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Abstract A better understanding of soil microbial ecol-

ogy is critical to gaining an understanding of terrestrial

carbon (C) cycle–climate change feedbacks. However,

current knowledge limits our ability to predict microbial

community dynamics in the face of multiple global change

drivers and their implications for respiratory loss of soil

carbon. Whether microorganisms will acclimate to climate

warming and ameliorate predicted respiratory C losses is

still debated. It also remains unclear how precipitation,

another important climate change driver, will interact with

warming to affect microorganisms and their regulation of

respiratory C loss. We explore the dynamics of microor-

ganisms and their contributions to respiratory C loss using

a 4-year (2006–2009) field experiment in a semi-arid

grassland with increased temperature and precipitation in a

full factorial design. We found no response of mass-

specific (per unit microbial biomass C) heterotrophic res-

piration to warming, suggesting that respiratory C loss is

directly from microbial growth rather than total physio-

logical respiratory responses to warming. Increased pre-

cipitation did stimulate both microbial biomass and mass-

specific respiration, both of which make large contributions

to respiratory loss of soil carbon. Taken together, these

results suggest that, in semi-arid grasslands, soil moisture

and related substrate availability may inhibit physiological

respiratory responses to warming (where soil moisture was

significantly lower), while they are not inhibited under

elevated precipitation. Although we found no total physi-

ological response to warming, warming increased bacterial

C utilization (measured by BIOLOG EcoPlates) and

increased bacterial oxidation of carbohydrates and phenols.

Non-metric multidimensional scaling analysis as well as

ANOVA testing showed that warming or increased pre-

cipitation did not change microbial community structure,

which could suggest that microbial communities in semi-

arid grasslands are already adapted to fluctuating climatic

conditions. In summary, our results support the idea that

microbial responses to climate change are multifaceted

and, even with no large shifts in community structure,

microbial mediation of soil carbon loss could still occur

under future climate scenarios.

Keywords Carbon utilization � Microbial biomass �
Microbial community composition � Respiratory loss of

soil carbon � Semi-arid grassland

Introduction

Soil microorganisms play a key role in determining land–

atmosphere carbon (C) exchange in terrestrial ecosystems
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(Bardgett et al. 2008; Allison et al. 2010; Singh et al.

2010). They can modulate ecosystem C fluxes through the

processes of decomposition and heterotrophic respiration

(Hopkins and Gregorich 2005; Standing et al. 2005),

thereby mediating the rate of soil CO2 emissions to the

atmosphere. Subsequently, the responses of soil microor-

ganisms to climate change may create either positive or

negative feedbacks to either increase or decrease the rate of

climate change (Treseder et al. 2012). Despite their

importance, elucidating microbial controls over CO2

emissions under climate change has been challenging, with

the literature often reporting contradictory responses

(Balser et al. 2010). This could be because of the poorly

understood relationships between the diversity of organ-

isms in the soil, their various responses to climate change,

and subsequent levels of microbially-mediated CO2 pro-

duction. These relationships are further complicated by

interactions between simultaneous climate change drivers

(e.g., warming and altered precipitation; Balser et al.

2010). A better understanding of microbial responses to

multiple climate change drivers and microbial controls

over CO2 emissions from soil could improve the predic-

tions of terrestrial ecosystem responses to climate change

(Treseder et al. 2012; Todd-Brown et al. 2012).

Microbial physiological responses to climate change are

one mechanism through which soil microorganisms could

regulate CO2 emissions. There is a growing body of evi-

dence that climate changes, including warming (Frey et al.

2008; Rinnan et al. 2007, 2009; Balser and Wixon 2009)

and altered precipitation (William and Rice 2007; Liu et al.

2009), can pronouncedly affect microbial physiological

activity. Altered physiological activity of microorganisms

will inevitably regulate heterotrophic respiration and con-

sequently could result in either gains or losses of soil

carbon. Theoretically, warming will increase the respira-

tory costs and decrease the carbon use efficiency (CUE) of

microorganisms (Gillooly et al. 2001; Allison et al. 2010).

