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• Effects of N addition on soil microbes were studied in a temperate desert in 2011–2013.
• N addition decreased soil respiration beneath shrubs of H. ammodendron in 2012.
• N addition inhibited microbial biomass and respiration beneath H. ammodendron in 2012.
• N addition had no effects on microbial community composition.
• N addition decreased soil respiration with no alteration of soil carbon stability.
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Nitrogen (N) deposition can influence carbon cycling of terrestrial ecosystems. However, a general recognition of
how soil microorganisms respond to increasing N deposition is not yet reached. We explored soil microbial re-
sponses to two levels of N addition (2.5 and 5 gN m−2 yr−1) in interplant soil and beneath shrubs of Haloxylon
ammodendron and their consequences to soil respiration in the Gurbantunggut Desert, northwestern China
from 2011 to 2013. Microbial biomass and respiration were significantly higher beneath H. ammodendron than
in interplant soil. The responses of microbial biomass carbon (MBC) and microbial respiration (MR) showed op-
posite responses to N addition in interplant and beneathH. ammodendron. N addition slightly increasedMBC and
MR in interplant soil and decreased them beneath H. ammodendron, with a significant inhibition only in 2012. N
addition had no impacts on the total microbial physiological activity, but N addition decreased the labile carbon
substrate utilization beneath H. ammodendron when N addition level was high. Phospholipid fatty acid (PLFA)
analysis showed that N addition did not alter the soil microbial community structure as evidenced by the similar
ratios of fungal to bacterial PLFAs and gram-negative to gram-positive bacterial PLFAs.Microbial biomass and res-
piration showed close correlations with soil water content and dissolved carbon, and they were independent of
soil inorganic nitrogen across three years. Our study suggests that N addition effects on soil microorganisms and
carbon emission are dependent on the respiratory substrates and water availability in the desert ecosystem.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Anthropogenic nitrogen (N) deposition resulting from increasing
fertilizer application and fossil fuel combustion is 30–50% greater than
that from natural sources (Galloway et al., 2008), and it has become
one of the most important topics in global climate change (de Vries,
2009). Soil microorganisms play a key role in modulating the bio-
sphere–atmosphere carbon exchange (Allison et al., 2010; Bardgett
et al., 2008; Singh et al., 2010) through decomposition and heterotro-
phic respiration (Singh et al., 2010), and consequently change the
mqi, Xinjiang 830011, China.
carbon release rate into the atmosphere from the soil. Therefore, under-
standing how soil microbial organisms respond to N deposition has sig-
nificances to elucidate the mechanisms of soil carbon emission under
increasing N deposition (Galloway et al., 2004; Perry et al., 1991).

Empirical studies have shown that increasingN availability has com-
plex influences on soil microbial communities (LeBauer and Treseder,
2008; Lu et al., 2011; Nohrstedt et al., 1989; Sinsabaugh and Linkins,
1989; Treseder, 2008). Several reasons are responsible for the inconsis-
tent microbial responses to N addition. First, soil microbial activity re-
sponds nonlinearly to a gradient of N addition (Bai et al., 2010; Mo
et al., 2008), suggesting that microbial responses to N addition are de-
pendent on the N addition dose and experimental site. Second, the
background of soil N content andmicroorganisms differ among studies;
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the degree of N saturationmight influence the direction andmagnitude
of soil microbial responses (Mo et al., 2008; Treseder, 2008). Third, the
associated variations in soil properties generated by N addition can af-
fect microbial responses to N addition. For instance, soil acidification
by N addition (Lu et al., 2011; Wei et al., 2013; Zhang et al., 2013b)
can cause toxicity to microbes and thus decrease microbial activities
(Edwards et al., 2011). Moreover, plant root growth decreases while
aboveground biomass increases with N addition, which can alter the re-
spiratory substrates to microbes and subsequently affect microbial re-
sponses to N addition (Aerts and Chapin, 2000; LeBauer and Treseder,
2008; Treseder, 2004). Fourth, N addition can alter a series of critical ra-
tios of soil organic matter, including C:N ratio, ligin:N ratio, N:P ratio.
These ratios are nutrient limiting indicators of soil microbial decompo-
sition (Parton et al., 2007; Schimel et al., 2007; Sterner and Elser,
2002; Vivanco and Austin, 2006).

Some geographical studies have demonstrated that the effects of N
addition on soil microbes are dependent on soil nutrients (Collins
et al., 2008). Especially, soil carbon availability has important influences
on soil microbial activity in nutrient limited areas (Gallardo and
Schlesinger, 1992). For example, the addition of labile organic matter
can increasemicrobial activity and alter themicrobial community struc-
ture by supporting more competitive populations (Collins et al., 2008).
‘Fertile islands’ is a sign of shrub inhabitation in arid lands. Soil nutrients
and moisture beneath shrubs are much better than in interplant soils
(Herman et al., 1995). Compared with forest and grassland ecosystems,
nutrient heterogeneity in deserts is more significant to ecosystem re-
sponses to climate change (Austin, 2011; Austin et al., 2004). However,
little is knownon the interactive effects of ‘fertile islands’ andN addition
on soil microbial communities in temperate deserts.

