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Soil pH rather than nutrients drive changes in microbial community
following long-term fertilization in acidic Ultisols of southern China
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Abstract
Purpose Long-term intensive cultivation and heavy fertilization improve the nutritional conditions in acidic Ultisols, but also
sharply accelerate soil acidification. However, the impact of such dramatic environmental changes on soil microorganisms is
unclear. The aims of this work were to investigate the responses of microbial community composition and metabolic function to
long-term fertilization, and to determine the key factors that primarily drive microbial changes in acidic Ultisols.
Materials and methods A long-term fertilization experiment under a winter wheat–summer maize rotation was established in
1990 in acidic Ultisols of southern China. Soils were collected from four treatments in June 2014: (1) non-fertilization control
(CK); (2) only N fertilization (N); (3) N, P, and K fertilization (NPK); and (4) NPK plus manure (NPKM; 70% of total N obtained
frommanure). The amount of N used in all N treatments was 300 kgN ha−1 year−1. The soil pH, cation exchange capacity (CEC),
soil organic carbon (SOC), total nitrogen (TN), phosphorus (TP) and potassium (TK), available nitrogen (AN), phosphorus (AP),
and potassium (AK) were measured. Soil microbial community composition and metabolic function were determined by
phospholipid fatty acids analysis (PLFA) and community-level physiological profile (CLPP) method, respectively.
Results and discussion Compared with CK, NPKM significantly increased total PLFA biomass and average well color devel-
opment (AWCD); NPK increased total PLFA biomass by 2.2 times, but its AWCD was not significantly different from CK,
indicating that microbial metabolic efficiency in NPK decreased. N decreased total PLFA biomass by 27.9%, while almost
completely inhibiting metabolic activity. NPKMmaintained microbial functional diversity indexes at similar levels as CK, while
NPK and N significantly decreased microbial functional diversity indexes. Redundancy analysis (RDA) revealed that soil
microbial community composition and metabolic pattern were more stably maintained by application of manure compared to
chemical fertilizers. Soil pH showed the primary effect on microbial community composition, metabolic activity, and functional
diversity indexes.
Conclusions This research demonstrated that the negative effects of Ultisol acidification induced by long-term application of
chemical N fertilizer on microorganisms overwhelmed the positive effects of soil nutrition improvement. The inhibiting effect of
serious acidification on microbial metabolic function was stronger than that on community composition. Microorganisms live in
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a low activemetabolic state to resist serious Ultisols acidification. Therefore, fertilization in acidic Ultisols should be based on the
premise of preventing soil further acidification.

Keywords Acidification . CLPP . Long-term fertilization . PLFA . Ultisols

1 Introduction

Fertilization is an important way to improve soil fertility and
maximize crop yields (Dong et al. 2012; Li et al. 2017). In
recent decades, intensive application of chemical fertilizers
has replaced traditional organic fertilization in China (Cai
et al. 2014). For instance, from 1980 to 2014, the application
of chemical fertilizers increased by 2.12 times, and nitrogen
(N) fertilizer contributed 55.3% to the total increase in chem-
ical fertilizers (National Bureau of Statistics of China 2016).
However, excessive chemical N fertilizer can lead to soil acid-
ification, which was the main obstacle to modern agricultural
production. The negative effects of soil acidification are close-
ly related to soil type, land use pattern, crop cultivation, and
fertilization regime (Guo et al. 2010; Rousk et al. 2010).

Ultisol is a typical soil in tropical and subtropical regions.
In China, Ultisols comprise 21% of the country’s land area
(about 2 million km2), and support approximately 40% of
population (Huang et al. 2012). To meet the tremendous de-
mand for food, high-intensity cultivation is frequently adopted
in Ultisols of southern China, such as rotation of winter wheat
and summer maize (Zhang et al. 2014). Thus, heavy fertiliza-
tion is required to maintain soil productivity. Ultisols general-
ly undergo a slow natural acidification process, exhibiting low
soil pH, low organic matter content, and nutrient deficiencies,
all of which make Ultisols more susceptible to anthropogenic
acidification (Abdulahaal et al. 2017). Although application of
chemical fertilizers significantly improves the fertility level of
Ultisols, it also sharply accelerates the soil acidification pro-
cess (Cai et al. 2014 and 2015). Guo et al. (2010) found that in
some Ultisols with perennial rotation of southern China, an-
thropogenic acidification caused by application of chemical N
fertilizers in recent decades has even surpassed natural acidi-
fication that typically occurs over hundreds to millions of
years. The whole agro-ecosystem is inevitably affected by
such rapid Ultisols acidification. The effects of Ultisols acid-
ification on soil nutrient transformation and supply, crop
growth, and yield have been studied (Huang et al. 2010; Cai
et al. 2015). However, the response of soil microorganisms to
serious Ultisols acidification is unclear.

