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Nitrogen (N) and phosphorus (P) fertilization has the potential to alter soil respiration temperature sensitivity
(Q10) by changing soil biochemical and crop physiological process. A four-year field experiment was conducted
to determine howQ10 responded to these biochemical and physiological changes in rain-fed agro-ecosystems on
the semi-arid Loess Plateau. Soil respiration, as well as biotic and abiotic factors were measured in winter wheat
(Triticum aestivum L.), with three fertilization treatments: (no fertilization (CK), 160 kg N hm−1 (N), and
160 kg N ha−1 with 39 kg P ha−1 (N + P). Mean annual soil respiration rate (calculated by averaging the four
years) in the N treatment and N + P treatment was 18% and 48% higher than that in the CK treatment, respec-
tively; and it was increased by 26% (14%–48%) in the N+ P treatment as comparedwith that in the N treatment.
The decrease ofQ10 in the N and N+ P treatments against the CK treatment was not stable for each year, ranging
from 0.01 to 0.28. The maximum decrease of Q10 in the N and N+ P treatments was 10% and 15% in 2014–2015,
while in other years the decrease of Q10 was numerical but not significant. Soil microbial biomass carbon (SMBC)
was increased by 10% and 50%, dissolved organic carbon (DOC)was increased by 6% and 21%, and photosynthesis
rate was increased ranging from 6% to 33% with N and N + P fertilization. The relative abundance of
Acidobacteria, Actinobacteria and Chloroflexi were significantly higher by 32.9%–54.1% in N addition soils (N
and N + P) compared to CK treatment, whereas additional P application into soils increased the relative abun-
dance of the familyMicrococcaceae, Nocardioidaceae and Chitinophagaceae. Soil respirationwas positively relat-
ed to SMBC, DOC and photosynthesis rate (p b 0.05). However, variation in Q10 may be related to the increase of
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soilmineral N content and variation of the relative abundance of soilmicrobial community in our study. Nitrogen
and additional phosphorus fertilization regimes affect soil respiration and temperature sensitivity differently.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Temperature sensitivity of soil respiration (often expressed as
Q10) is regarded as an important mechanism for the possible feed-
back between the carbon cycle in terrestrial ecosystem and the cli-
mate system (Davidson and Janssens, 2006; Jiang et al., 2015a,
2015b, 2015c). Small variation in Q10 can cause a large bias in esti-
mating soil CO2 release into atmosphere (Xu and Qi, 2001). There is
increasing evidence suggesting that Q10 is not constant but influ-
enced by many factors. For instance, soil temperature, soil moisture
(Janssens and Pilegaard, 2003; Kirschbaum, 1995; Qi and Xu, 2001;
Schleser, 1982), and soil nutrient availability (Johnson et al., 2000;
Jiang et al., 2015a) by changing soil microbial growth, composition
and activity (Jia et al., 2010; Li et al., 2013; Yu et al., 2013; Contosta
et al., 2015), and growth of above-ground and root biomass
(Pregitzer et al., 2000; Jiang et al., 2015a). Chemical fertilization, as
a common management practice in agro-ecosystems, can extensive-
ly change soil biological processes and crop primary productivity
(Vitousek et al., 2010). However, the mechanism underlying the re-
sponses of soil respiration and Q10 to chemical fertilization regimes
remains unclear.

Application of nitrogen (N) and phosphorus (P) fertilizer into
soil-crop system could induce changes in crop physiological process-
es and soil biochemical processes (Beauregard et al., 2010; Tully et
al., 2015; Wood et al., 2015). N fertilization directly or indirectly
alter soil microbial community structure (Wakelin et al., 2012;
Turlapati et al., 2013; Pan et al., 2014; Yao et al., 2014), microbial
growth and activity (Jia et al., 2010; Li et al., 2013; Yu et al., 2013;
Contosta et al., 2015). It has context-dependent consequences, with
possible outcomes on the microbial community of inhibition, stimu-
lation, or no effect (Hopkins et al., 2008; Ramirez et al., 2012; Ball
and Virginia, 2014). In addition, the availability of N is shown to
have a significant effect on the photosynthesis rate and the allocation
of photosynthetic products between aboveground and belowground
components (Bobul'ska et al., 2015; Shukla et al., 2015), root biomass
and root tissue N content (Majdi, 2001; Burton et al., 2002; King
et al., 2002), and dissolved organic carbon (DOC) content (Zhong
et al., 2015). DOC, as an indicator of carbon availability to soil micro-
organisms (Boyer and Groffman, 1996), it is both a substrate for mi-
crobial activity and a byproduct of the subsequent microbial
metabolic processes (Marschner and Kalbitz, 2003; Straathof et al.,
2014). In addition, soil N: P ratio can influence soil microbial biomass
carbon (SMBC), DOC, photosynthesis rate and some other biochem-
ical processes (Ball and Virginia, 2014). Therefore, additional phos-
phorus fertilization, via influencing in situ soil N: P ratio, crop
growth, microbial organisms activity (Liu et al., 2012), may also
cause changes in soil respiration and Q10.