The desert accounts for one fifth of the total terrestrial area, and rep-
resents the most human affected and sensitive areas to climate change.
However, few studies are available in desert ecosystems as compared
with other terrestrial ecosystems (Vishnevetsky and Steinberger,
1996; Zhang and Zak, 1998). Because of the relatively high vegetation
cover (30–50%) and potential carbon resorption ways, the temperate
desert in northwestern China is a potential C reservoir (Ma et al.,
2013; Su et al., 2013; Zhang et al., 2013a). To examine the responses
of soil microbes to increasing N deposition and its consequences to
soil carbon emission, we conducted a manipulative experiment of 2.5
Table 1
The effects of N1 (2.5 g N m−2 yr−1) and N2 (5 g N m−2 yr−1) addition on soil volumetric wa
(mean± S.E., n=6). Results from three-way ANOVAwere shown in the lower panels of the tab
differences within year based on post hoc two-way ANOVA testing at P b 0.05. IP interplant soi

SVWC (%) In-N (mg kg−1)

IP BS IP BS

2011
N0 2.6 ± 0.3a 2.7 ± 0.2a 26.0 ± 2.5 a 28.2 ± 1.9 a
N1 1.9 ± 0.3a 2.7 ± 0.2a 30.5 ± 3.4ab 30.6 ± 2.1a
N2 1.9 ± 0.4a 2.2 ± 0.2 a 34.8 ± 2.2 b 45.5 ± 3.9 b

2012
N0 5.4 ± 0.6a 5.7 ± 1.6a 27.4 ± 1.9a 30.2 ± 4.5a
N1 4.9 ± 0.8a 5.3 ± 0.5a 35.1 ± 5a 42.1 ± 3.6a
N2 4.9 ± 0.5a 4.7 ± 0.2b 55.5 ± 4b 65.3 ± 6.5 b

2013
N0 3.2 ± 0.1a 3.4 ± 0.5a 15.4 ± 2.4a 26.7 ± 10.8 a
N1 2.8 ± 0.2a 3.4 ± 0.4a 18.3 ± 5.1a 31.1 ± 5.4a
N2 2.6 ± 0.2a 3.5 ± 0.2a 46.5 ± 6.1b 41.3 ± 2.8 b

Significance of repeated-measures ANOVA
Y b0.001 0.0
N 0.057 b0.0
S b0.001 0.0
Y × N 0.001 0.0
Y × S 0.354 0.4
N × S 0.571 0.0
Y × N × S 0.024 0.0
and 5 gN m−2 yr−1 addition in the Gurbantungute Desert, northwest-
ern China. Soil microbial biomass and respiration, microbial carbon uti-
lization profiles, microbial community composition and soil respiration
were investigated in two contrasting microsites of interplant soil and
beneath the constructive shrub ofHaloxylon ammodendron. First, we hy-
pothesized that N addition would affect microbial biomass and activity,
or it would alter microbial community composition via different influ-
ences on different microbial groups; Second, we hypothesized that N
addition effects on soil microbial communities would depend on sub-
strate availability in the microsite; Third, we hypothesized that the al-
tered soil communities under N addition would change soil carbon
emission. Moreover, this study was conducted across three years with
contrasting precipitations, we also investigated the impacts of water
availability on the responses of soil microbial communities to N
addition.
2. Materials and methods

2.1. Study site description

The field site was in the vicinity of the Fukang Station of Desert Ecol-
ogy, Chinese Academy of Sciences, on the southern edge of the
Gurbantunggut Desert (44°17′N, 87°56′E and 475 m a.s.l.), Xinjiang,
northwestern China. This region has a continental arid, temperate cli-
mate, with a hot, dry summer and cold winter. The annual mean tem-
perature is 6.6 °C. The yearly average temperature ranged from 6.4 °C
to 7.7 °C in 2011–2013 (Fig. S1). The annual mean precipitation is
160 mm. The annual precipitation was 167.4 mm, 102 mm and
133.7mm in 2011, 2012 and 2013, respectively (Fig. S1). Soils are desert
solonetz in 0–100 cm, with aeolian sandy soil at the top. Shrubs and
semi-shrubs are mainly Tamarix ramosissima, H. ammodendron and H.
persicum, with coverage of ca. 30%. The herbaceous layer is composed
of Alyssum linifolium, Leptaleum filifolium, Erodium oxyrrhynchum,
Myosotis scorpioides, Eremurus inderiensis, Salicornia brachiata and
Ceratocarpus arenarius, with a cover of 40% in wet years (Fan et al.,
2012, 2014), and the herbaceous community composiiton is different
in interplant soil and beneath shrubs due to the different soil properties
(Huang et al., 2015; Su et al., 2007).
ter content (SVWC), inorganic nitrogen content (In-N), dissolved carbon (DC) and soil pH
le, and significant P valueswere shown in bold. Different small letters represent significant
l, BS beneath shrubs of H. ammodendron, Y year, C control, N nitrogen addition, Smicrosite.

