaerobes than aerobes would favor organic C accumula-
tion in the soil. Besides, the increase of Gram-positive versus
Gram-negative bacteria and the decrease of actinobacteria
would favor accumulation of relatively decay-resistant SOC.
This study aids in identifying sustainable organic and/or inor-
ganic fertilization practices that increase SOC and soil fertility.
Future studies may simultaneously evaluate the environmental
sustainability of increasing SOC and altering soil microenvi-
ronment through improved fertilization practices in relation to
greenhouse gas emissions from soil.
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