However, the effects of chemical fertilization regimes on soil res-
piration and Q10 remain poorly understood. In this study, soil respi-
ration, soil properties, biological indicators were measured in
winter wheat systems on the semi-arid Loess Plateau. The main pur-
poses of this study were to: 1) identify the responses of soil respira-
tion and temperature sensitivity to N and N + P fertilization; 2)
determine the changes in SMBC, DOC, photosynthesis rate and soil
microbial community structure among fertilization regimes; and 3)
explore the factors potentially influencing the temperature sensitiv-
ity of soil respiration in winter wheat systems on the semi-arid Loess
Plateau under N and N + P treatments.
2. Materials and methods

2.1. Site description

On the Loess Plateau, the area of arable land is about 145, 000 km2,
and N70% of crops are planted in rain-fed areas and thus are particularly
susceptible to the impacts of climate change (Jiang et al., 2015a). A long-
term field experiment was established in September 1984 at Changwu
State Key Agro-Ecological Experimental Station located in
Wangdonggou (35°13′N, 107°40′E; 1220 m a.s.l), Changwu Country,
Shaanxi Province, China (Fig. 1). The study area is a typical tableland-
gully region in the southern Loess Plateau in the middle reaches of the
Yellow River. It has a continental monsoon climate characterized by
hot summers and cold winters. Annual mean precipitation is 560 mm,
60%ofwhich occurs between July and September. Annualmean air tem-
perature is 9.4 °C, and the ≥10 °C accumulated temperature is 3029 °C,
and the annual sunshine duration is 2230 h with a total radiation of
484 kJ cm−2, and frost-free period of 171 days. All meteorological data
during the experiment time were provided by Changwu State Key
Agro-Ecological Experimental Station (Fig. 2).

The soil is a uniform loam of loess deposits belonging to Cumulic
Haplustolls according to American Soil Classification System and origi-
nated from parent material of calcareous loess. Soils collected at 0–
20 cm depth are characterized by: pH of 8.3 (1:1 soil/H2O suspension),
clay content (b0.002 mm) of 24%, field capacity of 22.4%, permanent
wilting point of 9.0%, and CaCO3 of 10.5% (Wang et al., 2015a, 2015b;
Zhang et al., 2015).

2.2. Experimental design

Given the fact that single P fertilization is not commonly applied on
the Loess Plateau but more to use N or N + P fertilization regimes, we
attempted to exactly follow the local agriculturemanagementwhen de-
signing the experimental treatments. Therefore, three fertilization re-
gimes, no fertilization (CK), 160 kg N hm−1 (N), and 160 kg N hm−1

and 39 kg P hm−1(N + P), were applied to winter wheat (Triticum
aestivum L., cv. Changwu 89 (1) 3–40). All treatments were arranged
in a randomized block design with three replicates per treatment.
Each plot was 18 m long by 5.5 m wide and spaced 0.5 m apart, and
blocks were separated by a 1.0 m strip. N fertilizer (urea, 46.0% N) and
triple superphosphate fertilizer (46% P2O5) were broadcasted 5–7 days
prior to sowing. Tillage was performed to prepare a seed bed prior to
sowing, and wither wheat was planted in September in 20 cm wide
rows at a seeding rate of 150 kg ha−1. Weeds were removed manually
and plant protection measures were applied as needed. The wheat
was harvested manually by cutting close to the ground, and all harvest-
ed biomass was removed from the plots at physiological maturity (late
June) each year.

2.3. Measurements of soil respiration, soil temperature, and soil moisture

Soil respiration was measured using an automated soil CO2 flux sys-
tem equipped with a portable chamber of 20 cm in diameter (Li-8100,
Lincoln, NE, USA). Before the measurement, all visible living organisms
were artificially removed. At least two measurements were taken for
each plot, with a 90 s enclosure period and a 30 s delay between the
two measurements, and the average of the two measurements was
taken as the soil respiration. However, if the variation between these



Fig. 1. A sketch map of the Loess Plateau, China.
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two measurements was larger than 15%, one or more measurements
were taken until the variation between two consecutive measurements
was b15%. The measurement was conducted from 09:00 am to
11:00 am (Iqbal et al., 2010) about every 15 days from July 2011 to
June 2015. Soil bulk density at 0–5 cm depth wasmeasured using a cut-
ting ring of 5 cm in both depth and diameter.