DC (mg kg−1) pH

IP BS IP BS

382.7 ± 24.9a 687.9 ± 24.7a 9.5 ± 0.1 a 9.7 ± 0.1a
455.6 ± 6.8b 469.2 ± 18.7b 9.4 ± 0.1a 9.6 ± 0.1a
476.7 ± 5.2b 451.9 ± 38.8b 9.4 ± 0.1 a 9.5 ± 0.1a

362.5 ± 54.8a 639.2 ± 19.1a 9.5 ± 0.1a 9.6 ± 0.1a
460.5 ± 25.6b 489.1 ± 14.3b 9.4 ± 0.1a 9.6 ± 0.1a
472.4 ± 120.6b 468.9 ± 10.7b 9.3 ± 0.1a 9.5 ± 0.1a

304.8 ± 17.4a 594.7 ± 23.4a 9.5 ± 0.1a 9.7 ± 0.1a
426.1 ± 10.4b 441.4 ± 21.2b 9.4 ± 0.1a 9.4 ± 0.1a
432.3 ± 19.1b 432.5 ± 15.9b 9.3 ± 0.1a 9.4 ± 0.1a

23 b0.001 0.271
01 b0.001 0.067
01 b0.001 0.254
11 0.274 0.001
42 0.381 0.351
42 b0.001 0.218
54 0.144 0.376



217G. Huang et al. / Science of the Total Environment 515–516 (2015) 215–224
2.2. Plot layout, soil sample collection and related soil parameter
measurements

The experiment used a completely randomized block design. There
were six blocks and each block had three plots. Six blocks stretched in
six interlands between sandy dune belts (Fig. S2). The CK, N1 and N2
treatments were randomly arranged into plots in each block, totally,
each treatment had six replications. Each plot was 10 × 10 m, with
10mwide buffer zone between adjacent plots. In addition, subplots (in-
terplant and beneath shrubs of H. ammodendron) were created in each
plot. Based on the real atmospheric nitrogen deposition in the
Gurbantunggut Desert (2–2.5 g N m−2 yr−1, Zhang et al., 2012), three
levels of N addition were applied in our experiment: 0 gN m−2 (CK),
2.5 gN m−2 (N1) and 5 gN m−2 (N2) addition per year. N was treated
in the form of NH4NO3, which was diluted in 15 L of water (equal to
CK N1 N2 CK
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Fig. 1. Inter-annual dynamics (mean± S.E., n= 6, main panels) andmeans (mean± S.E., n=
respiration (SR) averaged over three years. Significant results of the repeated-measures ANOVA
MSR and SR are shown in insets. Significant results of two-wayANOVA on the effects of nitrogen
indicating significant differences between nitrogen treatments within microsites, and asterisks
*P b 0.05 and ∧P b 0.1. IP interplant, BS beneath shrubs of H. ammodendron, CK control, N1 2.5
0.15 mm rainfall) and evenly sprayed into the N1 and N2 addition
plots in each block in April (for spring annuals) and July (for summer
annuals). The same amount of distilled water was added in the control
plots. All experimental design and instrument arrangements were con-
ducted in 2010. Before N treatment, vegetation and soil nutrient charac-
teristics (soil organic matter, soil total and inorganic nitrogen, soil total
phosphorus and soil potassium) all showed no statistically significant
difference between treatments using block as a covariance in ANOVA
analysis. Five soil cores (5 cm in diameter, 5 cm in depth) were used
to collect a mixed soil sample in interplant and beneath shrubs of
H. ammodendron on August 10th in 2011, 2012 and 2013. After remov-
ing plant roots and large stones using a 2-mm sieve, soil samples were
packed into a portable refrigerated box and transported to the laborato-
ry for soil inorganic nitrogen, dissolved carbon, pH, microbial biomass,
microbial respiration, microbial community level physiological profiles
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18, top right insets) of microbial respiration (MR), mass specific respiration (MSR) and soil
on the effects of year (Y), nitrogen addition (N),microsite (S), and their interactions onMR,
, site and their interactions are also shownwithin years, and barwith different small letters
indicating significant differences between microsites. Significance: ***P b 0.01, **P b 0.01,
g N m−2 yr−1 addition treatment, N2 5 g N m−2 yr−1 addition treatment.

Image of Fig. 1


Table 2
Correlations of microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), total
microbial PLFAs (T-PLFAs), bacterial PLFAs (B-PLFAs), fungal PLFAs (F-PLFAs), microbial
respiration (MR) and soil respiration (SR)with soil volumetricwater content (SVWC), dis-
solved carbon (DC), pH (pH), inorganic nitrogen (In-N) in interplant soil and beneath
shrubs of H. ammodendron. Significant correlations are highlighted in bold.

SVWC DC pH In-N

Interplant
MR 0.884 (0.002) 0.803 (0.009) −0.171 (0.669) 0.178 (0.649)
SR 0.828 (0.006) 0.771 (0.015) −0.221 (0.569) −0.270 (0.482)
MBC 0.801 (0.01) 0.620 (0.075) −0.294 (0.442) 0.054 (0.890)
MBN 0.886 (0.001) 0.869 (0.002) −0.124 (0.750) −0.319 (0.403)
T-PLFA 0.871 (0.002) 0.884 (0.002) 0.126 (0.746) −0.455 (0.218)
B-PLFAs 0.812 (0.008) 0.863 (0.003) −0.120 (0.758) −0.290 (0.449)
F-PLFAs 0.784 (0.012) 0.829 (0.006) −0.158 (0.684) −0.272 (0.478)

