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Soil microbial communities play an important role in regulating land–atmosphere CO2 exchange in terrestrial
ecosystems. However, their responses to climate change are unclear. We explored the effects of water and
nitrogen addition and their interaction on soil microbes and the resulting impacts on soil carbon emissions
in the Gurbantunggut Desert, northwestern China. A manipulative 30% increase in precipitation and
5 gN m−2 year−1 deposition alone and in combination was applied across three years from 2011 to 2013.
Water addition significantly increasedmicrobial biomass and respiration, metabolic quotient, and the utilization
of carbohydrates, carboxylic acids and amino acids. Water addition did not change the microbial community
composition. Nitrogen addition only significantly increased soil bacterial PLFAs, while exerting no significant im-
pacts on soil fungal PLFAs, microbial respiration and soil respiration. Moreover, nitrogen addition had no signif-
icant impacts on microbial community composition. Water and nitrogen addition in combination did not
generate synergistic effects on microbial communities and soil respiration. Across treatments in three years,
soil respiration andmicrobial respiration were positively correlatedwith microbial total PLFAs, microbial carbon
utilization profiles, while being independent of microbial community structure. This study suggests water addi-
tion can increase soil carbon emission through increasing microbial utilization of labile carbon, and water plus
nitrogen addition had no synergistic effects on soil microbial communities and soil respiration, demonstrating
nitrogen is not a limiting factor for soil microbial communities in the scenario of increasing precipitation in
this desert ecosystem.
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1. Introduction

Soil microbial communities act as a profound carbon sink in soils, and
are also a mediator of soil organic matter decomposition (Schimel et al.,
2007). Because of the importance of soil microbial communities in soil
carbon emission and nutrient dynamics, they are gaining increasing con-
cern (Manzoni et al., 2012a;Delgado-Baquerizo et al., 2013; Serna-Chavez
et al., 2013). However, studies exclusively focusing on desert ecosystems
are not abundant, and results are not consistent, which greatly hampers
our understanding of soil carbon dynamics in the scenario of climate
change (Insam and Rangger, 1997; Collins et al., 2008; Bell et al., 2014).

Desert ecosystems are characterized by low water and substrate
availability to microbial organisms, and soil microbial activities are
largely inhibited due to the low water availability and carbon supply
(Austin et al., 2004). In some desert ecosystems, soil microbial biomass
is under detectable at dry period, and can reach 15.3 mg N kg−1 soil in
the wet duration (Gallardo and Schlesinger, 1992, 1995). The varying
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microbial biomass with soil moisture may exert profound impacts on
soil carbon emission. Under drought, soil microbes must accumulate
solutes to reduce the water potential in internal cells, which may lead
to a decreased microbial respiration and soil carbon emission
(Manzoni et al., 2012a; Taylor et al., 2012b). However, when moisture
is available, soil microbes dispose osmolytes rapidly, which usually gen-
erates a pulse of CO2 at the ecosystem level (Su et al., 2013). Besides of
the microbial biomass, altered soil microbial community with water
availability may also elicit the variation of soil carbon emission (Six
et al., 2006; Schimel et al., 2007; Manzoni et al., 2012a) due to the con-
trasting carbon use efficiencies between different functional groups
(Sinsabaugh et al., 2013).

Soil organic matter quantity can determine the degradation ability
by soil microbes and subsequent carbon emission from the soil. The
two most important elements affecting microbes in deserts are carbon
and nitrogen, and studies are controversial in terms of their relative im-
portance across ecosystems (Sinsabaugh et al., 2013). Similarly, manip-
ulative experiments also showed contrasting responses of microbial
biomass and respiration to altered soil substrates. For instance, 8 years
of N addition of 3 g m−2 year−1 did not alter the microbial community
composition, while significantly reducingmicrobial biomass by 18% in a
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temperate forest (DeForest et al., 2004). In contrast, N application of
2mg of NH4NO3–N gwet soil−1 only exerted transitory negative effects
on microbial respiration and biomass (Soderstrom et al., 1983). Despite
that N addition can trigger soil acidification, which usually exerts nega-
tive effects on soil microbial biomass and activity, these studies suggest
that nitrogen availability effects on soil microbial communities deserve
further studies.

The Gurbantunggut Desert is a temperate desert and located in the
center of the Eurasian Continent. Because of the high vegetation cover
of shrub-steppe community, this desert provides many ecological and
economic services to local inhabitants. It has been predicted that precip-
itation will be continuously increasing through 2030 in this region
(Liu et al., 2010). Besides, atmospheric nitrogen deposits at a rate of
3.6 gNm−2 year−1 in this desert due to the intensive agricultural activ-
ities adjacent to the desert in the past half century (He et al., 2007). In-
creasing water and nitrogen availability in this desert ecosystem may
alter soil microbial communities and thus change soil carbon emission.
However, few studies have been aimed to understand their potential
impacts (Zhou et al., 2012). To elucidate the dynamics of microbial re-
sponses and their implications for soil carbon emission in the context
of increasing precipitation and nitrogen deposition, we established a
field experiment with manipulations of a 30% increase in precipitation
and 5 gN m−2 year−1 deposition in the Gurbantunggut Desert in
2011–2013. Our previous observations have shown that water addition
can significantly promote soil moisture and plant growth, implying that
water addition can alleviate thewater limitation and increase respirato-
ry substrates to soil microbes (Huang et al., 2015). Thus, our first
hypothesis is water addition can stimulate microbial growth and respi-
ratory activity, and therefore soil respiration will be increased. Nitrogen
addition can increase soil inorganic nitrogen content, which can change
some important elemental ratios, primarily soil C:N. Considering that
the primary functional groups of soil microbes have contrasting stoi-
chiometric ratios and carbon use efficiencies (Keiblinger et al., 2010),
our second hypothesis is that N addition can change themicrobial com-
munity structure andmicrobial respiratory activities, leading to a differ-
ent soil respiration as compared to the control. Significant promotion of
plant growth can be achieved under nitrogen addition when water
availability is high, which is thereafter favorable for soil microbial
growth, thus our third hypothesis is that concurrent additions of
water and nitrogen have synergistic effects on soil microbial communi-
ties and soil respiration.

2. Materials and methods

2.1. Study site description

The experiments were conducted in the vicinity of the southeastern
Gurbantunggut Desert, northwestern China (44°17′N, 87°56′E,
475 m a.s.l.). This region has a continental arid, temperate climate,
with a hot, dry summer and cold winter. The annual mean temperature
is 6.6 °C and the annual mean precipitation is 160 mm, in which 70% to
80% fall in April–September. The annual precipitation andmean air tem-
perature were 167.4 mm and 6.4 °C, 102 mm and 6.8 °C, and 133.7 mm
and 7.7 °C in 2011, 2012, and 2013, respectively (Fig. S1). The pan evap-
oration is 2000 mm. The soil great groups are Torripsamments, under
the soil order of Entisols; and Haplocalcids, under the soil order of
Aridosols (USDA Soil Taxonomy). The soil is silt loam texture, with
81.7% sand, 16.8% silt and 1.5% clay. Soil organic carbon content is
2.4 g kg−1. Soil pH is 9.5. The plants are Tamarix ramosissima, Haloxylon
ammodendron, Haloxylon persicum, Alyssum linifolium, Leptaleum
filifolium, Erodium oxyrrhynchum, Myosotis scorpioides, Eremurus
inderiensis, Salicornia brachiate, and Ceratocarpus arenarius, with a
cover of 30%. Soil surface was covered by biological soil crusts, which
are an intimate association between soil particles and cyanobacteria,
algae, microfungi, lichen and bryophytes in different proportions (Li,
2012). Its cover reaches 40% in the study site (Su et al., 2013).
2.2. Experiment design, sample collection, soil and plant properties
measurements