Along with the soil respiration measurements, soil temperature and
moisture at 5-cm depthwere alsomeasured (3 and 4 replicates per col-
lar, respectively) in different directions, each 10 cm distant away from
the collar. The soil temperature was measured using a Li-Cor thermo-
couple probe, and the soil moisture was determined by a Theta Probe
ML2X with an HH2 moisture meter (Delta-TDevices, Cambridge,
England). Soil water-filled pore space (WFPS) was calculated by the
following equation (Ding et al., 2007):

WFPS %ð Þ ¼ volumetric water content=100� 2:65−soil bulk densityð Þ=2:65½ �
ð1Þ
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Fig. 2. Variation of precipitation (mm) and air temperature
2.4. Sampling and analysis

Soil samples were collected using a soil auger of 3 cm in diameter
both during the growing and fellow season in the last experimental
year (2014–2015), and each sample consisted of six subsamples
which randomly collected at top soil (0–20 cm). Each sample was
passed through a 2.0-mm sieve and allocated into three subsamples:
one part stored at −80 °C for DNA extraction, one part stored at 4 °C
for the measurement of SMBC and soil mineral N content
(NO3\\N + NH4\\N), and the last part was air dried and then crushed
to pass through a 0.15 mm sieve. Soil organic carbon (SOC) was deter-
mined using the K2CrO7\\H2SO4 oxidation method (Sparks et al.,
1996); theN concentrations in soil sampleswere determined by acid di-
gestion according to the Kjeldahl method (Grimshaw et al., 1989); DOC
was determined using a total organic carbon analyzer (TOC-VCSH,
Shimadzu, Japan) (Fujii et al., 2011); and extractable NO3\\N and
NH4\\N were extracted with KCl and determined by colorimetry
using a Bran & Luebbe II AutoAnalyser (Fernandez-Escobar et al., 2009).
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Fig. 3. Variation of soil temperature (°C) and soil moisture (%WFPS) over the experimental period from 2011 to 2015.
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SMBC was determined by the chloroform fumigation-extraction
method (Vance et al., 1987), a well-recognized method to estimate
SMBC in various ecosystems (van Gestel et al., 2011). Photosynthesis
rate was measured with a LI-6400 Portable Photosynthesis System (LI-
COR, Lincoln, Nebraska, USA) under natural conditions in different phe-
nological phases in 2014–2015, and all the measurements were taken
from 9 am to 11 am to avoid the decrease in photosynthesis at midday
(Wang et al., 2015a, 2015b).

Soil DNA was extracted from 0.5 g soil using the FastDNA® Spin Kit
for Soil (MP Biomedicals, Cleveland, OH, USA) according to the
manufacturer's instructions. The purified DNA was diluted with 50 μl
sterilized water and checked for quality and quantity using a NanoDrop
Spectrophotometer.

DNA was amplified using the primers 515F (50-GTGCCAGC
MGCCGCGGTAA-30) and 806R (50-GGACTACHVGGGTWTCTAAT-30)
designed to be universal for bacteria and archaea (Caporaso et al.,
2011). Primers were tagged with unique barcodes for each replicate
DNA sample. PCR reactions were carried out in a 30-μl mixture with
15 μl of Phusion®High-Fidelity PCRMasterMix (New England Biolabs),
0.2 μM of each primer, and about 10 ng template DNA. The thermal
Table 1
Mean soil moisture, mean soil temperature and cumulative respiration over the study period 2

Year Treatment Soil moisture (%)

2011–2012 CK 45.79 ± 14.59a
N 43.18 ± 13.80a
N + P 44.08 ± 14.44a

2012–2013 CK 28.37 ± 12.64a
N 27.35 ± 11.57a
N + P 29.67 ± 11.77a

2013–2014 CK 33.29 ± 3.50a
N 38.45 ± 9.17a
N + P 33.06 ± 12.20a

2014–2015 CK 41.74 ± 17.67a
N 42.03 ± 18.84a
N + P 39.10 ± 18.93a

Mean value CK 37.30 ± 7.91a
N 37.75 ± 7.22a
N + P 36.48 ± 16.40a

Note: Different letters represent significant differences between the treatments (p b 0.05), valu
cycling was as follows: 98 °C for 1 min; 30 cycles of 98 °C for 10 s,
50 °C for 30 s, and 72 °C for 1 min; and 72 °C for 5 min. Negative con-
trols using sterilized water instead of soil DNA were included to
avoid primer or sample DNA contamination. Each DNA sample was
amplified in three technical replicates and then quantified with elec-
trophoresis andmixed in one tube. All samples were pooled together
with equal molar amounts from each sample and purified with the
GeneJET gel extraction kit (Thermo Scientific). The purified library
was generated using NEB Next® Ultra™ DNA Library Prep Kit for
Illumina (NEB, USA) and mixed with the index codes. The library
quality was assessed in the Qubit® 2.0 Fluorometer (Thermo Scien-
tific) and Agilent Bioanalyzer 2100 system. Then, the library was se-
quenced on an Illumina MiSeq platform by which 250 bp/300 bp
paired-end reads were generated.