Beneath shrubs of H. ammodendron
MR 0.750 (0.020) 0.651 (0.058) −0.027 (0.946) 0.276 (0.472)
SR 0.883 (0.002) 0.878 (0.002) 0.034 (0.931) 0.280 (0.466)
MBC 0.851 (0.004) 0.705 (0.034) 0.110 (0.778) 0.063 (0.872)
MBN 0.783 (0.012) 0.915 (0.001) −0.048 (0.902) −0.326 (0.391)
T-PLFA 0.835 (0.005) 0.800 (0.010) 0.138 (0.724) 0.269 (0.485)
B-PLFAs 0.768 (0.016) 0.610 (0.081) 0.244 (0.526) −0.071 (0.857)
F-PLFAs 0.828 (0.006) 0.663 (0.052) 0.153 (0.695) 0.052 (0.895)
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(CLPPs) andmicrobial phospholipid fatty acid (PLFA) analysis as soon as
possible. In addition, soil volumetric water content was also measured
at sampling.

Nitrate–N (NO3
−–N) and ammonium–N (NH4

+–N) were extracted
with 2 M KCl and measured with Auto Analyzer 3 (AA3, BRAN-
LUEBBE Ltd., Hamburger, Germany). Dissolved carbon (DC)was extract-
ed by adding 50ml of 0.5MK2SO4 to subsamples of 12.5 g homogenized
soil, and agitated it on an orbital shaker at 120 rpm for 1 h. The filtrate
was analyzed using a TOC analyzer (multi N/C 3100, Jena, Germany).
Soil volumetric water content (SVWC) at 0–5 cm soil layer was mea-
sured using a portable TDR (HH2-Delta T Device moisture meter, UK).
Soil pH was determined with a glass electrode in a 1:5 soil:water solu-
tion (w/v).

Soil respiration (SR) was measured on the 10th of August in 2011,
2012 and 2013 using a portable infrared gas analyzer (Li-6400; LI-COR
Inc., Lincoln, NE), whichwas incorporated into a photosynthesis system
and attached to a closed dynamic soil respiration chamber designed for
the Li-6400 system. In each plot, three polyvinyl chloride collars (inner
diameter: 10.4 cm; height: 5.8 cm) were randomly placed beneath
shrubs of H. ammodendron and in interplant soil, and then permanently
installed 2 cm into soil. For each measurement, the soil respiration
chamber was placed on each polyvinyl chloride collar. The measure-
ment was repeated three times for each collar, and the chamber was
displaced and repositioned on the collar with each repetition.

2.3. Microbial biomass and respiration measurements

Soil microbial biomass carbon (MBC) and nitrogen (MBN) was esti-
mated using the chloroform fumigation extraction method (Brookes
et al., 1985). Paired 20-g fresh soil samples that were either
unfumigated or fumigated with alcohol-free CHCl3 for 24 h were
extracted with 0.5 M K2SO4 (1:2.5 w/v). Total C and N in fumigated
and non-fumigated extracts were analyzed using a TOC analyzer
(multi N/C 3100, Jena, Germany). The efficiency factors for MBC
(Kc = 0.38, Vance et al., 1987) and MBN (Kn = 0.54, Brookes et al.,
1985) were used to calculate the respective biomass.

Microbial respiration was measured as CO2 evolution of fresh soil
samples at 60% of water-holding capacity and incubated in sealed con-
tainers for 72 h at 25 °C. The CO2 efflux from the soil was determined
by the alkali absorption method (Page et al., 1982). Before incubation,
5 ml of 50 mM NaOH solution was injected into the connecting tube
to absorb CO2 released from the soil, and the respired carbonwas deter-
mined by titrating the residual OH− with a standardized HCl solution.
Besides, mass specific respiration was calculated as microbial respira-
tion dividing MBC.

2.4. Microbial carbon utilization profiles measurement

Microbial community level physiological profiles (CLPPs) were con-
ducted using BIOLOG EcoPlates (Haywood, CA, USA) to identify patterns
in C-substrate use. The EcoPlates are 96-well microtiter plates contain-
ing triplicate wells for 31 C substrates (plus a negative control with no
C substrate; n = 3 each) representing common root exudates and soil
compounds (Campbell et al., 1997). Analyses were conducted on soils
within two days of collection. 10-gram fresh soil was added to
1000 ml of deionized water, and shaken at 200 rpm/min for 30 min.
After shaking, soil suspensions were stirred continuously while 150 μL
aliquots per well were transferred to each plate. Plates were incubated
in the dark at 30 °C, and well-color development measured as optical
density (OD) at 590 nm every 24 h for 240 h. Plate measurements at
96 h are used in this study (Classen et al., 2003). The net for each sub-
strate was calculated by subtracting the substrate OD from the control
well OD. If the result was less than 0.06, the net OD was set to zero
due to the detection limits of the system (San Miguel et al., 2007). The
net ODmatrixeswere analyzed to estimate the community-level chang-
es in microbial C utilization. Microbial metabolic potential expressed as
the average well-color development (AWCD) was determined as fol-
lows (Garland and Mills, 1991):

AWCD ¼
Xn

i¼1

xi−cð Þ=n

where xi is theODvalue of the sample substratewell, c is theODvalue of
the control well, and n is the number of sole C source types on each mi-
crotiter plate (n = 31).