Twenty-four 10 × 10mplotswere established and equally distribut-
ed in six blocks.Within each block, control (CK), water addition (W), ni-
trogen addition (N) and water plus nitrogen addition (WN) treatment
were applied following a randomized block design. The distance be-
tween two adjacent plotswas 10m. In eachW andWN treatments, pre-
cipitation increased 30%, according to predictions for northern China
over the next 30 years (Liu et al., 2010). The 30% extra precipitation
was collected using “rainfall collection pans”. The pans were construct-
ed from galvanized iron sheets, with an area of 1.9 × 1 m, totaling 18
pans was installed for each plot, the total area of pans was equivalent
to 30% of the area in the plot, corresponding to the added water of
50.2 mm, 30.6 mm, and 40.1 mm in 2011, 2012, and 2013, respectively.
Each pan was erected at a slight angle, and the rainfall intercepted was
collected in a bucket that was buried in the soil. Immediately after a
rainfall event, the collected rain was evenly sprayed onto the plots in
the early morning or late afternoon to prevent excessive evaporation.
Moreover, given the ecological significance of snowmelt in our site
(Fan et al., 2014), snow fallen in the pan was also evenly added in the
corresponding plot in early spring. In the N and WN treatments, N
was applied in liquid form, 1667-g NH4NO3 was diluted in 15-L distilled
water and evenly sprayed (equal to 0.15 mm rainfall) onto the corre-
sponding plots (10 × 10 m) in early-April and mid-July, corresponding
to the rapid growth duration of spring ephemerals and summer annuals
in the study site (Huang and Li, 2015), which aimed to eliminate N limit
to plant growth. The same amount of distilled water was added in the
CK and W treatments. N (5 gN m−2 year−1) application was based
upon the real mean airborne N deposition rate (3.6 gN m−2 year−1)
registered in Xinjiang, northern China over the past 10 years (He et al.,
2007). All experimental design and instrument arrangements were ap-
plied in 2010. Moreover, before the application of water and nitrogen
treatments, vegetation and soil nutrient concentrations (soil organic
matter, soil total nitrogen, soil total phosphorus, soil potassium and
inorganic nitrogen) all showed no statistically significant difference
between treatments using block as a covariance in ANCOVA analysis,
suggesting no heterogeneity among the blocks undergone four
treatments.

Five soil cores (5 cm diameter, 0–5 cm depth) were collected from
each plot to get a composite sample on August 10th in 2011, 2012 and
2013. In desert ecosystems, because soil microbial communities exhibit
large variations by water availability, we collected soil samples at the
daywithout rainfall occurred in the prior five consecutive days. After re-
moving plant roots and large stones using a 2-mm sieve, soil samples
were packed into a portable refrigerated box and transported to the lab-
oratory for soil and microbial properties measurements.

Soil nitrate-N (NO3
−N) and ammonium-N (NH4

+-N) were extracted
with 2 M KCl (Sala et al., 2012; Reichmann et al., 2013) and measured
with Auto Analyzer 3 (AA3, BRAN-LUEBBE Ltd., Hamburg, Germany).
Dissolved organic carbon (DOC) was extracted by adding 50 mL of
0.5M K2SO4 to subsamples of 12.5 g homogenized soil, and by agitating
it on an orbital shaker at 120 rpm for 1 h. Thefiltratewas analyzed using
a TOC analyzer (multi N/C 3100, Jena, Germany). Soil pHwasmeasured
using a 1:5 dilution of soil:water (ISSCAS, 1978).

Soil respiration was measured with Li-Cor 840 portable photosyn-
thesis systems (IRGA; LI-840, LiCor Inc., Lincoln, NE, USA) equipped
with a chamber. The chamber dimensionwas 0.5 × 0.5m at the base
and 0.3 m in height. This method is widely used and provides valu-
able information that cannot be obtained easily in other ways
(Risch and Frank, 2007). The chamber walls were constructed of
clear polyethylene sheeting, and when measuring soil respiration,
the chamberwas coveredwith an opaque cloth. Two electric cooling
fans were installed to circulate air in the chamber during measure-
ments. Aluminum collars (ca. 3 cm deep) with a groove for chamber



128 Y.G. Su et al. / Catena 142 (2016) 126–133
placement were installed in each plot one month prior to the first
measurement (late March 2011) to minimize the disturbance of
collar insertion. Soil volumetricwater content (SVWC) at 0–5 cmsoil
layer wasmeasured using a portable TDR (HH2-Delta T Devicemois-
ture meter, UK).
2.3. Microbial properties measurements

Microbial respirationwas determined by the alkali absorptionmeth-
od (Page et al., 1982). Briefly, fresh soils (20 g dry weight equivalent)
were adjusted to 60% of field holding capacity and pre-incubated at
25 °C for 20 days. The incubated soils were then spread on the bottom
of 500-mL glass jars for 72 h at 25 °C. Before that, 5 mL of 50 mM
NaOH solution was injected into the connecting tube to absorb CO2 re-
leased from the soil, and the respired carbon was determined by titrat-
ing the residual OH− with a standardized HCl solution. Metabolic
quotient (qCO2) was calculated as microbial respiration dividing by
MBC.

Soil microbial carbon utilization pattern was measured using
BIOLOG EcoPlates (Haywood, CA, USA, Insam and Rangger, 1997). 10 g
of 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 devel-
opment measured as optical density (OD) at 590 nm every 24 h for
240 h. Plate measurements at 96 h are used in this study (Preston-
Mafham et al., 2002). The net OD for each substrate was calculated by
the OD of the control well subtracted from OD of substrate well. If net
OD was less than 0.06, it was set to zero (San Miguel et al., 2007). Pat-
terns of substrate use were characterized by grouping individual well
substrates into chemical guild (Insam and Rangger, 1997): amines,
amino acids, carbohydrates, carboxylic acids, phenolic compounds,
and polymers. Microbial utilization of each guild (Gx) was determined
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 andODi the optical den-
sity of substrate i within the guild.