Soil microorganisms play an essential role in soil structure
formation, organic matter decomposition, and nutrient biogeo-
chemical cycles (Kušlienė et al. 2014). They also have signif-
icant effects on crop health and yield (Berg 2009). Soil micro-
organisms are very sensitive to environmental changes.
Nutrient deficiencies (e.g., C, N, P, and K) and environmental

stresses (e.g., soil pH, moisture, and porosity) are the most
important limiting factors for microbial growth and activity.
A review (Allison andMartiny 2008) reported that 84% of the
selected papers indicated that soil microbial characteristics
were sensitive to the improved soil nutritional conditions
caused by fertilization. Ultisols usually lack C, N, and P be-
cause of high weathering and leaching. Therefore, in many
cases, soil nutritional status (e.g., SOC, TN, and AP) drive
changes in soil microbial properties (Chen et al. 2015).
However, some studies have demonstrated that pH was the
key indicator affecting soil microbial community (Ma et al.
2015). Long-term fertilization triggered significant changes in
Ultisols properties, so determining the dominant factors of
microbial community shifts can help to adjust fertilization
strategy in a time and effectively manner.

Phospholipid fatty acid (PLFA) analysis and community-
level physiological profile (CLPP) methods have been widely
employed to study soil microbial community composition and
metabolic function, respectively (Chen et al. 2015; Ma et al.
2015). In combination with the PLFA and CLPP methods, the
responses of microbial community to different fertilization
regimes can be comprehensively assessed. In this work, a
long-term fertilization field experiment (1990–2014) under a
winter wheat–summer maize rotation in acidic Ultisols of
southern China was investigated. The objectives of this re-
search were (1) to study soil acidity and nutrients following
long-term fertilizations, (2) to investigate the changes in soil
microbial community composition and metabolic function,
and (3) to determine the key factors that primarily drive soil
microbial changes. The findings will help to maintain soil
quality and achieve sustainable agriculture in acidic Ultisols
of southern China.

2 Materials and methods

2.1 Site description

The long-term fertilization experiment was established in
1990 at the Red Soil Experimental Station (26° 45′ 12″N,
111° 52′ 32″E) of the Chinese Academy of Agricultural
Sciences at Qiyang, Hunan Province, southern China. This
region is a subtropical humid monsoon climate with annual
mean temperature of 18.0 °C, mean precipitation of 1250–
1400mm, mean evaporation of 1470mm, 300 frost-free days,
and 1610 sunlight hours (Cai et al. 2015). The tested soil,
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derived from quaternary red clay, was wasteland before the
experiment. The initial properties of the topsoil (0–20 cm) in
1990 were soil pH of 5.70 (water:soil = 2.5:1), soil organic
carbon (SOC) of 6.06 g kg−1; total nitrogen (TN), phosphorus
(TP), and potassium (TK) of 1.07, 0.52, and 13.7 g kg−1, re-
spectively; available nitrogen (AN), phosphorus (AP), and
potassium (AK) of 79.0, 13.9, and 104 mg kg−1, respectively;
and soil cation exchange capacity (CEC) of 8.99 cmol(+) kg

−1.

2.2 Experimental design and soil sampling

This work involved four treatments: (1) non-fertilization con-
trol (CK); (2) only N fertilization (N); (3) N, P, and K fertili-
zation (NPK); and (4) NPK plus manure (NPKM). The appli-
ca t ion ra tes of N, P, and K were 300, 53 , and
100 kg ha−1 year−1, respectively. In NPKM treatment, 70%
of the total N obtained from pig manure and the remaining
30% came from urea. Between the two crops, 30% of the total
chemical fertilizers were applied for winter wheat and the
remaining 70% were applied for summer maize. However,
all manure was applied before wheat sowing. Chemical N, P,
and K fertilizers were urea, calcium superphosphate, and po-
tassium chloride, respectively. The manure was completely
composted pig manure with TC, TN, TP, and TK of 368.4,
18.2, 13.7, and 13.3 g kg−1, respectively. In order to simulate
the actual field cultivation, each treatment was duplicated in
relatively large experimental plots (10 × 20m), which allowed
common field management similar to that in local farmland
(Cai et al. 2015; Chen et al. 2014). There was a 1-m deep
concrete barrier between plots. More details of the experimen-
tal design and implementation were described by Cai et al.
(2014, 2015).

Surface soil samples (0–20 cm) were collected in
June 2014 (after wheat was harvested and before maize was
planted). Twenty cores per plot were sampled randomly using
a soil auger, and then were thoroughly mixed to form a com-
posite sample. The composite sample was passed through a 2-
mm sieve and then divided into three parts: one part was air-
dried for further chemical analysis, the second part was pre-
served at 4 °C for CLPP analysis, and the remaining part was
freeze-dried and kept at − 40 °C for PLFA analysis.