Patterns of substrate use were characterized by grouping individual
well substrates by chemical guild (Insam, 1997): amines, amino acids,
carbohydrates, carboxylic acids, phenolic compounds, and polymers.
Microbial metabolism of each guild (Gx) was determined by equally
weighting all guilds to the largest one (carbohydrates, 10 substrates)
using the following equation (Leflaive et al., 2005):

Gx ¼ 10
n

�
Xn

i
ODi

where n is the number of substrates in the guild, and ODi is the optical
density of substrate i within the guild.

2.5. Microbial community composition measurement

Phospholipid fatty acid (PLFA) analysis was used to evaluate micro-
bial community composition. PLFA of ca. 10 g dry soil was extracted and
then fractionated and quantified following protocols described by
Bossio and Scow (1998). Polar lipids in initial soil extractswere separat-
ed from neutral and glycolipids by elution with 5-ml chloroform and
10-ml acetone followed by 5-ml methanol. Mild alkaline methanolysis
was then performed on the polar lipid fraction. A 2-μl sample of each
fatty acid methyl ester extract was injected and analyzed by an Agilent
6850N gas chromatograph with a flame ionization detector and a HP-1
Utra 2 capillary column (Agilent Technologies, Santa Clara, CA, USA).
Gas chromatography was performed as recommended by the MIDI
standard protocol (Microbial ID, Newark, DE, USA). The peaks were
identified by chromatographic retention time and a standard qualitative
mix that ranged from C9 to C30 using a microbial identification system
(Microbial ID). The relative concentration of each PLFA in each soil ex-
tract was represented by the mole percentage (nmol %) of total PLFAs.
Although more than 60 PLFAs were identified, the analysis of data
from the four treatments was restricted to 21 PLFAs that were consis-
tently present in each sample. We chose i15:0, a15:0, i16:0, 16:1w7c,
16:1w9c, i17:0, a17:0, cy17:0, cy19:0, 18:1w7c as the bacterial markers
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(Ringelberg et al., 1997; White et al., 1996; Zelles, 1997; Zogg et al.,
1997). Terminally branched PLFAs, i.e., i15:0, a15:0, i16:0, i17:0 and
a17:0, were used as indicators of gram-positive (GP) bacteria and
cyclopropyl fatty acids cy17:0, cy19:0, 16:1w7c, 16:1w9c and 18:1w7c
were used as indicators of gram-negative (GN) bacteria (Frostegård
and Bååth, 1996; Ringelberg et al., 1997; Zak et al., 1996; Zelles, 1997;
Zogg et al., 1997). Unsaturated PLFAs, 18:1w9c and 18:2w6,9c
were used as the fungal markers (Zak et al., 1996). The ratio of
fungal to total bacterial PLFAs was used to estimate the ratio of
fungal to bacterial biomass (F:B) in soils (Frostegård and Bååth, 1996;
White et al., 1996). The ratio of gram-negative bacteria to gram-
positive bacteria PLFAs was used to estimate the ratio of gram-
negative and gram-positive bacterial biomass (GN:GP). In addition,
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other PLFAs such as 14:0, i14:0, 16:0, 17:0, 18:0, 20:0, 14:1w5c,
17:1w8c and 20:1w9c,were also used to analyze the composition ofmi-
crobial communities.

2.6. Statistical analysis

All statistical analyses were performed using R software version
3.0.2 (http://www.r-project.org). The repeated-measures ANOVA (aov
function) was used to evaluate variations in soil inorganic nitrogen,
soil pH, soil volumetricwater content, soil dissolved carbon, soil respira-
tion, microbial biomass, microbial respiration, mass specific respiration,
and averaged well color development (AWCD), mole percentage of
major groups of PLFA biomarkers, including gram-negative bacteria
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(GN), gram-positive bacteria (GP), fungi and bacteria, and ratios
of gram-negative bacteria to gram-positive bacteria (GN:GP) and
fungi:bacteria (F:B) induced by microsite and N addition from 2011 to
2013. When the effects of treatments depended upon year (based on
the repeated measures ANOVA), a two-way ANOVA was performed to
analyze the yearly impacts of N addition and microsite on the parame-
ters. The default ‘cor.test’ function (Pearson correlation) was used to
test the significance of correlations amongmicrobial biomass, microbial
respiration, mole percentage of major groups of PLFA biomarkers, soil
respiration and soil parameters. The multiple response permutation
procedure (MRPP) in the vegan package was used to test the effects of
year, microsite and N addition on microbial community composition.
Nonmetric multidimensional scaling (NMDS, ‘metaMDS’ function of
vegan package) analysis was used to analyze multivariate changes in
microbial community composition.
Fig. 4. Non-metric multidimensional scaling (NMDS) analysis on microbial community
composition. Manually drawn dashed lines were used for easily visualizing the
NMDS scores between years. The label represents Year-Site-Treatment. 11, 12 and 13 rep-
resents measurements conducted in 2011, 2012 and 2013, IP interplant soil, BS beneath
shrubs of H. ammodendron, CK control, N1 2.5 gN m−2 yr−1 nitrogen addition treatment,
N2 5 gN m−2 yr−1 nitrogen addition treatment.
3. Results