Microbial biomass in terms of functional group and microbial com-
munity composition were evaluated using phospholipid fatty acid
(PLFA) analysis. PLFA was extracted from soil samples and then frac-
tionated and quantified following protocols described by Vestal and
White (1989) and Bossio and Scow (1998). The extracted fatty acid
methyl esters were identified using a MIDI peak identification system
(Microbial ID. Inc., Newark, DE, USA). Peak areas were converted to
nmol lipid g dry soil−1 using internal standards (19:0 nonadecanoic
methylester). Totally 60 PLFAs were identified, the analysis of data
from the four treatments was restricted to 26 PLFAs. The fatty acids
i16:1, 16:1 w5c, 16:1 w9c, cy17:0, a17:1 w9c, 17:1 w8c, cy19:0 w8c,
20:1 w9c, 14:00, 16:00, 17:00, 18:00, 20:00, 15:0 3OH, a15:0, i15:0,
a15:1, i15:1, a16:0, i16:0, a17:0, i17:0, 18:0 2OH, and 18:1 w7c 11-
methyl represent total bacteria (White et al., 1996; Ringelberg et al.,
1997; Zelles, 1997; Zogg et al., 1997). i16:, 16:1 w5c, 16:1 w9c,
cy17:0, a17:1 w9c, 17:1 w8c, cy19:0 w8c, and 20:1 w9c represent
Gram-negative bacteria (GN). 14:00, 16:00, 17:00, 18:00, 20:00, 15:0
3OH, a15:0, i15:0, a15:1, i15:1, a16:0, i16:0, a17:0, i17:0, 18:0 2OH
and 18:1 w7c 11-methyl represent Gram-positive bacteria (GP)
(Frostegård and Bååth, 1996; Zak et al., 1996). Unsaturated PLFAs,
18:1w9c and 18:2w6,9c represent fungi (Zak et al., 1996; Madan et al.,
2002).
2.4. Statistical analysis

All statistical analyses were performed using R software version
3.0.3 (http://www.r-project.org). Prior to the analysis, data were tested
for normality using the Kolmogorov–Smirnov test. Because soil respira-
tion,microbial respiration, bacteria PLFAs, the ratio of fungal to bacterial
PLFAs, andmicrobial carbon utilization of all six guildswere not normal-
ly distributed, ln-transformation was applied to these variables to nor-
malize their distribution. Analysis of Covariance, with annual
precipitation as the covariate, year as the random factor and water
and nitrogen as fixed factors, was used to evaluate variations in soil
moisture, soil inorganic nitrogen, soil respiration, microbial respiration,
metabolic quotient, microbial substrate utilization of each guild (Gx),
and major groups of PLFA biomarkers induced by water and nitrogen
addition during the experimental period from 2011 to 2013. Because
of the significant annual variation of dependent variables, a One-way
ANOVA was used to examine the statistical difference of the measuring
variables among the four treatments within a year.

The multiple response permutation procedure (MRPP) in the vegan
packagewas used to test inter-annual variation inmicrobial community
composition and water and nitrogen treatment effects on microbial
community composition. Nonmetric multidimensional scaling (NMDS,
‘metaMDS’ function of vegan package, using Bray–Curtis distance) anal-
ysis was used to analyze multivariate changes in microbial community
composition (26 PLFAs). The specific procedure of “metaMDS” was to
initially run a default isoMDS, using the first solution as the standard,
the ‘Procrustes’ procedure was then used to find a global, convergent
and best fit solution. The function of “envfit” with 999 permutations in
the vegan package was further used to identify relationships between
microbial carbon utilization profiles, community composition and
other parameters.

3. Results

3.1. Soil properties in response to water and nitrogen addition

Water addition significantly increased soil moisture by 2.43% and
soil dissolved organic carbon across three years (Fig. 1, both P b 0.01).
Water addition exerted no significant impacts on soil inorganic nitrogen
and soil pH (Fig. 1, P N 0.05). Nitrogen addition had no significant
impacts on soil moisture, dissolved organic carbon and soil pH (Fig. 1,
both P N 0.05), it significantly promoted soil inorganic nitrogen content,
by 1.13 times across three years (Fig. 1, P b 0.001). Both soil moisture
(Fig. 1, P b 0.001) and inorganic nitrogen (Fig. 1, P = 0.007) showed a
significant inter-annual variation, and they were higher in 2012 (Fig. 1).

3.2. Soil respiration in response to water and nitrogen addition

Water addition increased soil respiration to different extents across
all the measurements (Fig. 2). When values were averaged in a year,
water addition significantly increased soil respiration (Table 1, Fig. 2,
P = 0.01), on average by 36%, 18% and 11% in 2011, 2012 and 2013, re-
spectively. Nitrogen addition had no significant impact on soil respira-
tion (Table 1, Fig. 2, P = 0.72). Water plus nitrogen addition had no
interactive effects on soil respiration (Table 1, Fig. 2, P = 0.43).

3.3. Soil microbial biomass and community structure in response to water
and nitrogen addition

Water addition significantly increased the total, bacterial and fungal
PLFAs (Tables 1 & 2, all P b 0.001). Nitrogen addition significantly in-
creased bacterial PLFAs (Tables 1 & 2, P = 0.02), while exerting no im-
pacts on fungal PLFAs across three years (Table 1 & 2, P = 0.28).
Water plus nitrogen addition exerted no interactive effects on the
PLFAs of fungi and bacteria (Tables 1 & 2, P N 0.05). Water and nitrogen
addition alone and in combination exerted no profound impacts on F:B
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Fig. 1. The effects of water and nitrogen addition on soil volumetric water content (SVWC), inorganic nitrogen content (In-N), soil dissolved organic carbon (DOC) and soil pH (pH)
(mean ± S.E., n = 6). Bars with different letters within years represent significant differences between treatments at P b 0.05. Y year, CK control, W water addition, N nitrogen
addition,WNwater plus nitrogen addition.
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(Tables 1 & 2, P N 0.05), MRPP analysis showed that water and nitrogen
addition had no influences on soil microbial community composition
(Fig. 3, P N 0.05).

3.4. Microbial respiration in response to water and nitrogen addition

Water addition significantly increased microbial respiration by
95.3% across three years (Tables 1 & 3, P b 0.001). In detail, water addi-
tion significantly increased microbial utilization of carbohydrates, car-
boxylic acids and amino acids in 2012 and 2013 (Tables 1 & 3,
P b 0.001). Nitrogen addition slightly increased microbial respiration,
but was not significant (Tables 1 & 3, all P N 0.05), nitrogen addition
also exerted no significant impacts on all of the six carbon groups
(Tables 1 & 3, all P N 0.05)Water and nitrogen addition had no synergis-
tic effects on microbial respiration and carbon utilization of six groups
(Tables 1 & 3, all P N 0.05). Besides, water addition significantly in-
creased microbial respiratory quotient by 42.4% across three years
(Tables 1 & 3, P b 0.001). Nitrogen addition slightly increased microbial
respiratory quotient but not significant (Tables 1 & 3, P N 0.05). Water
plus nitrogen addition exert no interactive effects on microbial respira-
tory quotient.

3.5. Correlation of microbial respiration and soil respiration with microbial
biomass, microbial carbon utilization profile and community composition

Microbial respiration was related to microbial carbon utilization
profiles (Table 4, R2 = 0.49, P = 0.049) and independent of microbial
community composition (R2 = 0.31, P = 0.188). Soil respiration was
positively related to microbial biomass (r = 0.94, P b 0.001). Soil respi-
rationwas correlatedwithmicrobial carbon utilization profiles (Table 4,
R2=0.85, P=0.002), while independent ofmicrobial community com-
position (Table 4, R2 = 0.25, P = 0.274). Moreover, soil respiration was
positively related to the microbial respiration (r = 0.71, P = 0.009).
4. Discussion

Soil microbial communities are a soil carbon sink, although it only
represents 0.6–1.1% of the total soil organic carbon across different
biomes (Fierer et al., 2009). Soil microbial community can significantly
affect soil carbon dynamics through microbial decomposition (Schimel
et al., 2007). However, elucidating microbial responses to climate
change and the subsequent consequences to soil carbon emissions has
been challenging, since the literatures often report inconsistent re-
sponses (Balser et al., 2010). This study showed that the simulated
30% increase in annual precipitation significantly increased total micro-
bial, fungal and bacterial biomass, microbial respiration and microbial
carbon utilization of carbohydrates, carboxylic acids and amino acids,
and soil respiration; in contrast, it had no profound effects on the ratio
of fungal to bacterial PLFAs and microbial community structure.
5 gN m−2 year−1 addition significantly increased bacterial PLFAs, and
slightly increased fungal PLFAs, microbial respiration and soil respira-
tion. Similar to water addition treatment, N addition also had no signif-
icant impacts on the ratio of fungal to bacterial PLFAs and microbial
community structure. Water plus nitrogen addition had no interactive
effects on microbial communities and soil respiration.