However, microbial adaptive abilities may alter these the-

oretical microbial responses. For instance, microbial

respiratory C loss from soil at elevated temperatures could

recover to pre-warming levels within a few years through

microbial acclimation to the new conditions. Although it

has been argued that heterotrophic respiration is unlikely to

acclimate due to a lack of microbial evolutionary advan-

tage from acclimation (Hartley et al. 2008, 2009), there is

evidence that this thermal acclimation to increased tem-

perature does occur (Bradford et al. 2008, 2010). Altered

precipitation regimes can similarly lead to re-adaptation or

acclimation of microbial respiratory responses to further

rainfall events (Evans and Wallenstein 2012). The uncer-

tainty about whether microorganisms will acclimate to

warming or precipitation regimes and ameliorate respira-

tory C loss is complicated further by possible interactions

between warming and precipitation. Water can control the

availability of substrates required by respiratory enzymes

thus altering realized respiration rates in response to

warming (Young and Ritz 2005). Resolving these uncer-

tainties is important for evaluating respiratory losses of soil

carbon and terrestrial ecosystem feedback responses to

climate change.

There is a traditional assumption that changes in

microbial community structure exert little influence on

CO2 emissions at the ecosystem level because a large

diversity of microorganisms are responsible for driving soil

C fluxes in a given ecosystem (Schimel 1995). However,

there is recent evidence that changes in soil microbial

community structure are directly related to respiratory

losses of soil carbon (Carney et al. 2007). This assumption

is also challenged by Allison et al.’s (2010) finding that soil

C loss due to climate change depends on microbial CUE.

Fungi and bacteria, the main microbial groups in soils of

terrestrial ecosystems, have different CUEs, with fungal

CUEs tending to be higher than those of bacteria (Adu and

Oades 1978; Six et al. 2006; Keiblinger et al. 2010).

Reduced CUE also limits the biomass of microbial

decomposers and favors respiration and soil C loss, while

increased CUE, likely from a shift in microbial adaptation

or community structure, promotes microbial biomass and

soil C sequestration (Allison et al. 2010; Manzoni et al.

2012). This implies that even broad changes in microbial

community structure such as a change in the fungal to

bacterial ratio could regulate soil C loss and ecosystem

feedback response to climate change.

To elucidate the dynamics of microbial physiology and

community structure and their implications for soil carbon

cycling in the context of climate change, we established a

field experiment with manipulations of temperature and

precipitation. The experiment began in April 2005 in a

semi-arid grassland in northern China. In this part of China,

air temperature increased 0.83 �C over the last 50 years of

the twentieth century (1951–2000), and is predicted to

further increase by 1.0 �C by 2030 (Liu et al. 2007, 2010).

Historically, semi-arid grasslands are often under drought

conditions that limit microbial biomass and activity (Liu

et al. 2009; Bi et al. 2012). Summer precipitation is also

predicted to continue increasing through 2030 in northern

China, which could substantially alter these drought

regimes (Liu et al. 2010). Our previous observations in this

northern Chinese grassland have shown that warming

reduces soil moisture, plant coverage, gross ecosystem

productivity, and net ecosystem CO2 exchange, and that

increased precipitation had positive effects on those factors

(Niu et al. 2007; Yang et al. 2010, 2011). Based on this

context, we expect that: (1) increased precipitation will

reduce the water-limitation of microbial communities and

respiratory enzymes and consequently stimulate respiratory
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loss of soil carbon, (2) warming will increase microbial

water-limitation and also limit microbial physiological

capacity, and (3) warming-induced water limitation will be

alleviated by increased precipitation. We specifically

addressed the following questions: Does soil microbial

respiration acclimate to warming and ameliorate respira-

tory loss of soil carbon? How does increased precipitation

modify warming effects on microorganisms and their

contributions to respiratory loss of soil carbon? Can altered

community structure with changes in the fungal to bacterial

ratio alter respiratory losses of soil carbon?

Materials and methods

Experimental site and design

The study was conducted in a semi-arid grassland located

in Duolun County of Inner Mongolia, China (42�0.020N,

116�0.170E, 1,324 a.s.l.), where the long-term mean annual

precipitation is 385.5 mm with 90 % occurring as rain

between May and October. The long-term mean annual

temperature is 2.1 �C and the minimum and maximum

monthly mean temperatures are -17.5 �C in January and

18.9 �C in July, respectively. During the years of this study

in 2006, 2007, 2008, and 2009, the annual precipitation

was 407.7, 198, 369.8 and 196.3 mm, and the mean annual

air temperature was 2.8, 3.6, 2.7 and 3.1 �C, respectively.