3.1. N addition effects on soil water content, inorganic nitrogen, dissolved
carbon and pH

N addition and microsite had no significant effects on soil water
content (Table 1). Soil water content showed a large interannual varia-
tion, with the highest value in 2012, followed by 2013 and 2011
(Table 1, P b 0.001). N addition significantly increased soil inorganic ni-
trogen (Table 1, P b 0.001). Soil dissolved carbon increased in interplant
and decreased beneath shrubs with the addition of nitrogen, indicating
the significant interactive effects of N addition and microsite (Table 1,
P b 0.001). N addition decreased soil pH at the marginal significant
level (Table 1, P=0.067). Soil dissolved carbonwas significantly higher
beneath shrubs across three years, moreover, it showed a large interan-
nual variation, with the highest value in 2012 (Table 1).
3.2. N addition effects on microbial respiration and soil respiration

N addition effects on microbial respiration were dependent on year
(Fig. 1, F = 3.5, P = 0.012) and microsite (Fig. 1, F = 14.8, P b 0.001).

Image of Fig. 4
Image of Fig. 3


221G. Huang et al. / Science of the Total Environment 515–516 (2015) 215–224
N addition only significantly declined microbial respiration beneath
shrubs in 2012 (Fig. 1, F = 11.9, P b 0.001), while exerting no impacts
in 2011 (Fig. 1, F = 0.7, P = 0.5) and 2013 (Fig. 1, F = 0.12, P = 0.8).
N addition exerted no impacts on mass specific respiration (Fig. 1,
F = 0.1, P = 0.9). Similar to microbial respiration, N addition had
negative impacts on soil respiration beneath shrubs in 2012 (F = 6.05,
P = 0.012), N1 and N2 treatments decreased soil respiration by 22.3%
and 38.5%, respectively (Fig. 1), while N addition had no influences on
soil respiration in 2011 and 2013. Microbial respiration (F = 456.3,
P b 0.001) and soil respiration (F= 58.3, P b 0.001) differed profoundly
among years (Fig. 1). In the control plots, microbial respiration and soil
respiration were highest in 2012, followed by 2013 and 2011. Microbial
respiration (F = 72.8, P b 0.001) and soil respiration (F = 10.4, P =
0.003) were significantly higher beneath shrubs than in interplant soil
under control in 2012, while having no difference between microsites
in 2011 (Fig. 1).

Microbial respiration was independent of soil inorganic nitrogen
(Table 2, P N 0.05) and soil pH (Table 2, P N 0.05). Microbial respiration
was positively related to soil water content (IP: r = 0.884, P = 0.002;
BS: r = 0.750, P = 0.020) and dissolved carbon (IP: r = 0.803, P =
0.009; BS: r = 0.651, P= 0.058). Similarly, soil respiration was also in-
dependent of soil pH and inorganic nitrogen across three years (Table 2,
P N 0.05), and it was positively related with soil water content (IP: r =
0
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years (Table 2).

3.3. N addition effects on microbial biomass and carbon utilization profiles

N addition effects on microbial biomass carbon (MBC) were
dependent on year (Fig. 2, F = 4.24, P= 0.018). N1 and N2 treatments
significantly declined MBC by 19.3% and 34.2% beneath shrubs in
2012 (Fig. 2), while having no impacts on MBC in 2011 and 2013
(Fig. 2, P N 0.05). N addition had no significant impacts onmicrobial bio-
mass nitrogen (Fig. 2, MBN, F= 1.65, P=0.21). Similarly to MBC, N ad-
dition effects on the average well color development were dependent
on year (Fig. 2, AWCD, F = 2.4, P=0.009), N addition also significantly
decreased AWCD beneath shrubs in 2012 (Fig. 2, F = 3.8, P b 0.05),
while having no impacts in 2011 and 2013. N addition significantly in-
creased microbial utilizations of carboxylic acids in interplant in 2011
(Fig. 3, P = 0.006) and phenolic compounds in interplant in 2011
(Fig. 3, P=0.021) and 2013 (Fig. 3, P=0.035). In contrast to the inter-
plant soil, N addition significantly decreased microbial utilizations of
carbohydrates (Fig. 3, P = 0.035), carboxylic acids (Fig. 3, P = 0.027)
and amino acids (Fig. 3, P = 0.041) beneath shrubs in 2012 and carbo-
hydrates beneath shrubs in 2013 (Fig. 3, P = 0.044).
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MBC (F = 66.0, P b 0.001), MBN (F = 22.9, P b 0.001) and AWCD
(F = 51.7, P b 0.001) all differed significantly among years (Fig. 2).
MBC, MBN and AWCD were the highest in 2012, followed by 2013
and 2011. MBC was slightly higher beneath shrubs than interplant
soil. MBN (P=0.006) and AWCD (P=0.004) were significantly higher
beneath shrubs than in interplant soil (Fig. 2).