2.3 Analysis of soil chemical properties

Soil pH was determined with a soil-to-water ratio of 1:2.5 (w/
v). SOCwas determined by dichromate oxidation and titration
with ferrous sulfate (Pansu and Gautheyrou 2006). TN, TP,
and TK were determined using the Kjeldahl digestion-
distillation method, molybdenum-blue colorimetry, and flame
photometry, respectively (Pansu and Gautheyrou 2006). AN,
AP, and AK were determined using alkali hydrolyzation, the
Bray method, and flame photometry, respectively (Pansu and

Gautheyrou 2006). CEC was determined by the ammonium
acetate method (Pansu and Gautheyrou 2006).

2.4 PLFA analysis

Soil microbial community composition was determined based
on PLFA analysis as described by Buyer et al. (2010).
Phospholipid fatty acids were extracted from 3 g of freeze-
dried soil with a mixture of chloroform, methanol, and phos-
phate buffer (pH 7.4) in a 1:2:0.8 volumetric ratio. Polar lipids
in the extracted PLFAs were purified using a 500 mg sep-pak
silica cartridge (Waters & Associates, Inc.) with sequential
washes of chloroform, acetone, and methanol, and then dried
using N2. The collections were converted to fatty acid methyl
esters using methanolic KOH, and methyl nonadecanoate
(19:0) was added as internal standard. Then, they were quan-
tified using an Agilent 7890A gas chromatograph (Agilent
Technologies, USA) with the MIDI Sherlock system (MIDI,
Inc., USA).

The detected fatty acid methyl esters were categorized into
various taxonomic microbial groups as follows: the fatty acid
18:2 ω6c was considered as fungi (Ma et al. 2016), the fatty
acids with a methyl branch on the 10th C were chosen to
indicate actinomycetes (Zelles 1997), the branched saturated
fatty acids were selected to indicate gram-positive (G+) bacte-
ria, and the monounsaturated and cyclopropyl fatty acids were
selected to indicate gram-negative (G−) bacteria (Zelles 1997).
The sum of biomass in G+ bacteria and G− bacteria was rep-
resented as the total bacterial biomass. The ratio of G+ bacte-
rial to G− bacterial biomass (G+/G−) and the ratio of fungal to
bacterial biomass (F/B) were also calculated, respectively. The
ratio of total saturated fatty acids to total monounsaturated
fatty acids (sat/mono) was calculated and used as a compre-
hensive indicator of environmental conditions (Fierer et al.
2003).

2.5 CLPP analysis

Soil microbial metabolic function was evaluated using CLPP
method with Biolog Eco Plates™ (Biolog Inc., USA). Fresh
soil samples, which are equivalent to 5 g of dry soil, were
added into 45 ml pre-sterilized 0.85% (w/v) NaCl solution.
The mixture was shaken at 200 rpm for 30 min and then
settled for 10min. The suspension was further diluted 10-fold,
and then, 150 μl dilution was inoculated into every well of the
Biolog Eco Plates™. The plates were incubated at 25 °C for
10 days, and the value of optical density (OD) of each well
was recorded every 24 h using a plate reader (Bio-Tek
Instrument Inc., USA) at dual wavelengths of 590 and
750 nm. Finally, the 590-nm values minus the 750-nm values
were used to denote the carbon source metabolic capacity
(Peng et al. 2016). The data measured at 120 h were selected
to calculate the average well color development (AWCD),
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substrate richness (S), Shannon index (H′), Simpson index
(D), and Pielou index (E). The S index was simply measured
by counting the total number of utilized substrates. The others
were determined using the following formulas (Garland
1996):

AWCD ¼ ∑ODi

31
ð1Þ

H
0 ¼ −∑pilnpi ð2Þ

D ¼ 1−∑ pið Þ2 ð3Þ

E ¼ H
0

lnS
ð4Þ

where ODi is the optical density value of the ith well and pi is
the ratio color development of the ith well on the total color
development of all wells.

2.6 Statistical analysis

Significant differences among treatments were tested by one-
way analysis of variance (ANOVA) with Tukey’s HSD post
hoc test at P < 0.05. Relationships between soil chemical var-
iables and microbial parameters were determined by stepwise
regression analysis. Redundancy analysis (RDA) was used to
study the changes in soil microbial community composition
and metabolic pattern, and to determine the primary factors
that drive these changes. Before RDA, the chord transforma-
tion was performed on each dataset of PLFA and CLPP
(Legendre and Gallagher 2001), the soil chemical variables
were standardized, and forward selection was conducted to
retain variables that were significantly correlated to the dataset
of PLFA or CLPP (Blanchet et al. 2008). Variance partitioning
analysis (VPA) was applied to evaluate the effects of soil
chemical variables on total variance of each RDA model.
Relationships between individual carbon sources (or PLFAs)
and ordination axes (RDA1 or 2) were determined by
Pearson’s correlation analysis. One-way ANOVA, stepwise
regression analysis, and Pearson’s correlation analysis were
performed using PASW Statistics version 18.0 (IBM, USA).
RDA and VPAwere performed using R project (version 3.2.2)
with the Vegan package.