The soil is classified as a Calcic Luvisol according to the

classification of the Food and Agriculture Organization of

the United Nations with 62.75 ± 0.04 % sand,

20.30 ± 0.01 % silt, and 16.95 ± 0.01 % clay at 0–10 cm

depth. The mean soil bulk density is 1.31 ± 0.02 g cm-3

and the pH is 6.84 ± 0.07 at 0–10 cm depth. The grassland

is dominated by perennial grasses, including Stipa krylovii,

Artemisia frigida, Potentilla acaulis, Cleistogenes squar-

rosa, Agropyron cristatum, and Allium bidentatum.

The field experiment used a paired, nested design with

increased precipitation administered at the plot level and

warming administered at the subplot level. Three paired

10 9 15 m plots were set up and precipitation was

manipulated in one plot from each of the paired plots,

whereas the other plot in the pair was assigned as the

control. Six sprinklers were arranged evenly into two rows

in each precipitation plot, and each sprinkler covered a

circular area with a 3-m radius. Fifteen millimeters of

water was added weekly from July to August of each

treatment year with a total increase of 120 mm precipita-

tion (approximately 30 % of mean annual precipitation)

since 2005. Precipitation manipulation was based upon a

projected increase in precipitation in the area of northern

China over the next 30 years (Liu et al. 2010). There were

four 3 9 4 m subplots within each 10 9 15 plot, two of

which have been continuously warmed using overhead

165 9 15 cm MSR-2420 infrared heaters (Kalglo Elec-

tronics, Bethlehem, PA, USA) since 28 April 2005. The

distance between any two adjacent subplots was 1 m. Each

warmed subplot had one heater that was suspended 2.5 m

above the ground and achieved a resultant warming of

approximately 1.6 �C at 10 cm soil depth. The magnitude

of soil temperature increase in these subplots was lower

than the increase in air temperature (2.32 �C) in the local

area over the past half century (1953–2005, data from the

Meteorological Station of Duolun County which is 26 km

from our experimental site). To simulate the shading

effects of the heater, one ‘dummy’ heater with the same

shape and size as the infrared heater was installed in each

unwarmed subplot. Thus, four treatments, i.e., control (C),

warming (W), increased precipitation (P), and warming

plus increased precipitation (WP), were conducted with 6

replicates per treatment. More detailed information about

the experimental design can be found in Niu et al. (2007).

Soil collection and measurements

Three soil cores (2 cm diameter, 0–15 cm depth) were

collected yearly from each subplot in early August from

2006 to 2009 and then were bulked into one mixed sample.

After removing plant roots and large stones using a 2-mm

sieve, soil samples were packed into a portable refrigerated

box and transported to the laboratory as soon as possible.

Soil sand, silt, and clay contents were determined using

the hydrometer method at the beginning of the experiment.

Soil temperature, moisture, and pH were measured at each

sampling date from 2006 to 2009. Soil temperature at

10 cm soil depth has been recorded in each subplot with a

CR1000 data logger (Campbell Scientific, Logan, UT,

USA) every hour since 4 June 2005. The volumetric

moisture content at 0–10 cm soil depth was measured with

a portable device (Diviner 2000; Sentek, Balmain, Aus-

tralia). Soil pH was measured in a soil water mixture [1:2.5

soil to water ratio (w/v)] using a glass electrode (Thermo

Orion T20, USA). Soil dissolved organic C was measured

in both 2006 and 2007, and was extracted from 20 g fresh

soil with 0.5 M K2SO4 after shaking for 30 min on a

reciprocal shaker, and then analyzed with a TOC analyzer

(Elementar, Germany).

Microbial biomass carbon (MBC) and nitrogen (MBN)

were measured through the chloroform fumigation extrac-

tion 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 in fumigated and non-fumi-

gated extracts was measured using the dichromate oxida-

tion and titration method. Extracts in fumigated and non-

fumigated extracts was digested using the Kjeldahl acid-
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digestion method, and the Kjeldahl digests were used to

measure ammonium concentration on an Alpkem autoan-

alyzer to determine total N in extracts (Kjektec Systerm

1026 Distilling Unit, Sweden). 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 biomasses.

Microbial respiration (MR) was determined by the alkali

absorption method (Hu and Bruggen 1997). Twenty grams

of fresh soil were incubated in a 500-ml glass flask with a

connecting tube (6 cm in diameter) for 4 days in the dark.