All sequence reads were merged using FLASH (Magoč and Salzberg,
2011) and assigned to each sample according to their barcodes. Se-
quence analysis was performed by UPARSE software package using
the UPARSE-OTU and UPARSE-OTUref algorithms (Edgar, 2013). Se-
quences with ≥97% similarity were clustered into operational taxonom-
ic units (OTUs). The aligned 16S rRNA gene sequences were used for a
011–2015.

Soil temperature (°C) Soil respiration (μmol m−2 s−1)

12.82 ± 9.39a 0.99 ± 0.62c
12.90 ± 9.44a 1.16 ± 0.75b
12.53 ± 9.02a 1.49 ± 0.84a
14.17 ± 7.85a 1.14 ± 0.49b
14.40 ± 7.86a 1.15 ± 0.47b
14.33 ± 7.89a 1.70 ± 0.74a
15.10 ± 9.02a 1.22 ± 0.62c
15.44 ± 9.10a 1.48 ± 0.86b
15.17 ± 9.30a 1.69 ± 0.84a
13.21 ± 8.07a 1.23 ± 0.75c
13.39 ± 8.02a 1.62 ± 0.85b
13.08 ± 7.97a 1.86 ± 0.94a
13.83 ± 1.02a 1.15 ± 0.11c
14.03 ± 1.13a 1.35 ± 0.24b
13.78 ± 1.20a 1.69 ± 0.15a

es are means of three replicates ± SE.

Image of Fig. 3
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chimera check using the Uchime algorithm (Edgar et al., 2011). Taxon-
omy was assigned using the Ribosomal Database Project classifier
(Wang et al., 2007). Each sample was rarefied to the same number of
reads (28,318 sequences) for both alpha-diversity (Chao1 estimator of
richness, observed species and Shannon's diversity index) analyses.
The original sequence data are available at the European Nucleotide Ar-
chive (ENA) with accession number PRJEB11700 (http://www.ebi.ac.
uk/ena/data/view/PRJEB11700).

2.5. Root biomass

Tominimize root heterogeneity, six soil cores (0–20 cm)were taken
in each plot (three cores at the middle of two rows, and the other three
cores at rows) using a sharp iron tube (9 cm in diameter), and mixed
well for the measurement of root biomass. Roots were separated from
soils by soaking in water and gentle washing over a 0.25 mm mesh.
Wet roots were oven dried at 60 °C for 48 h to a constant weight.

2.6. Data analysis

A univariate exponential function model was used to characterize
the relationship between soil respiration and soil temperature
(Davidson et al., 1998):

y ¼ β0e
β1T ð2Þ

where y is the measured soil respiration (μmol m−2 s−1), T is the
measured soil temperature (°C) at a certain depth, and β0 and β1 are
constants fitted by the least squares method.

The Q10 values were calculated by Eq.(3) (Xu and Qi, 2001):

Q10 ¼ e10β1 ð3Þ

Data (mean ± SD, n = 3) were subjected to ANOVA, followed by a
LSD test for post hoc comparisons of means. Statistical significance
was defined as p ≤ 0.05. The seasonal soil respiration rate and the vari-
ance of cumulative respiration were analyzed using mixed and general
linear models, respectively; and the relationship between soil respira-
tion and temperature, SMBC, DOC, and photosynthesis rate was
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Fig. 4. Dynamics of soil respiration (μmol m−2 s−1) from 2011 to 2015 in wheat sy
determined by regression analysis. All analyses were performed using
SAS software.

3. Results

3.1. Soil temperature and soil moisture

Soil temperature at 5-cm depth in the CK, N and N + P treatments
showed very similar seasonal and annual variations (Fig. 3a), which
was in good agreement with the variation of air temperature (Fig. 2).
The lowest soil temperature was recorded in spring andwinter, where-
as the highest onewas recorded in summer. Themean soil temperature
over the study period was 13.83 °C, 14.08 °C and 13.78 °C in the CK, N
and N + P treatments, respectively (Table 1).

Soil moisture at 0–5 cmdepth fluctuated significantly in response to
the irregular rainfall (Figs. 2 and 3b). The mean annual soil moisture
over the study period was 37.30%, 37.75% and 36.48% WFPS in the CK,
N and N + P treatments, respectively (Table 1).
yyy-m-d)

013-8-1  

2013-12-1  

2014-4-1  

2014-8-1  

2014-12-1  

2015-4-1  

2015-8-1

stems under different N fertilization treatments on the semi-arid Loess region.

http://www.ebi.ac.uk/ena/data/view/PRJEB11700
http://www.ebi.ac.uk/ena/data/view/PRJEB11700
Image of Fig. 5
Image of Fig. 4


Table 2
Effects of fertilization on SMBC, DOC, and photosynthesis rate during different growing seasons.