3 Results

3.1 Soil acidity and nutrients

Soil chemical properties were significantly affected by long-
term fertilization (Table 1). Compared with CK (pH 5.30), soil
pH in N and NPK significantly decreased to 4.02 and 4.15,
respectively, while pH in NPKM significantly increased to
5.99. Both NPK and NPKM improved soil nutrients with

different extents. Compared with CK, NPK increased soil
SOC, TN, TP, and AN by 54, 44, 150, and 70%, respectively,
while those in NPKM were increased by 111, 118, 365, and
119%, respectively. Soil AP and AK responded much more
sensitively: in NPK both increased by 22.4 and 3.71 times,
respectively, and in NPKM, they increased by 55.5 and 9.00
times, respectively. Soil CEC in NPK and NPKM increased
by 12.5 and 31.1%, respectively. However, N treatment only
increased soil TN content by 0.33 times compared with CK,
and significantly decreased the soil C/N ratio.

3.2 PLFA

A total of 30 PLFAs were used for data analysis (Table S1,
Electronic Supplementary Material). PLFA results showed
that NPKM and NPK significantly (P < 0.05) increased the
biomass of total PLFA and all microbial groups (fungi, G+

and G− bacteria, and actinomycetes), while N treatment sig-
nificantly decreased the biomass of total PLFA, G− bacteria,
and actinomycetes (Fig. 1a). Compared with CK, NPKM sig-
nificantly increased the relative abundance of G− bacteria
(from 24.77 to 27.41%), but significantly decreased the rela-
tive abundance of actinomycetes (from 23.93 to 21.14%) (Fig.
1b). However, NPK significantly increased the relative abun-
dance of G+ bacteria (from 50.19 to 54.25%), and significantly
decreased the relative abundance of G− bacteria (from 24.77 to
19.93%). The relative abundance of fungi in fertilization treat-
ments were all significantly improved as compared with CK.

Compared to CK, the G+/G− ratio was significantly in-
creased in NPK, but significantly decreased in NPKM; the
F/B ratio in all fertilization treatments and the sat/mono ratio
in N and NPK treatments were significantly increased
(Table 2). Stepwise regression analysis (Table 3) demonstrated
that soil pHwas the primary factor affecting the ratio of G+/G−

and sat/mono, while SOC and TN were the primary factors
affecting the total PLFA biomass and the ratio of F/B,
respectively.

RDA results showed that the ordination axes 1 (RDA1) and
2 (RDA2) explained 79.44% (F = 56.480, P < 0.001) and
7.90% (F = 5.615, P < 0.001) of the total variance of the
RDA model (F = 31.048, P < 0.001), respectively (Fig. 2a).
The four treatments were distributed in four quadrants and
separated from each other (P < 0.05), indicating that long-
term different fertilization have led to different soil microbial
community compositions. Soil pH and C/N ratio were the
only two retained explanatory variables in the model through
forward selection. Soil pH, accounted for 64.93% (F =
55.414, P < 0.001) of the total variance, was found to be the
primary factor affecting the shifts in soil microbial community
compositions and separatingN andNPK fromCK andNPKM
along RDA1 (Fig. 3a). However, soil C/N ratio only explained
9.40% (F = 6.681, P = 0.012) of the total variance, and further
distributed the treatments along RDA2 (Fig. 3b).
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Pearson’s correlation analysis (Table S1, Electronic
Supplementary Material) showed that twenty-two species of
PLFAs (four actinomycetes, ten G− bacteria, and eight G+

bacteria) were significantly correlated to RDA1 data; thus
these species induced the shifts among treatments along
RDA1. However, only three species of PLFAs (two G− bac-
teria and one G+ bacteria) led to the differentiation among
treatments along RDA2.

3.3 CLPP

AWCD of carbon sources utilization could describe soil mi-
crobial metabolic activity. Compared with CK, NPKM signif-
icantly increased AWCD values and the metabolic activities of
six categories of carbon sources (Figs. 4 and 5a). However, the
AWCD values in N treatment stayed at a very low level (near-
ly 0), which indicated that soil microorganisms hardly metab-
olized any carbon source (Figs. 4 and 5a). The AWCD values
in NPK maintained almost the same level as CK during the
entire incubation period (Fig. 4); furthermore, NPK and CK
only showed significant differences in the metabolic activities
of amines (Fig. 5a).

Long-term fertilization changed the preference of soil
microorganisms to metabolize different categories of car-
bon sources (Fig. 5b). The relative abundance of amines
in N and NPK treatments were 1.20 and 0.91%, respec-
tively, which were significantly lower than that in CK
(7.96%). In contrast, the relative abundance of carbohy-
drates in N (44.64%) and NPK (37.29%) were significant-
ly higher than that in CK (24.37%). In addition, the rela-
tive abundance of polymers in N (40.22%) was also sig-
nificantly higher than that in CK (15.50%), while the rel-
ative abundance of amino acids, carboxylic acids, and
phenolic compounds were significantly decreased.
Compared with CK, NPKM significantly increased the
metabolic activities of six categories of carbon sources
by more than 100%, while the relative abundance of six
categories of carbon sources showed little difference be-
tween NPKM and CK (P > 0.05). Similarly, there were
minimal differences in all functional diversity indexes be-
tween NPKM and CK (Table 2). However, compared with
CK, all diversity indexes in N and NPK treatments were
significantly decreased, except the S index in NPK.
Stepwise regression analysis indicated that the AWCD
and all diversity indexes were significantly affected by
soil pH (Table 3).