Image of Fig. 1


Fig. 2. Soil respiration (Rs) dynamics in control (CK), water addition (W), nitrogen addition (N) and water plus nitrogen addition (WN) plots in 2011–2013.
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4.1. Promoted microbial growth and respiration are responsible for soil C
emission under water addition

Desert soils are characterized with intermittent wet occasions from
sporadic precipitation inputs. Soil microbial organisms become dor-
mant or even dead under drought, and recover their physiological
activity with available water (Schimel et al., 2007). Previous studies
on the relationships of soil microbial organisms with soil moisture
usually focused on the dry–wet cycles, few have investigated the
effects of long-term variations of water availability on microbial
organisms (Schimel et al., 2007). The 30% increases in annual pre-
cipitation significantly increased soil total microbial, fungal and
bacterial PLFAs in this study, suggesting a profound stimulation of
microbial biomass of both fungi and bacteria. This result is
Table 1
Results (P-values) of repeatedmeasure ANOVAs on the effects of year (Y), water addition (W),
bacterial PLFAs (bacteria), fungal PLFAs (fungi) and the ratio of fungal to bacterial PLFAs (F:B),m
(Ch), carboxylic acids (Ca), amino acids (Ac), polymers (Po), phenolic compounds (Pc), and am

Treatment SR Total Bacteria Fungi F:B MR

Y 0.002 b0.001 b0.001 b0.001 0.152 0.002
W 0.010 b0.001 b0.001 b0.001 0.887 b0.001
N 0.718 0.043 0.020 0.278 0.379 0.107
Y × W 0. 35 0.005 0.002 0.009 0.621 0.117
Y × N 0.823 0.43 0.51 0.36 0.289 0.348
W× N 0.428 0.278 0.267 0.547 0.902 0.672
Y × W × N 0.384 b0.001 b0.001 0.001 0.087 0.589
consistent with studies conducted in arid and semiarid regions,
showing that increasing water availability could promote microbial
growth (Austin et al., 2004; Manzoni et al., 2012a; Zhang et al.,
2013). Soil fungi have long been considered to be more drought-
tolerant than soil bacteria, and less sensitive to increasing water
availability (Sommers et al., 1980; Freckman, 1986). However, our
study showed that the biomass of soil fungi and bacteria were
both stimulated greatly by increased water availability, suggesting
fungi and bacteria are equally water-limited in this desert soil
(Manzoni et al., 2012a). Water addition can alleviate diffusive limi-
tation of substrate to soil microbial organism, in the present study,
water addition significantly increased soil dissolved organic carbon,
which primarily resulted from the increased plant growth (Huang
et al., 2015). Soil microbial biomass was positively correlated with
N addition (N), and their interactions on soil respiration (SR), total microbial PLFAs (total),
icrobial respiration (MR),microbial quotient (qCO2),microbial utilization of carbohydrates
ines (Am).

qCO2 Ch Ca Ac Po Pc Am

0.001 b0.001 b0.001 b0.001 b0.001 0.301 0.001
0.014 b0.001 b0.001 b0.001 0.428 0.145 0.049
0.421 0.254 0.648 0.350 0.571 0.503 0.427
0.101 0.011 b0.001 0.463 0.482 0.472 0.522
0.574 0.063 0.284 0.815 0.823 0.234 0.638
0.084 0.510 0.327 0.639 0.318 0.113 0.969
0.197 0.551 0.487 0.002 0.961 0.294 0.523

Image of Fig. 2


Table 2
Effects of water and nitrogen addition on the PLFAs of the main microbial groups (means
± S.E., n=6). Bacteria bacterial PLFAs, Fungi fungal PLFAs, F:B the ratio of fungi to bacteria
PLFAs. Different letters within years represent significant differences between treatments
at P b 0.05.

Bacteria Fungi Total F:B

2011
CK 2.1 ± 0.7 a 0.6 ± 0.7 a 3.1 ± 1.2 a 0.2 ± 0.0 a
W 5.2 ± 1.2 b 1.5 ± 0.4 b 7.5 ± 1.7 b 0.3 ± 0.0 a
N 3.2 ± 0.5 c 0.8 ± 0.2 a 4.5 ± 0.7 c 0.2 ± 0.0 a
WN 4.8 ± 0.5 bc 1.3 ± 0.2 b 6.9 ± 0.8 bc 0.3 ± 0.0 a

2012
CK 12.3 ± 1.0 a 5.2 ± 0.4 a 18.7 ± 1.5 a 0.42 ± 0.0 a
W 25.2 ± 1.2 b 10.9 ± 0.8 b 36.8 ± 1.6 b 0.46 ± 0.0 a
N 16.5 ± 0.5 b 7.3 ± 0.1 a 23.8 ± 0.08 c 0.49 ± 0.0 a
WN 14.8 ± 0.5 b 5.8 ± 0.4 a 19.7 ± 1.7 a 0.46 ± 0.0 a

2013
CK 2.8 ± 0.3 a 1.2 ± 0.7 a 4.4 ± 0.5 a 0.41 ± 0.0 a
W 4.2 ± 0.1 b 1.8 ± 0.2 b 6.5 ± 0.2 b 0.44 ± 0.0 a
N 3.7 ± 0.7 c 1.5 ± 0.3 a 5.9 ± 1.0 c 0.42 ± 0.0 a
WN 2.8 ± 0.5 a 0.9 ± 0.2 a 4.2 ± 0.8 a 0.32 ± 0.0 a

131Y.G. Su et al. / Catena 142 (2016) 126–133
soil dissolved organic carbon, demonstrating increased respiratory
substrate is responsible for increased microbial biomass under
water addition in the desert.

Water addition had no significant effects on the ratio of soil fungal to
bacterial PLFAs. Moreover, NMDS analysis also showed that water addi-
tion did not significantly altermicrobial community structure.Microbial
community structure in response to water variability has been investi-
gated in some previous studies, and results are controversial (Bell
et al., 2009; Lamb et al., 2011; Cregger et al., 2012; Sorensen et al.,
2013; Bell et al., 2014; Frossard et al., 2015). For instance, Zhang et al.
(2013) investigated microbial community structure in the Inner
Mongolia steppeunder a 30% precipitation addition for 4 years, showing
that microbial community structure as indicated by PLFAs was not al-
tered by water addition. Bell et al. (2014) investigated microbial PLFAs
underwater addition in theNamib Desert, showing that the ratio of fun-
gal to bacterial PLFAswas not altered in the first four years by water ad-
dition, however, in the fifth and sixth year, water addition in both
summer and winter significantly altered F:B PLFAs, while water addi-
tion only in summer or winter did not affect the ratio of F:B PLFAs.
Moreover, a 7-year water addition study from a cold desert showed
that water addition only significant altered bacterial community struc-
ture in summer, while exerting no impacts on bacterial community
structure in the winter, in contrast to bacteria, this study also demon-
strated that water addition significantly altered fungal community
Fig. 3. Non-metric multidimensional scaling (NMDS) analysis on microbial
community composition. The label represents Year-Treatment. 11, 12 and 13 represent
measurements conducted in 2011, 2012 and 2013. CK, W, N and WN represent control,
water addition, nitrogen addition and water plus nitrogen addition.
structure in winter, while exerting no influences in the summer
(Sorensen et al., 2013). The inconsistent responses of soil microbial
community structure to water availability among studies suggest that
the microbial response to climate change is highly dependent on back-
ground climatic variability and the specific soil and plant traits. There-
fore, further studies are needed to elucidate microbial community
composition in response to water availability in desert ecosystems.