Treatment Returning green Elongating Flowering Filling Ripening Mean

SMBC (mg kg−1)
CK 91.8 ± 21.3a 91.5 ± 20.7b 182.0 ± 25.5b 136.8 ± 18.1b 252.1 ± 13.1b 150.4 ± 67.92b
N 96.8 ± 17.9b 109.6 ± 18.1b 202.9 ± 10.4b 143.2 ± 21.8b 250.6 ± 7.2b 158.6 ± 67.49b
N + P 110.5 ± 20.6a 205.7 ± 13.4a 252.7 ± 23.7a 160.3 ± 45.9a 340.0 ± 14.2a 213.8 ± 88.09a

DOC (mg kg−1)
CK 15.7 ± 0.7b 13.5 ± 3.1a 30.7 ± 4.1b 38.7 ± 7.7b 24.8 ± 3.7c 24.7 ± 10.5b
N 16.5 ± 1.4b 14.4 ± 2.5a 33.4 ± 2.5b 40.2 ± 6.1b 29.2 ± 6.5b 26.6 ± 11.3b
N + P 19.3 ± 3.2a 15.4 ± 1.2a 42.5 ± 5.5a 61.1 ± 15.2a 31.7 ± 3.3a 34.0 ± 18.5a

Photosynthesis (μmol CO2 m−2 s−1)
CK 15.8 ± 1.0b 16.1 ± 1.1c 18.2 ± 0.4a 17.2 ± 1.3b / 16.8 ± 1.1b
N 16.7 ± 0.4b 18.3 ± 1.1b 17.6 ± 0.3b 17.4 ± 0.8b / 17.8 ± 0.9b
N + P 18.1 ± 0.4ba 24.5 ± 1.1a 19.8 ± 0.8a 18.5 ± 2.5a / 20.2 ± 3.0a

Note: Different letters represent significant differences between the treatments during the same period (p b 0.05), values are means of three replicates ± SE.
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3.2. Responses of soil respiration to N and N + P fertilization

Soil respiration showed similar seasonal and annual variations in the
CK, N and N+P treatments. It increased gradually with increasing tem-
perature fromMarch to June, and decreased quickly as the temperature
declined after October. The highest soil respirationwas recorded inMay
(Fig. 4).

There was a significant difference in soil respiration rate among
the CK, N and N + P treatments (Table 1). The mean annual soil res-
piration rate (calculated by averaging the four years) in the N treat-
ment (1.35 μmol m−2 s−1) and the N + P treatment
(1.69 μmol m−2 s−1) was 18% and 48% higher than that in the CK
treatment (1.15 μmol m−2 s−1). It was on average increased by
26% (14% − 48%) in the N + P treatment as compared to that in
the N treatment (Table 1).

3.3. Responses of Q10 to N and N + P fertilization

Nitrogen and additional phosphorus in the N + P treatment in gen-
eral decreased temperature sensitivity of soil respiration (Fig. 5), but the
decrease was not stable for each year, ranging from 0.01 to 0.28. The
maximum decrease of Q10 in the N and N + P treatments was 10%
and 15% in 2014–2015, but in other years the decrease of Q10 was
numerical but not significant. After averaging the four years, the mean
annual Q10 in the N and N + P treatments slightly decreased by 8%
(N: 1.44) and 7% (N + P: 1.46) when compared with that in the CK
treatment (1.57). It was also noted that additional phosphorus in the
N+P treatment, although not significantly (p b 0.05), (p b 0.05), result-
ed in an increase in Q10 when compared with N fertilization alone
(Fig. 5).

3.4. Responses of SMBC, DOC, and photosynthesis to N and N + P
fertilization

Comparedwith the CK treatment, N fertilization alone had no signif-
icant effect on SMBC, DOC and photosynthesis during the experimental
period; whereas N + P fertilization resulted in a significant increase in
SMBC, DOC, and photosynthesis (p b 0.05). More specifically, SMBC in
the N treatment (158.6 mg kg−1) and the N + P treatment
(213.8 mg kg−1) were 6% and 42% higher than that in the CK treatment
Table 3
Effects of fertilization on SOC, soil total N (STN) and soil mineral N (NO3\\N + NH4\\N) and so

Treatment SOC (g kg−1) STN (g kg−1) NO3\\N +

CK 6.6 ± 0.2b 0.82 ± 0.02 a 12.72 ±
N 6.7 ± 0.2 b 0.85 ± 0.05 a 22.33 ±
N + P 7.9 ± 0.4 a 0.94 ± 0.05 a 15.19 ±
(150.8mgkg−1); DOC in theN treatment (26.1mgkg−1) and theN+P
treatment (34.6 mg kg−1) were 8% and 37% higher than that in the CK
treatment (24.7 mg kg−1); and photosynthesis rate in the N treatment
(20.0 μmol CO2 m−2 s−1) and the N + P treatment (22.5 μmol
CO2 m−2 s−1) were 5% and 20% higher than that in the CK treatment
(18.4 μmol CO2 m−2 s−1). In addition, SMBC, DOC and photosynthesis
rate in the N + P treatment were 33%, 32% and 14% higher than that
in the N treatment, respectively (Table 2). When compared to the CK
treatment, root biomass significantly reduced by 33.9% with N fertiliza-
tion alone, whereas increased by 15%with N+ P fertilization (p b 0.05)
(Table 3).