The RDA model (F = 7.368, P < 0.001) based on CLPP
data is shown in Fig. 2b. RDA1 explained 47.90% (F =
11.370, P = 0.003) of the total variance and clearly differ-
entiated the N treatment from the other treatments. In
addition, RDA2 explained 14.18% (F = 3.365, P = 0.001)
of the total variance and further separated NPK from
NPKM and CK. NPKM and CK were located in the thirdTa
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quadrant of the RDA figure and were very close, indicat-
ing that they had similar metabolic patterns, and this re-
sult was in accordance with the above-mentioned results
of diversity indexes (Table 2). Significant chemical vari-
ables (P < 0.05) were still soil pH and C/N ratio, and they
accounted for 19.02% (F = 6.770, P < 0.001) and 33.56%
(F = 7.965, P < 0.001) of the total variance, respectively.
Soil pH and C/N ratio were primary factors that are caus-
ing differentiation among treatments along RDA2 and
RDA1, respectively (Fig. 3c, d).

Twelve types of carbon sources (three amino acids,
three carbohydrates, three carboxylic acids, one phenolic
compound, and two polymers) had significant correlations
with RDA1, and three types of carbon sources (two
amines and one amino acid) had significant correlations
with RDA2 (Table S1, Electronic Supplementary
Material). Long-term different fertilization regimes
changed the metabolic preferences of soil microorganisms
on the above-mentioned carbon sources, resulting in met-
abolic pattern shifts.

4 Discussion

4.1 Effects of long-term fertilization on Ultisol acidity
and nutrients

Excessive application of chemical N fertilizer has been the
main reason of soil acidification in Chinese farmland in recent
decades (Sun et al. 2015). However, the extent and trends of
Ultisol acidification following fertilization were controversial.
For example, Guo et al. (2010) reported that the decline of pH
in Ultisols was less than that in other soil types, while many
studies indicated that infertile Ultisols were more susceptible
to acidification (Cai et al. 2014; Abdulahaal et al. 2017). Our
results demonstrated that long-term chemical fertilizer appli-
cation sharply accelerated the acidification process of acidic
Ultisols. Compared with the soil pH of the original Ultisols
(5.70), the pH inNPK and N treatments decreased by 1.55 and
1.68 units, respectively. Different soil acidification stages are
accompanied by the weathering and liberation of different
elements. In particular, when pH is below 4.2, the soil enters

Fig. 1 The amounts (a) and relative abundance (b) of soil different
microbial PLFAs under different treatments in a long-term (1990–2014)
fertilization experiment in Qiyang, Hunan, China. CK non-fertilization
control; N only chemical nitrogen fertilizer; NPK chemical nitrogen,

phosphorous, and potassium fertilizers; NPKM chemical nitrogen, phos-
phorous, and potassium fertilizers plus manure. The error bar indicates
standard deviation

Table 2 Soil microbial parameters in a long-term (1990–2014) fertilization experiment in Qiyang, Hunan, China

Treatment PLFA CLPP

G+/G− F/B sat/mono S H′ D E

CK 2.03 ± 0.19 b 0.01 ± 0.00 c 0.98 ± 0.03 b 27.7 ± 0.6 a 2.83 ± 0.08 a 0.93 ± 0.01 a 0.85 ± 0.02 a

N 2.09 ± 0.08 b 0.03 ± 0.01 a 2.20 ± 0.05 a 18.3 ± 3.2 b 2.11 ± 0.21 c 0.82 ± 0.04 c 0.73 ± 0.04 b

NPK 2.72 ± 0.11 a 0.02 ± 0.00 b 2.16 ± 0.05 a 28.0 ± 1.0 a 2.57 ± 0.11 b 0.90 ± 0.02 b 0.77 ± 0.03 b

NPKM 1.78 ± 0.13 c 0.04 ± 0.00 a 0.94 ± 0.03 b 30.0 ± 0.0 a 3.01 ± 0.04 a 0.94 ± 0.00 a 0.88 ± 0.01 a

CK non-fertilization control; N only chemical nitrogen fertilizer; NPK chemical nitrogen, phosphorous, and potassium fertilizers; NPKM chemical
nitrogen, phosphorous, and potassium fertilizers plus manure; G+ /G− ratio of gram-positive bacterial to gram-negative bacterial biomass; F/B ratio of
fungal to bacterial biomass; sat/mono ratio of total saturated fatty acids to total monounsaturated fatty acids; S substrate richness; H′ Shannon index; D
Simpson index; E Pielou index