Soil microbial respiration was also significantly stimulated by water
addition in our study. Soil microbial respiration was positively correlat-
ed with soil microbial biomass, suggesting increased microbial growth
was responsible for the increased microbial respiration. Besides, micro-
bial quotient was also significantly increased under water addition, this
result indicates that increased mass specific physiological activity also
contributes to increased soilmicrobial respiration underwater addition.
In contrast to microbial growth, microbial community as indicated by
PLFAs showed no significant variation in response to water addition,
this suggests increasedmicrobial respirationwas independent ofmicro-
bial community structure under water addition. Soil respiration was
profoundly stimulated by water addition, and it was positively correlat-
ed with microbial respiration, suggesting the direct contribution of mi-
crobial respiration to soil respiration under water addition. Moreover,
water addition significantly increased microbial utilization of carbohy-
drates, carboxylic acids and amino acids, while having no significant ef-
fects on microbial utilization of polymers, phenolic compounds and
amines. Carbohydrates, carboxylic acids and amino acids aremore labile
carbon in soil, the increased utilization of carbohydrates, carboxylic
acids and amino acids suggests that water addition can increase labile
carbon turnover in desert soil.

4.2. Limited effects of N addition on soil microbial communities and soil C
emission

Nitrogen is considered to be the second limiting factor after water in
desert ecosystem for plant growth. However, different from plants, soil
microbial communities are not always constrained by nitrogen avail-
ability (Saito et al., 2007). Empirical studies on nitrogen addition effects
on soil microbial communities have shown inconsistent results
(Nohrstedt et al., 1989; Sinsabaugh and Linkins, 1989; LeBauer and
Treseder, 2008; Lu et al., 2011; He et al., 2013). Nitrogen addition can
significantly promote plant growth, which in turn leads to more sub-
strate inputs and stimulate microbial growth. This is a widely accepted
mechanism for the positive nitrogen addition effects on soil microbial
communities (Lu et al., 2011). On the other hand, soil acidification by
N addition can cause toxicity to microbes and thus decrease microbial
activities (Edwards et al., 2011). However, among these studies, few
have exclusively focused on desert ecosystems (Dennis et al., 2013;
Ball and Virginia, 2014; Mueller et al., 2015; Wang et al., 2015) In our
study, 5 gN m−2 year−1 addition significantly increased bacterial
PLFAs, while exerting no significant impacts on fungal PLFAs. Soil bacte-
ria and fungi have contrasting stoichiometrical ratio of C:N, with the av-
erage ratio of soil bacterial C:N to be 4:1 and soil fungal C:N to be 10:1
across terrestrial ecosystems (Keiblinger et al., 2010), this suggests
that soil bacterial community needmore available nitrogen than fungal
community for normal physiological activity, thus, nitrogen addition in
our study only stimulated bacterial PLFAs and had limited stimulation
on soil fungal PLFAs. Besides of the different stoichiometrical ratio of
C:N between bacteria and fungi, carbon starvation may be another im-
portant factor affectingN addition effects on soil microbial communities
in our study. Soil organic carbon content is 2.37 g kg−1, and the ratio of
soil carbon to nitrogen is 18.2 in our study site. Previous reports indicat-
ed that microorganisms may be restricted by carbon supply when the
C:N ratio of soil is below 30:1 (Aber, 1992; Kaye and Hart, 1997), there-
fore, soil microbial biomass might be constrained by carbon availability
in our study site.

Microbial community structure can significantly affectmicrobial res-
piration, because differentmicrobial functional groups have contrasting

Image of Fig. 3


Table 3
Effects of water and nitrogen addition on the microbial respiration (MR) and metabolism of each guild (mean ± S.E., n = 6). Different small letters within a year represent significant
differences between treatments at P b 0.05.

MR qCO2 Carbohydrates Carboxylic acids Amino acids Polymers Phenolic compounds Amines

2011
CK 7.6 ± 0.9 a 27.3 ± 3.4 a 4.4 ± 0.1 a 2.4 ± 0.1 a 4.1 ± 0.3 a 4.5 ± 0.1 a 0.2 ± 0.1 a 0.1 ± 0.1 a
W 17.3 ± 0.6 b 37.5 ± 1.2 b 5.4 ± 0.1 b 2.7 ± 0.0 a 4.5 ± 0.0 a 5.4 ± 0.2 a 0.4 ± 0.1 a 0.3 ± 0.1 a
N 9.4 ± 0.3 a 31.7 ± 1.9 a 4.3 ± 0.1 a 2.5 ± 0.0 a 3.7 ± 0.0 a 4.4 ± 0.1 a 0.2 ± 0.1 a 0.2 ± 0.0 a
WN 17.6 ± 0.2 b 38.5 ± 1.5 b 4.9 ± 0.1 b 2.4 ± 0.1 a 4.2 ± 0.0 a 5.4 ± 0.2 a 0.4 ± 0.1 a 0.3 ± 0.0 a

2012
CK 15.4 ± 0.3 a 22.5 ± 1.4 a 6.8 ± 0.0 a 5.3 ± 0.2 a 4.5 ± 0.0 a 5.5 ± 0.1 a 0.3 ± 0.0 a 0.1 ± 0.0 a
W 26.4 ± 0.9 b 31.7 ± 3.8 b 7.4 ± 0.0 b 6.4 ± 0.0 b 7.3 ± 0.2 b 6.2 ± 0.5 a 0.2 ± 0.0 a 0.2 ± 0.0 a

N 15.8 ± 0.6 a 23.3 ± 2.6 a 6.8 ± 0.0 a 5.2 ± 0.0 a 4.5 ± 0.0 a 5.6 ± 0.2 a 0.3 ± 0.0 a 0.2 ± 0.0 a
WN 28.1 ± 0.3 b 33.1 ± 4.2 b 7.3 ± 0.0 b 6.7 ± 0.1 b 7.0 ± 0.1 b 6.6 ± 0.1 a 0.2 ± 0.1 a 0.2 ± 0.0 a