3.5. Responses of SOC and soil mineral N to N and N + P fertilization

N+ P fertilization resulted in an increase in SOC and soil mineral N
content (Table 3). The SOC contentwas 6.56, 6.65 and 7.16 g kg−1 in the
CK, N andN+P treatments, respectively. However, N fertilization alone
resulted in a 75% increase in soil mineral N content when compared to
the CK treatment (22.33 vs. 12.72 mg kg−1; p b 0.05). It was
noted that the soil mineral N content in the N + P treatment
(15.19 mg kg−1) was higher than that in the CK treatment, but lower
than that in the N treatment.

3.6. Soil respiration normalized by root biomass, SOC and SMBC

The soil respiration rates per unit root biomass in the N and N + P
fertilized soils were significantly increased by 77.9% (2.42 vs.
1.36 t t−1) and 27.9% (1.74 vs. 1.36 t t−1) against the CK treatment
(p b 0.05). However, the increase of soil respiration rates per unit SOC
in the N (0.27 g g−1) and N + P (0.32 g g−1) treatments against the
CK treatment (0.29 g g−1) was numerical but not significant. Soil respi-
ration rates per unit SMBC was barely changed, ranging from
11.60 mg g−1 in the N + P treatment to 12.17 mg g−1 in the N treat-
ment (Table 4).

3.7. Responses of microbial communities to N and N + P fertilization

TheChao1 richness, observed species andOUTnumberswere lowest
in CK soil, whereas the Shannon's diversity index was no significant
different among CK, N and N + P (Table 5). The relative abundances
of phylum Acidobacteria, Actinobacteria, and Chloroflexi were
il total phosphorous (STP).

NH4\\N (mg kg−1) STP (g kg−1) Root biomass(t ha−1)

3.32 b 0.68 ± 0.02 a 3.19 ± 0.52 b
8.92 a 0.68 ± 0.01 a 2.11 ± 0.13 c
4.32 b 0.91 ± 0.03 a 3.67 ± 0.16 a



Table 6
Relative abundances of soil bacterial communities changed by fertilization at phylum,
class, order, family, and genus levels.

Prokaryotic communities CK N N + P

Phylum
Acidobacteria 12.5 ± 1.1 b 18.17 ± 0.4 a 18.25 ± 0.81 a
Actinobacteria 19.67 ± 0.43 c 28.87 ± 0.33 a 26.14 ± 0.46 ab
Bacteroidetes 2.14 ± 0.48 a 2.19 ± 1.16 a 2.73 ± 0.01 a
Chloroflexi 4.82 ± 0.56 c 7.18 ± 0.31 ab 7.43 ± 0.15 a
WS3 0.55 ± 0.01 a 0.31 ± 0.04 b 0.39 ± 0.02 ab

Class
Acidobacteria subdivision 6 4.58 ± 0.65 b 8.77 ± 0.36 a 8.55 ± 0.56 a
Actinobacteria 7.59 ± 0.08 b 11.83 ± 0.9 a 11.15 ± 0.33 a
Thermoleophilia 5.46 ± 0.83 b 9.69 ± 0.15 a 8.4 ± 0.18 a
Chloracidobacteria 2.85 ± 0.14 b 5.01 ± 0 a 5.03 ± 0.01 a
Thermomicrobia 0.53 ± 0.1 c 1.85 ± 0.03 a 1.37 ± 0 b
Gemmatimonadetes 4.31 ± 0.08 a 3.67 ± 0.08 a 3.07 ± 0.01 b
Gemm-3 0.51 ± 0 c 1.12 ± 0.04 a 0.86 ± 0.02 b

Order
iii1–15 3.09 ± 0.31 b 6.4 ± 0.24 a 5.71 ± 0.05 a
Actinomycetales 7.38 ± 0.08 b 11.57 ± 0.92 a 10.86 ± 0.3 a
Acidimicrobiales 3.08 ± 0.01 a 2.92 ± 0.08 a 2.86 ± 0.07 a