Values (mean ± SD) in the same column followed by different letters are significantly different (P < 0.05)
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aluminum (Al) buffer range and a large amount of Al3+ re-
leases from clay minerals (Ulrich 1986). Therefore, the nega-
tive impacts of soil acidification in NPK and N treatments
were more pronounced because their aboveground plants
and belowground microorganisms may have suffered from
Al toxicity. In contrast, on the basis of the same N application
rate, using organic N as a substitute for 70% of chemical N
fertilizer could reverse Ultisols acidification in current
cropping system. The alkalinity of organic manure, ammoni-
fication of organic N, and decarboxylation of organic anions
were three primary causes for the decreases in soil acidity
(Yuan et al. 2011; Rukshana et al. 2014). Furthermore, appli-
cation of organic manure could also alleviate Al toxicity by
forming Al-organic matter complexes (Gerke 2010).

Combination of chemical fertilizers and organic manure is
an effective measure to improve soil fertility (Sun et al. 2015).

In this study, chemical fertilizer balanced application (NPK)
also improved soil nutrient contents, but the effects weremuch
weaker than with NPKM. SOC in NPK was also significantly
increased; the reasonwas that balanced nutrition improvement
increased crop biomass, which in turn increased the amounts
of litter, root residue, and root exudates return back to soil
(Xiang et al. 2017). However, long-term N application alone
only increased soil TN content, which was not conducive to
improve soil fertility. The differences between C and N inputs
and outputs caused by long-term different fertilization regimes
also significantly changed the soil C/N.

4.2 Effects of long-term fertilization on PLFA

This study showed that NPKM and NPK significantly in-
creased the biomass of total PLFA and each microbial group
(i.e., bacteria and fungi), possibly because the significant in-
crease in SOC (Tables 1 and 3) provided a large number of
substrates for different microbial growth. Many studies based
on high-throughput sequencing and quantitative PCR tech-
niques have also obtained similar conclusion; that is, NPK
balanced application or manure incorporation could increase
the abundance of soil bacteria and fungi (Sun et al. 2015; Hu
et al. 2017). In this study, the microbial relative abundance in
different treatments also showed large changes. NPKM sig-
nificantly improved the relative abundance of G− bacteria and
was marked by an increase in fatty acid 16:1 ω7c (Table S1,
Electronic Supplementary Material). Waldrop and Firestone
(2004) found that G− bacteria are the most sensitive microbial
group to labile organic substrates, and 16:1ω7c has typically
been identified as a prominent biomarker for the response of
soil microorganisms to manure amendment. The significant
decrease in the G+/G− ratio in NPKM indicated that soil con-
dition changed from oligotrophic to copiotrophic following
long-term fertilization (Fanin et al. 2014). However, the G+/
G− ratio in NPK significantly increased, despite the fact that

Fig. 2 Redundancy analysis of PLFA (a) and CLPP (b) of soil microbial
communities under different treatments in a long-term (1990–2014) fer-
tilization experiment in Qiyang, Hunan, China. CK non-fertilization con-
trol; N only chemical nitrogen fertilizer; NPK chemical nitrogen,

phosphorous, and potassium fertilizers; NPKM chemical nitrogen, phos-
phorous, and potassium fertilizers plus manure; C/N carbon to nitrogen
ratio

Table 3 Relationships among soil chemical variables and microbial
parameters analyzed by stepwise regression

Microbial parameters Independent variables R2 P

Total PLFA SOC 0.975 < 0.01

G+/G− pH, C/N 0.926 < 0.01

F/B TN, TK 0.881 < 0.01

sat/mono pH, SOC, AP 0.997 < 0.01

AWCD pH, CEC 0.983 < 0.01

S pH, C/N 0.856 < 0.01

H′ pH, C/N 0.896 < 0.01

D pH, TK 0.857 < 0.01

E pH 0.822 < 0.01

G+ /G− ratio of gram-positive bacterial to gram-negative bacterial bio-
mass, F/B ratio of fungal to bacterial biomass, sat/mono ratio of total
saturated fatty acids to total monounsaturated fatty acids, AWCD average
well color development, S substrate richness, H′ Shannon index, D
Simpson index, E Pielou index, SOC soil organic carbon, C/N carbon
to nitrogen ratio, TN total nitrogen, TK total potassium, AP available
phosphorus, CEC cation exchange capacity