2013
CK 9.6 ± 0.3 a 20.6 ± 0.7 a 5.9 ± 0.1 a 5.1 ± 0.2 a 4.3 ± 0.1 a 5.4 ± 0.1 a 0.3 ± 0.0 a 0.3 ± 0.0 a
W 20 ± 0.3 b 30.6 ± 2.2 b 7.1 ± 0.2 b 6.3 ± 0.3 b 6.7 ± 0.3 b 5.8 ± 0.4 a 0.4 ± 0.1 a 0.4 ± 0.1 a
N 10.7 ± 0.3 a 20.5 ± 2.1 a 5.7 ± 0.3 a 5.0 ± 0.0 a 4.6 ± 0.2 a 5.3 ± 0.0 a 0.3 ± 0.1 a 0.3 ± 0.0 a
WN 21.4 ± 1.0 b 38.4 ± 1.9 b 7.0 ± 0.1 b 6.1 ± 0.2 b 6.2 ± 0.1 b 5.9 ± 0.3 a 0.3 ± 0.1 a 0.5 ± 0.1 a
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carbon use efficiency and preference for carbon type (Fierer et al., 2009;
Keiblinger et al., 2010). For instance, soil bacteria have a lower carbon
use efficiency that fungi, and thusmore CO2 is released into atmosphere
in bacteria dominated communities (Keiblinger et al., 2010). However,
few studies have linkedmicrobial community alterationwith soil carbon
dynamics under nitrogen addition in desert ecosystems. For instance,
Wang et al. (2015) investigated soil microbial community responses to
a 7-year nitrogen addition of 3.5, 7 and 14 gNm−2 year−1 in the Tengger
Desert using pyrosequencing data, results showed that bacterial diversi-
ty decreased linearly with nitrogen addition, while fungal diversity was
highest in the 3.5 gN m−2 year−1 addition treatment in lichen-
dominated crusts. In contrast, Mueller et al. (2015) investigated soil
microbial community using high-throughput sequencing of ribosomal
RNA genes under N addition of 0.7 and 1.5 gNm−2 year−1 in the south-
ern Neveda, results showed that nitrogen addition significantly de-
creased soil bacterial diversity while exerting no impacts on fungal
diversity. In our study, 5 gN m−2 year−1 addition had no significant im-
pacts on soil microbial community structure represented by PLFAs. One
reason for the neutral microbial response is the lower resolution of
PLFAs as compared with the molecular methodology (Saito et al.,
2007). In our study, the ratio of fungal to bacterial PLFAs was 0.23
under control, and nitrogen addition increased bacterial PLFAs, suggest-
ing microbial respiration would be more dominated by the bacterial
communities under nitrogen addition. Given the lower carbon use
efficiency of soil bacteria, soil carbon emission would be increased
under nitrogen addition in this desert ecosystem.
Table 4
Correlations of microbial community composition andmicrobial carbon source utilization
profiles with microbial variables.

Factor R2 P value Factor R2 P value

Correlations with microbial
community composition

Correlations with microbial carbon
source utilization profiles

SR 0.25 0.274 SR 0.85 0.002
MR 0.31 0.188 MR 0.49 0.049

Bacteria 0.77 0.002
Fungi 0.75 0.002
F:B 0.26 0.241

Microbial community composition was evaluated using phospholipid fatty acid (PLFA)
analysis, and 26 PLFAs persistently occurred in all four treatments were used in the anal-
ysis. Microbial carbon source utilization profiles was measured by BIOLOG EcoPlates, and
31 carbon sourceswere used in analysis. SR soil respiration,MRmicrobial respiration. Bac-
teria bacterial PLFAs, Fungi fungal PLFAs, F:B the ratio of fungi to bacteria PLFAs.
4.3. No synergistic effects of water and nitrogen addition on soil microbial
communities and C emission

Water andN addition in combination did not generate synergistic ef-
fects on soil microbial communities in this study. This may be caused by
two reasons. First, water addition can increase N mineralization and N
flow in dry soils, which can compensate microbial requirement for N
under increasing water availability (Austin et al., 2004). Second, water
addition significantly increased soil dissolved organic carbon content,
dissolved organic carbon is generally considered to be labile carbon
and is more easily to be decomposed, suggesting a low nitrogen de-
mand, thus nitrogen additionmay have limited role in dissolved organic
carbon decomposition under water addition. The no synergistic effects
of water and nitrogen addition on soil microbial communities and soil
respiration in the present study suggests that water availability is the
most important factor controlling microbial communities and soil car-
bon emission, nitrogen deposition effects on soil microbial communities
would be limited in the scenario of increasing precipitation in this de-
sert ecosystem.

5. Conclusions

This study showed that the 30% increase in precipitation significant-
ly stimulated soil respiration, microbial biomass, microbial respiration,
microbialmetabolic quotient andmicrobial utilization of carbohydrates,
carboxylic acids and amino acids, while exerting no profound impacts
on soil microbial community composition. Nitrogen addition only sig-
nificantly increased bacterial PLFAs, while had no significant impacts
on fungal PLFAs and microbial community structure, and this may be
due to the contrasting stoichiometrical ratios of soil bacteria and fungi.
Water and nitrogen addition together did not have synergistic effects
on soil microbial communities and soil respiration. Our results demon-
strated a 30% increase in precipitation can promote soil CO2 emission
primarily from labile carbon decomposition, and the effects of
5 gN m−2 year−1 addition on soil microbial respiration are limited.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.catena.2016.03.002.

Acknowledgments

The authors greatly appreciated Bing-Jian Zhu, Yong-Gang Li and Xi-
Qian Li for their field and lab work.We also thank the three anonymous
reviewers for their valuable comments on the earlier version of the
paper. This work was sponsored by the National Natural Science

http://dx.doi.org/10.1016/j.catena.2016.03.002
http://dx.doi.org/10.1016/j.catena.2016.03.002


133Y.G. Su et al. / Catena 142 (2016) 126–133
Foundation of China (41371004, 41571256 & 31570455) and theMajor
State Basic Research Development Program of China (2014CB954202).
References

Aber, J.D., 1992. Nitrogen cycling and nitrogen saturation in temperate forest ecosystems.
Trends Ecol. Evol. 7, 220–224.

Austin, A.T., Yahdjian, L., Stark, J.M., Belnap, J., Porporato, A., Norton, U., Ravetta, D.A.,
Schaeffer, S.M., 2004. Water pulses and biogeochemical cycles in arid and semiarid
ecosystems. Oecologia 141, 221–235.

Ball, B.A., Virginia, R.A., 2014.Microbial biomass and respiration responses to nitrogen fer-
tilization in a polar desert. Polar Biol. 37, 573–585.

Balser, T.C., Gutknecht, J.L.M., Liang, C.F., 2010. Howwill climate change impact soil micro-
bial communities. In: Dixon, G.R., Tilston, E. (Eds.), Soil Microbiology and Sustainable
Crop. University of Reading Press, Reading, pp. 373–397.

Bell, C.W., Acosta-Martinez, V., McIntyre, N.E., Cox, S., Tissue, D.T., Zak, J.C., 2009. Linking
microbial community structure and function to seasonal differences in soil moisture
and temperature in a chihuahuan desert grassland. Microb. Ecol. 58, 827–842.

Bell, C.W., Tissue, D.T., Loik, M.E., Wallenstein, M.D., Acosta-Martinez, V., Erickson, R.A.,
Zak, J.C., 2014. Soil microbial and nutrient responses to 7 years of seasonally altered
precipitation in a Chihuahuan Desert grassland. Glob. Chang. Biol. 20, 1657–1673.

Bossio, D.A., Scow, K.M., 1998. Impacts of carbon and flooding on soil microbial commu-
nities: phospholipid fatty acid profiles and substrate utilization patterns. Microb. Ecol.
35, 265–278.

Collins, S.L., Sinsabaugh, R.L., Crenshaw, C., Green, L., Porras-Alfaro, A., Stursova, M., Zeglin,
L.H., 2008. Pulse dynamics and microbial processes in aridland ecosystems. J. Ecol. 96,
413–420.