MBC was independent of soil inorganic nitrogen (Table 2, P N 0.05)
and soil pH (Table 2, P N 0.05), and it was positively related to soil
water content (IP: r = 0.801, P = 0.010; BS: r = 0.851, P = 0.004)
and dissolved carbon at a marginal significant level in interplant
soil (r = 0.620, P = 0.075) and at a significant level beneath shrubs
(r = 0.705, P = 0.034). MBN was significantly correlated with soil
water content (IP: r = 0.886, P = 0.001; BS: r = 0.783, P = 0.012)
anddissolved carbon (IP: r=0.869, P=0.002; BS: r=0.915, P b 0.001).

3.4. N addition effects on microbial community composition

N addition exerted no significant impacts on microbial community
composition (Fig. 4, P = 0.991, MRPP). Similarly, N addition had no
impacts on the mole percentage of gram-negative bacteria (Fig. 5, GN,
F = 2.037, P = 0.173), gram-positive bacteria (Fig. 5, GP, F = 0.149,
P = 0.863), total bacteria (Fig. 5, F = 0.803, P = 0.471), fungi (Fig. 5,
F = 0.725, P = 0.504), and the ratio of GN to GP (Fig. 5, F = 0.991,
P = 0.400) and F to B (Fig. 5, F = 0.154, P = 0.859).

The sampling year had significant impacts on microbial community
composition (Fig. 4, P = 0.002, MRPP), and the ratio of gram-negative
bacteria to gram-positive bacteria differed significantly among years
(Fig. 5, GN:GP, F= 12.9, P=0.002). Microsite also significantly affected
microbial community composition (Fig. 4, P = 0.014, MRPP). PLFA
percentage of gram-positive bacteria (GP, F = 5.8, P = 0.03) and fungi
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Fig. 6.Correlations ofmicrobial respiration (MR)and soil respiration (SR)withmicrobial biomas
bacterial PLFAs (B-PLFAs), and fungal PLFAs (F-PLFAs). Correlation coefficients and associated
(F = 5, P = 0.03), the ratio of fungi:bacteria (F:B, F = 5.8, P = 0.032)
and gram-negative bacteria to gram-positive bacteria (GN:GP, F =
50.5, P b 0.001) all differed significantly between microsites (Fig. 5).

Microbial, bacterial and fungal PLFAswere all positively relatedwith
soil water content across three years (Table 2, P b 0.05), and they
were positively related with dissolved carbon in interplant (Table 2,
P b 0.005). Only microbial PLFAs were significantly related with dis-
solved carbon beneath shrubs (Table 2, P b 0.05). Microbial, bacterial
and fungal PLFAs were independent of soil pH and inorganic nitrogen
across three years (Table 2, P N 0.05).

3.5. Correlations of microbial and soil respiration with microbial properties

Microbial respiration was strongly related to MBC (IP: r = 0.943, P b
0.001; BS: r = 0.972, P b 0.001), average well color development
(IP: r = 0.918, P b 0.001; BS: r = 0.964, P b 0.001), total microbial
(IP: r = 0.933, P b 0.001; BS: r = 0.839, P b 0.05), bacterial (IP: r =
0.956, P b 0.001; BS: r = 0.932, P b 0.001) and fungal (IP: r = 0.948,
P b 0.001; BS: r = 0.976, P b 0.001) PLFAs across three years (Fig. 6).
Soil respiration was positively related to MBC (IP: r = 0.908, P b

0.001; BS: r = 0.948, P b 0.001), average well color development
(IP: r = 0.929, P b 0.001; BS: r = 0.935, P b 0.001), total microbial (IP:
r = 0.956, P b 0.001; BS: r = 0.878, P b 0.05), bacterial (IP: r = 0.962,
P b 0.001; BS: r = 0.856, P b 0.05) and fungal (IP: r = 0.972, P b

0.001; BS: r = 0.909, P b 0.001) PLFAs across three years (Fig. 6).

4. Discussion

Anthropogenic N deposition resulting from increasing fertilizer ap-
plication and fossil fuel combustion is a global issue, and ecosystem-
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level responses to N deposition have been widely studied. Positive and
neutral responses of plant growth have been observed (LeBauer and
Treseder, 2008). However, soil microbial organisms respond differently
from plants to N deposition, with positive, negative and no responses to
N addition (Lu et al., 2011; Treseder, 2008). Many avaliable studies on N
addition effects on soilmicrobial organisms are confined to a short-term
period, and results showed that although small amounts of N addition
can exert positive influences on soil microbes, the amount of N addition
over the threshold value can trigger inhibition of microbial growth (Ball
and Virginia, 2014).

Our study showed that N addition effects on microbial biomass and
respiration differed with regard to the soil water content and microsite
in this desert ecosystem. This result suggests that environmental cues
can affect the N addition effects on soil microbes. Significant N addition
effects only occurred in 2012. Among the three investigation years, soil
temperature at 0–5 cm showed no difference among the three years,
ranging from 10.8 to 11.1 °C. However, soil water content at 0–5 cmdif-
fered significantly, being the lowest in 2011 (1.92%) and the highest in
2012 (5.71%). The different microbial responses to N addition among
the three investigation years are likely due to different soil water con-
tents. The interactive effects of N and soil water content on microbial
growth and respiration have also been observed in a grassland steppe
(Bi et al., 2012) and desert ecosystems (Ball and Virginia, 2014). For in-
stance, 5 gN m−2 yr−1 addition significantly increased microbial bio-
mass when soil water content exceeded 10%, while N addition had no
impacts under soil water content less than 10% irrespective of the N
addition dose (2.5, 5 and 10 gN m−2 yr−1) in the Negev Desert
(Vishnevetsky and Steinberger, 1996). Soil microbes in deserts always
experience drought stress as precipitation is sporadic and low (Loik
et al., 2004; Sala and Lauenroth, 1982). In this study, no responses of
soil microbes to N addition may be caused by the lowmicrobial growth
under drought, which led to the negligible effects of N addition. Thus,
the contrasting responses of soil microbial biomass to N addition are
closely associated with water availability in desert ecosystems.