J Soils Sediments (2018) 18:1853–1864 1859



application of chemical fertilizers also improved soil nutrition-
al status. The reason was that long-term chemical fertilizers
application exacerbated soil acidification, and thus, the bacte-
rial evolution tended to be dominated by G+ bacteria, which
were more protected because of their thicker cell walls
(Hammesfahr et al. 2008). As for N treatment, the soil pH
was the lowest and the nutritional condition was very poor,
neither suitable for G+ bacteria nor G− bacteria, so the G+/G−

ratio showed no significant change.
Fungal relative abundance in the NPKM treatment in-

creased significantly relative to CK, which supports the pre-
vious conclusion that manure application promoted soil fungal
growth, and the fungal abundance was proportional to the

application rate of manure (Ma et al. 2016). However, manure
incorporation increased fungal proportion at the expense of
actinomycetes, which is shown by an obvious decrease in
the proportion of fatty acid 17:1 ω7c 10-methyl in NPKM
(Table S1, Electronic Supplementary Material). The reason
was that improvement of soil nutritional condition caused by
manure amendment could exert survival pressure on actino-
mycetes (Ma et al. 2016). The increase in the F/B ratio was
beneficial for stabilizing and protecting soil organic carbon
and promoting the formation of soil aggregates (Six et al.
2006). Thus, the highest F/B value in NPKM indicated that
manure incorporation was an effective measure to regulate
microbial community structure and improve soil quality.
Because the range of optimum pH for bacterial growth is
narrow, while that for fungi is wider (Rousk et al. 2010), the
significant decrease in soil pH also increased fungal abun-
dance and F/B ratio in NPK and N treatments.

The higher sat/mono ratio indicated the stronger envi-
ronmental stress and vice versa (Fierer et al. 2003).
Application of chemical fertilizers, especially in the NPK
treatment, obviously alleviated soil nutrient insufficiency
or unavailability, but seriously exacerbated soil acidifica-
tion, resulting in a significant increase in the sat/mono ratio
(Table 2). Therefore, we infer that the negative impact of
soil acidification on microbial community was much great-
er than the positive impact of nutrition improvement. The
stepwise regression also identified soil pH as the primary
factor in determining the sat/mono ratio, followed by nu-
trient conditions (i.e., SOC and AP) (Table 3). On the con-
trary, NPKM not only increased soil nutrients but also re-
versed soil acidification; thus, the ratio of sat/mono
showed a slight decrease (Table 2).

Fig. 3 Linear correlation between
soil pH (a) and PLFA loading
scores on RDA1, linear
correlation between soil C/N (b)
and PLFA loading scores on
RDA2; linear correlation between
soil pH (c) and CLPP loading
scores on RDA2, linear correla-
tion between soil C/N (d) and
CLPP loading scores on RDA1 of
different treatments in a long-term
(1990–2014) fertilization experi-
ment in Qiyang, Hunan, China.
C/N carbon to nitrogen ratio

Fig. 4 Average well color development (AWCD) of soil microbial com-
munities under different treatments in a long-term (1990–2014) fertiliza-
tion experiment in Qiyang, Hunan, China. CK non-fertilization control; N
only chemical nitrogen fertilizer; NPK chemical nitrogen, phosphorous,
and potassium fertilizers; NPKM chemical nitrogen, phosphorous, and
potassium fertilizers plus manure. The error bar indicates standard
deviation
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RDA analysis further demonstrated that the composition of
microbial community was mainly affected by soil pH (Figs. 2a
and 3a). This result was consistent with some fertilization
studies (Ma et al. 2015; Sun et al. 2015). However, many
previous studies suggested that the availability of soil nutri-
ents drove the shifts in microbial community composition
(Zhong et al. 2010). The reason for this inconsistency
depended on the degree of soil pH change. Xun et al. (2015)
proposed a Brugby model^ to explain this phenomenon.When
soil pH showed a little change, soil nutrient conditions were
the main factors affecting the microbial community composi-
tion; on the contrary, when soil acidification or alkalization
was exacerbated, the effects of soil pH gradually increased,
while the effects of other factors were strictly limited. In this
study, CK and NPKM had similar soil pH, which might in-
duce the clustering of microbial community composition be-
tween them (Fig. 2a). Besides pH, soil C/N ratio acted as a
comprehensive indicator of soil nutrient status following long-
term fertilization, and also had impacts on soil microbial com-
munity compositions (Zhang et al. 2015).

4.3 Effects of long-term fertilization on CLPP

Manure application increased the carbon metabolic activity of
soil microorganisms (Ma et al. 2015). However, there were
minimal differences in carbon metabolic preference and in
functional diversity (S, H′, D, and E) between NPKM and
CK (Fig. 5b and Table 2). This suggested that NPKM and
CK had similar carbon metabolic patterns, which was further
demonstrated by the RDA of CLPP (Fig. 2b). Sun et al. (2015)
used high-throughput sequencing technique and found that
long-term manure incorporation did not change the bacterial
genetic diversity. Many studies repeatedly verified that bacte-
rial genetic diversity was mainly affected by soil pH, but less

affected by soil nutrient status (Hartman et al. 2008; Lauber
et al. 2009; Shen et al. 2013). Our results demonstrated that
soil pH is also the primary factor affecting the functional di-
versity of soil microorganisms (Table 3). Compared to long-
term application of chemical fertilizer, manure application is
an effective measure to maintain soil pH, so NPKM had high
level of microbial functional diversity similar to CK.