Cregger, M.A., Schadt, C.W., McDowell, N.G., Pockman, W.T., Classen, A.T., 2012. Response
of the soil microbial community to changes in precipitation in a semiarid ecosystem.
Appl. Environ. Microbiol. 78, 8587–8594.

DeForest, J.L., Zak, D.R., Pregitzer, K.S., Burton, A.J., 2004. Atmospheric nitrate deposition,
microbial community composition, and enzyme activity in northern hardwood for-
ests. Soil Sci. Soc. Am. J. 68, 132–138.

Delgado-Baquerizo, M., et al., 2013. Decoupling of soil nutrient cycles as a function of arid-
ity in global drylands. Nature 502, 672–676.

Dennis, P.G., et al., 2013. Microbial responses to carbon and nitrogen supplementation in
an Antarctic dry valley soil. Antarct. Sci. 25, 55–61.

Edwards, I.P., Zak, D.R., Kellner, H., Eisenlord, S.D., Pregitzer, K.S., 2011. Simulated atmo-
spheric N deposition alters fungal community composition and suppresses
ligninolytic gene expression in a northern hardwood forest. PLoS One 6, e20421.

Fan, L.L., Tang, L.S., Wu, L.F., Ma, J., Li, Y., 2014. The limited role of snow water in the
growth and development of ephemeral plants in a cold desert. J. Veg. Sci. 25,
681–690.

Fierer, N., Strickland, M.S., Liptzin, D., Bradford, M.A., Cleveland, C.C., 2009. Global patterns
in belowground communities. Ecol. Lett. 12, 1238–1249.

Freckman, D.W., 1986. The Ecology of Dehydration in Soil Organisms. Cornell University
Press, Ithaca, New York, USA.

Frossard, A., Ramond, J.B., Seely, M., Cowan, D.A., 2015. Water regime history drives re-
sponses of soil Namib Desert microbial communities to wetting events. Sci Rep-UK
5, 12263.

Frostegård, Å., Bååth, E., 1996. The use of phospholipid fatty acid analysis to estimate bac-
terial and fungal biomass in soil. Biol. Fertil. Soils 22, 59–65.

Gallardo, A., Schlesinger, W.H., 1992. Carbon and nitrogen limitations of soil microbial
biomass in desert ecosystems. Biogeochemistry 18, 1–17.

Gallardo, A., Schlesinger, W.H., 1995. Factors determining soil microbial biomass and nu-
trient immobilization in desert soils. Biogeochemistry 28, 55–68.

He, C.E., Liu, X.J., Fangmeier, A., Zhang, F.S., 2007. Quantifying the total airborne nitrogen
input into agroecosystems in the North China plain. Agric. Ecosyst. Environ. 121,
395–400.

He, Y., Qi, Y., Dong, Y., Xiao, S., Peng, Q., Liu, X., Sun, L., 2013. Effects of nitrogen fertilization
on soil microbial biomass and community functional diversity in temperate grassland
in inner Mongolia, China. Clean: Soil, Air, Water 41, 1216–1221.

Huang, G., Li, Y., 2015a. Phenological transition dictates the seasonal dynamics of ecosys-
tem carbon exchange in a desert steppe. J. Veg. Sci. 26, 337–347.

Huang, G., Li, Y., Padilla, F.M., 2015b. Ephemeral plants mediate responses of ecosystem
carbon exchange to increased precipitation in a temperate desert. Agric. For.
Meteorol. 201, 141–152.

ISSCAS, 1978. Institute of Soil Sciences, Chinese Academy of Sciences. Physical and Chem-
ical Analysis Methods of Soils. Shanghai Science Technology Press, Shanghai,
pp. 7–59.

Kaye, J.P., Hart, S.C., 1997. Competition for nitrogen between plants and soil microorgan-
isms. Trends Ecol. Evol. 12, 139–143.

Keiblinger, K.M., Hall, E.K., Wanek, W., Szukics, U., Hammerle, I., Ellersdorfer, G., Bock, S.,
Strauss, J., Sterflinger, K., Richter, A., Zechmeister-Boltenstern, S., 2010. The effect of
resource quantity and resource stoichiometry on microbial carbon-use-efficiency.
FEMS Microbiol. Ecol. 73, 430–440.

Lamb, E.G., Han, S., Lanoil, B.D., Henry, G.H.R., Brummell, M.E., Banerjee, S., Siciliano, S.D.,
2011. A high Arctic soil ecosystem resists long-term environmental manipulations.
Glob. Chang. Biol. 17, 3187–3194.

LeBauer, D.S., Treseder, K.K., 2008. Nitrogen limitation of net primary productivity in ter-
restrial ecosystems is globally distributed. Ecology 89, 371–379.

Leflaive, J., Cereghino, R., Danger, M., Lacroix, G., Ten-Hage, L., 2005. Assessment of self-
organizing maps to analyze sole-carbon source utilization profiles. J. Microbiol.
Methods 62, 89–102.
Li, X.R., 2012. Eco-Hydrology of Biological Soil Crusts in Desert Regions of China. Higher
Education Press, Beijing, China.

Liu, Y.X., Li, X., Zhang, Q., Guo, Y.F., Gao, G., Wang, J.P., 2010. Simulation of regional tem-
perature and precipitation in the past 50 years and the next 30 years over China.
Quat. Int. 212, 57–63.

Lu, M., Zhou, X., Luo, Y., Yang, Y., Fang, C., Chen, J., Li, B., 2011. Minor stimulation of soil
carbon storage by nitrogen addition: a meta-analysis. Agric. Ecosyst. Environ. 140,
234–244.

Madan, R., Pankhurst, C., Hawke, B., Smith, S., 2002. Use of fatty acids for identification of
AM fungi and estimation of the biomass of AM spores in soil. Soil Biol. Biochem. 34,
125–128.

Manzoni, S., Schimel, J.P., Porporato, A., 2012a. Responses of soil microbial communities to
water stress: results from a meta-analysis. Ecology 93, 930–938.

Manzoni, S., Taylor, P., Richter, A., Porporato, A., Agren, G.I., 2012b. Environmental and stoi-
chiometric controls on microbial carbon-use efficiency in soils. New Phytol. 196, 79–91.

Mueller, R.C., Belnap, J., Kuske, C.R., 2015. Soil bacterial and fungal community responses
to nitrogen addition across soil depth and microhabitat in an arid shrubland. Front.
Microbiol. 6, 891.

Nohrstedt, H.O., Arnebrant, K., Baath, E., Soderstrom, B., 1989. Changes in carbon content,
respiration rate, ATP content, and microbial biomass in nitrogen-fertilized pine forest
soils in Sweden. Can. J. For. Res. 19, 323–328.

Page, A., Miller, R., Keeney, D., 1982. Soil Respiration. Methods of Soil Analysis, Part 2.
pp. 143–156.

Preston-Mafham, J., Boddy, L., Randerson, P.F., 2002. Analysis of microbial community
functional diversity using sole-carbon-source utilization profiles — a critique. FEMS
Microbiol. Ecol. 42, 1–14.

Reichmann, L.G., Sala, O.E., Peters, D.P.C., 2013. Water controls on nitrogen transforma-
tions and stocks in an arid ecosystem. Ecosphere 4 (11).

Ringelberg, D.B., Stair, J.O., Almeida, J., Norby, R.J., ONeill, E.G., White, D.C., 1997. Conse-
quences of rising atmospheric carbon dioxide levels for the belowground microbiota
associated with white oak. J. Environ. Qual. 26, 495–503.