Family
Geodermatophilaceae 2.15 ± 0.26 b 3.89 ± 0.42 a 2.72 ± 0.21 ab
Gaiellaceae 1.65 ± 0.29 b 2.42 ± 0.08 a 2.43 ± 0.02 a
Micrococcaceae 1.33 ± 0.08 c 1.36 ± 0.11 b 2.22 ± 0.11 a
Nocardioidaceae 0.75 ± 0.06 c 1.38 ± 0.06 a 1.25 ± 0.04 b
Rubrobacteraceae 1.35 ± 0.11 a 0.82 ± 0.02 b 0.93 ± 0.05 b
Solirubrobacteraceae 0.67 ± 0.07 b 1.45 ± 0.03 a 11.6 ± 0.06 a
Chitinophagaceae 2.22 ± 0.22 a 0.84 ± 0.05 c 1.29 ± 0.03 b
Xanthomonadacea 1.26 ± 0.14 b 1.84 ± 0.16 a 1.96 ± 0.09 a
Sinobacteraceae 1.69 ± 0.05 a 1.09 ± 0.03 b 1.34 ± 0 b

Genus
Actinomadura 0.07 ± 0.01 a 0.09 ± 0.01 a 0.08 ± 0.01 a
Arthrobacter 1.31 ± 0.08 b 1.31 ± 0.1 b 2.2 ± 0.1 a
Modestobacter 0.21 ± 0 b 0.44 ± 0.05 a 0.31 ± 0.02 ab
Streptomyces 0.45 ± 0.02 b 0.64 ± 0.03 a 0.64 ± 0.02 a
Modestobacter 0.21 ± 0 b 0.44 ± 0.05 a 0.31 ± 0.02 ab

Note: Values with different letters in a row mean significant difference at p b 0.05, values
are means of three replicates ± SE.

Table 4
Soil chemical and microbial properties in situ field experiment.

Items CK N NP

Rs rate (g CO2 – C kg −1 year−1) 1.75 ± 0.04 b 1.93 ± 0.09 b 2.48 ± 0.07 a
Rs/Root biomass (t t−1) 1.36 ± 0.21 c 2.42 ± 0.23 a 1.74 ± 0.31 b
Rs/SOC (g g−1) 0.27 ± 0.20 a 0.29 ± 0.05 a 0.32 ± 0.08 a
Rs/MBC (mg g−1) 11.63 ± 0.59 a 12.17 ± 1.33 a 11.60 ± 0.80 a

Note: Rs rate: soil respiration;MBC:microbial biomass C; Valueswith different letters in a
columnmean significant difference at p b 0.05, values are means of three replicates ± SE.
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significantly higher 45.4%, 46.8%, 49.0% (N), and 46%, 32.9%, 54.1%
(N+P) comparedwith that in theCK treatment, respectively. However,
additional phosphorus in the N + P treatment application into soils
increased the relative abundance of the family Micrococcaceae,
Nocardioidaceae and Chitinophagaceae (Table 6).

4. Discussions

4.1. Responses of soil respiration to N and N + P fertilization

The increasedmean annual soil respiration (by 18%) after long-term
N fertilization (Table 1), clearly illustrates the stimulating effects of N
fertilization to soil respiration. This is possibly because long-term N fer-
tilization had increased the soil mineral N content on the Loess Plateau
where normally has low availability of natural N in soils (Zhu, 1989).
Themean annual soil respiration was also significantly positively corre-
lated with SMBC, DOC and photosynthesis rate (p b 0.05) (Fig. 6). This
was probably because the higher soil mineral N content under fertilized
soils stimulated photosynthesis rate, soil microbial population size and
microbial activity (Table 2), via either directly or through increased or-
ganic matter quality and decomposition, or enhanced carbon availabili-
ty (Pregitzer et al., 2000; Uselman et al., 2000; Ball and Virginia, 2014).

Additional phosphorus in the N + P treatment significantly stimu-
lated soil mineral N uptake and result a higher crop growth (Table 3).
N + P fertilization resulted in a 26% increase in soil respiration as
compared with the N fertilization, which is similar to previous study
(Liu et al., 2012). Higher SMBC, DOC and photosynthesis rate in the
N + P treatment contributed much to soil respiration (Table 2 and
Fig. 6). In addition, the Chao1 richness which could represent the total
species was highest, 36.3% and 37.4% higher than that in the N and CK
treatments (Table 5). The mechanism of the effect of additional phos-
phorus on soil respiration may be because the increased P availability
could influence multiple cellular pathways (Stitt and Hurry, 2002;
Plaxton and Podesta, 2006). The increased in situ N:P ratio (Table 3),
resulting in different responses to additional N, just as previous study:
soil communities may inhibit soil respiration when N N P, but stimulate
soil respiration when N b P (Ball and Virginia, 2014). Further investiga-
tion with isotope labeling method can be done to explore the mecha-
nism of synthetic effects of N and additional phosphorus fertilization
on soil respiration.