Many studies reported that the shifts in microbial commu-
nity composition will trigger the changes in microbial meta-
bolic function (Zhong et al. 2010; Fanin et al. 2014).
However, due to the inherent diversity, potential adaptability,
and functional redundancy of microorganisms (Birgander
et al. 2013; Yue et al. 2016), the response of microbial com-
munity composition and metabolic function to external distur-
bance may be asymmetric. In this study, long-term application
of NPK increased the total PLFA biomass by 2.2 times, but its
AWCD value was almost the same as CK (Fig. 4). The result
indicated that the carbon metabolic efficiency of soil microor-
ganisms decreased in NPK. In general, microorganisms enter
a low active metabolic state when they encounter unfavorable
environmental conditions, such as high temperature, drought,
or hypoxia; if the environmental conditions continue to dete-
riorate, they will take a bet-hedging strategy, such as metabol-
ic dormancy, while microbial biomass might be relatively less
affected (Lennon and Jones 2011; Rittershaus et al. 2013).
This phenomenon was particularly prominent in the N treat-
ment. As Compared to CK, the total PLFA in the N treatment
only decreased by 27.9%, but the carbonmetabolic ability was
almost completely inhibited (Fig. 4). This extreme situation
has rarely been reported in previous fertilization studies.
Stepwise regression analysis indicated that soil pH was the
primary limiting factor for the AWCD (Table 3). We hypoth-
esized that this might be related to soil acidification into the Al
buffer range, and speculated that the inhibitory effect of Al

Fig. 5 The metabolic activities (a) and relative abundance (b) of six
categories of carbon substrate by soil microbial communities under
different treatments in a long-term (1990–2014) fertilization experiment
in Qiyang, Hunan, China. CK non-fertilization control; N only chemical
nitrogen fertilizer; NPK chemical nitrogen, phosphorous, and potassium

fertilizers; NPKM chemical nitrogen, phosphorous, and potassium fertil-
izers plus manure; AM amines; AA amino acids; CH carbohydrates; CA
carboxylic acids; PC phenolic compounds; PM polymers. The error bar
indicates standard deviation
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toxicity on microbial metabolic activity was stronger than that
on microbial biomass (Dorea and Clarke 2008). In addition,
soil acidification also led to the significant decreases in micro-
bial functional diversity of NPK and N treatments (Tables 2
and 3), which was detrimental to crop health and ecosystem
stability (Sun et al. 2015). Treseder (2008) reported that ex-
cessive amounts of N react with soil C to produce polymers. In
this study, the relative abundance of polymers used in the N
treatment was increased from 15.50 to 40.22%, which might
be a response of soil microorganisms to environmental
change.

According to the RDA analysis, soil C/N ratio became the
deterministic factor affecting the metabolic patterns of micro-
bial community (Figs. 2b and 3d). Some studies reported that
soil microbial metabolism is regulated by the soil C/N ratio,
because this ratio is a comprehensive reflection of the quality
and quantity of soil C and N (Chen et al. 2015). When the
variation in soil C/N is small, soil microorganisms could ad-
just their macromolecular compositions and alter their intrin-
sic biochemical stoichiometry to adapt to soil C/N changes;
however, when the variation exceeds the microbial self-
regulating ability, the microbial community composition will
eventually be dominated by groups with different metabolic
patterns (Sistla and Schimel 2012). Unlike PLFA profiles, soil
pH became the second important driving factor affecting mi-
crobial metabolic pattern (Figs. 2b and 3c). Although soil
microbial community composition could be dramatically
reshaped by pH, due to the characteristics of functional redun-
dancy, the different microbial communities could metabolize
similar carbon source (Ma et al. 2015). In addition, the CLPP
method has the disadvantage of being biased by incubation
conditions and not incorporating the contributions of fungi
and slow-growing bacteria, so the effects of pH on soil micro-
bial metabolic patterns may not be completely reflected in
current results.

5 Conclusions

Our results demonstrated that different long-term fertilizations
triggered asymmetric effects on microbial community compo-
sitions and metabolic functions in acidic Ultisols of southern
China. The negative effects of Ultisol acidification induced by
long-term application of chemical N fertilizer on microorgan-
isms overwhelmed the positive effects of soil nutrition im-
provement. The inhibiting effect of serious Ultisol acidifica-
tion on microbial metabolic function was stronger than that on
community composition. In this study, NPK increased the
total PLFA biomass, while its AWCD was not significantly
different from CK; N slightly decreased the total PLFA bio-
mass, but almost completely inhibited metabolic activity. In
summary, we speculated that in situations of serious Ultisol
acidification, microorganisms live in a low active metabolic

state to resist severe soil acidity. In contrast, manure incorpo-
ration was an effective measure to alleviate soil acidity, in-
crease total PLFA biomass and metabolic activity, and main-
tain the stability of microbial community composition, meta-
bolic pattern, and functional diversity. Therefore, fertilization
in acidic Ultisols should be based on the premise of preventing
soil further acidification. This work helps us to better under-
stand how long-term fertilization affects microbial community
composition and metabolic function in acidic Ultisol agro-
ecosystems.
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