N addition exerted opposite effects on microbial biomass and respi-
ration between twomicrosites in 2012, with slight stimulation in inter-
plant soil and significant inhibition beneath shrubs. The contrasting
microbial responses to N addition have also been observed in some ex-
periments with a gradient of N addition, where N loading thresholds for
microbial biomass may occur (Mo et al., 2008). The amount of N addi-
tionwhich exceeds the N threshold value can trigger negativemicrobial
responses to N addition. However, in our study, MBN in bothmicrosites
was slightly stimulated by N addition, so N limitation on soil microbes
might generally occur in interplant soil and beneath shrubs. Although
some studies attributed soil acidification to the reduction of microbial
biomass under high N addition (Lu et al., 2011; Wei et al., 2013), this
deleterious effect of declined soil pH on microbial communities might
be impossible in the high alkaline soil in our study site (averaged
pH N 10). Therefore, other possible causes, like C limitation, may have
taken effect in our study, as suggested by the significant correlations
of microbial biomass and respiration with soil dissolved carbon. The C
limitation onmicrobes contradicts the high soil organic matter beneath
shrubs. Because soil organic matter beneath shrubs is more resistant to
decompose than that in interplant soil, the high N addition can inhibit
the oxidative enzyme activity when C availability is relatively low, gen-
erating an unfavorable condition for microbes (He et al., 2007). Further
studies using C isotope to trace the microbial carbon utilization can ex-
plore the causes of the inhibited microbial growth beneath shrubs
under N addition.

Although microbial community level physiological profiles (CLPPs)
can only reflect the changes of cultivablemicrobes, it can be used for an-
alyzing microbial community physiological activity and their relations
with microbial biomass. In our study, N addition only significantly
inhibited microbial community physiological activity beneath shrubs
in 2012, as evidenced by the decreased AWCD under N addition. Com-
bining this result with the positive relation of microbial respiration
with microbial biomass and AWCD, we can deduce that N addition ef-
fects on heterotrophic respiration results from altering microbial bio-
mass and changing physiological activity. Moreover, the decreased
utilization of carbohydrates and carboxylic acids under high N addi-
tion beneath shrubs in 2012 indicates that microbes can alter the
type of C utilization under N addition. Considering that soil dissolved
carbon increased in interplant and decreased beneath shrubs with
the addition of nitrogen, the substrate utilization under high N
level might have been different between two microsites. The close
correlations of MBC and microbial respiration with soil organic mat-
ter suggest that the labile carbon substrates (carbohydrates, carbox-
ylic acids and amino acids) determines soil carbon emission and the
stability of soil organic matter in this desert ecosystem (Manzoni
et al., 2012; Schimel et al., 2007).

As suggested by soil PLFA profiles, N addition did not alter the pro-
portion of soil fungi and bacteria, and the ratio of gram-negative to
gram-positive bacteria PLFAs. Similarly, N addition also had no impacts
onmicrobial community composition. This is consistentwith the conse-
quences of N addition in a hardwood forest (DeForest et al., 2004) and
temperate steppe (Zhang et al., 2013b). However, recent studies using
molecular methods showed that although the ratio of soil fungi to bac-
teria was not altered, it's possible that N-using taxa of bacteria have
changed under N addition. For example, N addition increased the abun-
dance of ammonia-oxidizing bacteria (AOB) rather than archaeo (AOA),
especially, when C availability was low, high N addition inhibited the
oxidative enzyme activity, facilitating heterotrophic bacterial growth,
which could outcompete the AOB (He et al., 2007). Therefore, N addi-
tion may not trigger a shift of F:B at the community level, but could in-
duce a shift in N-transformers, which needs to be further analyzed.
5. Conclusion

Soil microbial communities in response to N addition and their im-
plication for soil carbon emissionwere studied in twomicrosites (inter-
plant and beneath shrubs of H. ammodendron) in a temperate desert
across three years. N addition slightly increased microbial biomass car-
bon and respiration in interplant soil and decreased them beneath
shrubs. The increased N stimulated vegetation growth beneath shrubs
(Huang et al., 2015), thus, water and carbon availability decreased for
microbes, which largely contributed to the decline inmicrobial biomass
and respiration beneath shrubs under high N addition. In contrast to our
hypothesis, there was no shift in microbial community structure under
N addition. In particular, microbial respiration was positively related
with microbial biomass and AWCD, suggesting that microbial biomass
and community physiological activity were the primary determinants
of carbon emission. Our study suggests that N addition effects onmicro-
bial organisms and carbon emission aremediated by nutrient andwater
availability in this temperate desert.
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