Significantly increased soil respiration rates per unit root biomass in
the fertilized soils is possibly because of the higher soil N availability in
fertilized soils (Tables 3 and 4), which probably induced greater meta-
bolic activity per unit root mass (Burton et al., 2000). However, the
hardly changed soil respiration rates per unit SOC or soil SMBC in our
study was not consistent with the results for the global data set on mi-
crobial respiration per unit microbial biomass about soil litter layers
Table 5
Prokaryotic diversity indices at 97% sequence similarity of 16S rRNA gene sequence calculated

Treatment Chao1 estimator of richness Observed sp

CK 3341 ± 103 b 2951 ± 99
N 3370 ± 13 4b 3098 ± 63
N + P 4592 ± 68 a 3279 ± 32

Note: Values with different letters in a column mean significant difference at p b 0.05, values a
reported by Spohn (2015), and the cultivated experiment during long
term composting of straw by Eiland et al. (2001). In fact, these values
must be interpreted with great cautions to the complex of soil respira-
tion in situ, as the observed soil respiration rates were actually integra-
tive values from root respiration, microbial respiration as well as SOC
decomposition. Our results call for a further investigation with specific
isotope analysis to effectively identify the relative contributions from
microbial respiration or root respiration to soil CO2 emission.

4.2. Shifts of Q10 under N and N + P addition

In our study,Q10wasdecreased in theN andN+P treatment against
unfertilized soil, indicating that N fertilization could decrease sensitivity
of soil respiration to temperature changes, while additional P fertiliza-
tion had no significant influence. This is probably because N fertilization
increased soil carbon availability through improved photosynthesis and
crop growth (Table 2). This could further lead to a decrease in the C:N
ratios in the residues and ease mineralization with lower activation en-
ergy required for chemical and microbial decomposition (Leifeld and
based on 28,313 sequences for each sample.

ecies Shannon's diversity index OUT number

c 9.82 ± 0.08 a 3398 ± 103 c
ab 9.83 ± 0.05 a 4213 ± 53 ab
a 9.88 ± 0.04 a 4578 ± 128 a

re means of three replicates ± SE.
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Fig. 6. Relationship between soil respiration and SMBC (a), DOC (b) and photosynthesis rate (c).
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von Lutzow, 2014; Jiang et al., 2015b). With the N + P treatment, the
soil mineral N content was decreased compared to N fertilization
(Table 3), suggesting that the additional phosphorus in the N+ P treat-
ment significantly stimulated soil mineral N uptake and result a higher
crop growth. This may further lead to greater C:N ratios in soil, which
consequently resulted in increased Q10 (Wang et al., 2015a, 2015b).
Therefore, our results were consistentwith the enzyme-kinetic hypoth-
esis which predicted degradation of low-quality substrate has a higher
Q10 proposed by Bosatta and Agren (1999).

4.3. Potential role of microbial community in soil respiration and Q10

While fertilization can affect soil respiration andQ10 by changing the
quantity and quality of soil organic matter, N and N+ P treatments also
stimulated varying responses of different microbial communities
(Table 6). The increased relative abundance of Acidobacteria in N appli-
cation soils (N and N+ P), when compared to the unfertilized soil (CK)
at phylum level (Table 6), may be responsible for their greater cellulase
or hemicellulose [25.54 (CK) vs. 28.66–32.40 nmol g−1 h−1 (N and
N+ P), unpublished data]. Those increased cellulase and hemicellulose
in the fertilized soils (N and N + P) were often associated with organic
carbon catalytic, which required lower total activation energy and thus
potentially accelerated mineralization of low-quality carbon (Shimizu
et al., 1998; Grammelis et al., 2008; Amin et al., 2014; (Dionisi et al.,
2015;Wang et al., 2015a, 2015b). However, the simulative effects of ad-
ditional phosphorus in soil microbial communitieswere not equally sig-
nificant, as the relative abundance of Micrococcaceae, Nocardioidaceae
and Chitinophagaceae between N and N + P treatments was only ob-
served at the family level (Table 6). This may possibly explain the slight
differences of Q10 between N and N+ P treatments. Overall, soil micro-
bial community structure can cast a new light into the mechanism of
temperature sensitivity of soil respiration to fertilization regimes. Fur-
ther investigation is required to elucidate the effects of soil microbial
community on temperature sensitivity of soil respiration.

5. Conclusion

Fertilization regimes can differently affect soil respiration and
temperature sensitivity. Both N fertilization alone and N + P fertiliza-
tion result in an increase in soil respiration and a decrease in tempera-
ture sensitivity of soil respiration. Soil respiration was positively
related to SMBC, DOC and photosynthesis rate (p b 0.05). Variation in
Q10 may be related to the increase of soil mineral N content and the
relative abundance of Acidobacteria in our study, Micrococcaceae,
Nocardioidaceae and Chitinophagaceae might be no effect on Q10. It is
necessary to take the effects of fertilization regimes on Q10 into account
when estimating CO2 feedback to agro-ecosystem in future climate
conditions.
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