Risch, A.C., Frank, D.A., 2007. Effects of increased soil water availability on grassland eco-
system carbon dioxide fluxes. Biogeochemistry 86, 91–103.

Saito, A., Ikeda, S., Ezura, H., 2007. Microbial community analysis of the phytosphere using
culture-independent methodologies. Microbes Environ. 22, 93–105.

Sala, O.E., Golluscio, R.A., Lauenrothe, W.K., Roset, P.A., 2012. Contrasting nutrient-capture
strategies in shrubs and grasses of a Patagonian arid ecosystem. J. Arid Environ. 82,
130–135.

San Miguel, C., Dulinski, M., Tate, R.L., 2007. Direct comparison of individual substrate uti-
lization from a CLPP study: a new analysis for metabolic diversity data. Soil Biol.
Biochem. 39, 1870–1877.

Schimel, J., Balser, T.C., Wallenstein, M., 2007. Microbial stress-response physiology and
its implications for ecosystem function. Ecology 88, 1386–1394.

Serna-Chavez, H.M., Fierer, N., van Bodegom, P.M., 2013. Global drivers and patterns of
microbial abundance in soil. Glob. Ecol. Biogeogr. 22, 1162–1172.

Sinsabaugh, R.L., Linkins, A.E., 1989. Cellulase mobility in decomposing leaf litter. Soil Biol.
Biochem. 21, 205–209.

Sinsabaugh, R.L., Manzoni, S., Moorhead, D.L., Richter, A., 2013. Carbon use efficiency of
microbial communities: stoichiometry, methodology and modeling. Ecol. Lett. 16,
930–939.

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and fungal contributions to car-
bon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555–569.

Soderstrom, B., Baath, E., Lundgren, B., 1983. Decrease in soil microbial activity and bio-
masses owing to nitrogen amendments. Can. J. Microbiol. 29, 1500–1506.

Sommers, L.E., Gilmour, C.M., Wildung, R.E., Beck, S.M., 1980. In: Parr, J.F., Gardner, W.R.,
Elliott, L.F. (Eds.), Water Potential Relations in Soil Microbiology. Soil Science Society
of America, Madison,Wisconsin, USA., pp. 97–118.

Sorensen, P.O., Germino, M.J., Feris, K.P., 2013. Microbial community responses to 17 years
of altered precipitation are seasonally dependent and coupled to co-varying effects of
water content on vegetation and soil C. Soil Biol. Biochem. 64, 155–163.

Su, Y.G., Wu, L., Zhou, Z.B., Liu, Y.B., Zhang, Y.M., 2013. Carbon flux in deserts depends on
soil cover type: a case study in the Gurbantunggute Desert, North China. Soil Biol.
Biochem. 58, 332–340.

Vestal, J.R., White, D.C., 1989. Lipid analysis in microbial ecology: quantitative approaches
to the study of microbial communities. Bioscience 39, 535–541.

Wang, J., Bao, J.T., Su, J.Q., Li, X.R., Chen, G.X., Ma, X.F., 2015. Impact of inorganic nitro-
gen additions on microbes in biological soil crusts. Soil Biol. Biochem. 88,
303–313.

White, D.C., Stair, J.O., Ringelberg, D.B., 1996. Quantitative comparisons of in situmicrobial
biodiversity by signature biomarker analysis. J. Ind. Microbiol. 17, 185–196.

Zak, D.R., Ringelberg, D.B., Pregitzer, K.S., Randlett, D.L., White, D.C., Curtis, P.S., 1996. Soil
microbial communities beneath Populus grandidentata grown under elevated atmo-
spheric CO2. Ecol. Appl. 257–262.

Zelles, L., 1997. Phospholipid fatty acid profiles in selected members of soil microbial
communities. Chemosphere 35, 275–294.

Zhang, N.L., Liu, W.X., Yang, H.J., Yu, X.J., Gutknecht, J.L.M., Zhang, Z., Wan, S.Q., Ma, K.P.,
2013. Soil microbial responses to warming and increased precipitation and their im-
plications for ecosystem C cycling. Oecologia 173, 1125–1142.

Zhou, X.B., Zhang, Y.M., Downing, A., 2012. Non-linear response of microbial activity
across a gradient of nitrogen addition to a soil from the Gurbantunggut Desert. Soil
Biol. Biochem. 47, 67–77.

Zogg, G.P., Zak, D.R., Ringelberg, D.B., MacDonald, N.W., Pregitzer, K.S., White, D.C., 1997.
Compositional and functional shifts in microbial communities due to soil warming.
Soil Sci. Soc. Am. J. 61, 475–481.

Insam, H., Rangger, A., 1997. Microbial Communities. Springer, Verlag.

http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0005
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0005
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0010
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0010
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0015
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0015
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0020
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0020
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0020
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0025
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0025
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0025
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0030
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0030
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0040
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0040
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0040
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0045
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0045
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0050
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0050
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0050
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0055
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0055
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0055
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0060
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0060
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0065
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0065
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0070
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0070
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0070
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0075
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0075
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0075
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0080
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0080
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0085
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0085
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0090
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0090
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0090
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0095
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0095
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0100
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0100
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0105
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0105
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0110
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0110
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0110
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0115
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0115
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0115
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0120
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0120
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0125
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0125
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0125
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0130
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0130
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0130
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0135
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0135
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0140
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0140
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0140
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0145
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0145
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0150
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0150
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0155
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0155
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0155
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0160
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0160
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0165
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0165
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0165
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0170
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0170
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0170
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0175
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0175
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0175
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0180
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0180
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0185
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0185
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0190
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0190
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0190
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0195
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0195
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0195
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0200
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0200
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0205
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0205
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0205
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0210
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0210
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0215
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0215
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0215
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0220
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0220
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0225
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0225
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0230
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0230
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0230
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0235
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0235
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0235
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0240
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0240
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0245
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0245
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0250
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0250
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0255
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0255
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0255
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0260
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0260
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0265
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0265
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0270
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0270
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0270
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0275
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0275
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0275
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0280
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0280
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0280
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0285
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0285
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0290
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0290
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0290
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0295
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0295
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0300
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0300
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0300
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0300
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0305
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0305
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0310
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0310
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0315
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0315
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0315
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0320
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0320
http://refhub.elsevier.com/S0341-8162(16)30082-0/rf0325

	No synergistic effects of water and nitrogen addition on soil microbial communities and soil respiration in a temperate desert
	1. Introduction
	2. Materials and methods
	2.1. Study site description
	2.2. Experiment design, sample collection, soil and plant properties measurements
	2.3. Microbial properties measurements
	2.4. Statistical analysis

	3. Results
	3.1. Soil properties in response to water and nitrogen addition
	3.2. Soil respiration in response to water and nitrogen addition
	3.3. Soil microbial biomass and community structure in response to water and nitrogen addition
	3.4. Microbial respiration in response to water and nitrogen addition
	3.5. Correlation of microbial respiration and soil respiration with microbial biomass, microbial carbon utilization profile...

	4. Discussion
	4.1. Promoted microbial growth and respiration are responsible for soil C emission under water addition
	4.2. Limited effects of N addition on soil microbial communities and soil C emission
	4.3. No synergistic effects of water and nitrogen addition on soil microbial communities and C emission

	5. Conclusions
	Acknowledgments
	References