Before incubation, 5 ml of 50 mM NaOH solution was

injected into the connecting tube to absorb CO2 released

from the soil. After 4 days of incubation, the respired C

was determined by titrating the residual OH- with a

standardized HCl solution.

Phospholipid fatty acid (PLFA) analysis was used to

assess microbial community composition. This method

avoids the requirement for cultivation and can effectively

estimate two of the three microbial taxonomic domains,

i.e., bacteria and eukaryotic organisms (Amann et al.

1995). Archaea, which on average occupy 2 % and range

from 0 to [10 % prokaryotes in soils (Timonen and

Bomberg 2009; Bates et al. 2011), cannot be quantified

following this method (Gattinger et al. 2003). Briefly,

PLFAs were extracted, fractionated, and quantified from

fresh soil equivalent to 8 g dry weight and analyzed as

described by Bossio and Scow (1998) from samples in

2006, 2007, and 2009. Polar lipids in initial soil extracts

were separated 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-ll sample of each fatty acid

methyl ester extract was injected and analyzed by an Ag-

ilent 6850N gas chromatograph with a flame ionization

detector and an HP-1 Utra 2 capillary column (Agilent

Technologies, Santa Clara, CA, USA). Gas chromatogra-

phy was performed as recommended by the MIDI standard

protocol (Microbial ID, Newark, DE, USA). Peaks were

identified by chromatographic retention time and a stan-

dard qualitative mix that ranged from C9 to C30 using a

microbial identification system (Microbial ID). The relative

concentration of each PLFA in each soil extract was rep-

resented by the mole percentage (mol%) of total PLFAs.

The nomenclature of fatty acids is X:Y xZc, where X

and Y represent the number of carbon atoms and double

bonds, respectively, and Z refers to the position of double

bonds. The fatty acids i15:0, a15:0, 15:0, i16:0, a17:0,

i17:0, 17:0, cy17:0, cy19:0, 16:1x7c, and 18:1 x5c repre-

sent the currently known total bacterial PLFAs (Frostegård

and Bååth 1996; Zak et al. 1996; Ringelberg et al. 1997;

White et al. 1996; Zelles 1997; Zogg et al. 1997). The

branched, saturated PLFAs i15:0, a15:0, i16:0, a17:0, and

i17:0 were used to represent Gram-positive bacteria (GP),

while the cyclopropyl fatty acids cy17:0 and cy19:0 refer to

Gram-negative bacteria (GN) (Frostegård and Bååth 1996;

Zak et al. 1996; Zelles 1997; Zogg et al. 1997; Ringelberg

et al. 1997). The unsaturated PLFAs 18:1x9c, 18:2x6c,

and 18:3x6c were used to represent to fungal PLFAs (Zak

et al. 1996; Zelles 1997; Zogg et al. 1997; Ringelberg et al.

1997; Madan et al. 2002; Pinkart et al. 2002).

Soil microbial C utilization profiles were estimated only

in 2006 and 2007 and measured using BIOLOG analysis.

The BIOLOG redox technology is a rapid and highly

effective culture-based method for detecting the C source

utilization of microbial communities (Garland and Mills

1991; Konopka et al. 1998; Preston-Mafham et al. 2002;

Gomez et al. 2006; Mijangos et al. 2006). In this study,

EcoPlate and FF plates (Biolog, USA) were chosen for the

analysis of bacterial and fungal C utilization, respectively.

EcoPlates containing 31 ecologically relevant C sources

are available for bacteria, and FF plates containing 95 C

sources are available for fungi. The carbon substrates in

EcoPlate and FF Plate are ecologically common, and can

be classified into six substrate guilds including amines,

amino acids, carbohydrates, carboxylic acids, polymers,

and phenolic compounds (Insam 1997; Preston-Mafham

et al. 2002).

The procedure of BIOLOG analysis was performed as

described by Classen et al. (2003). Four grams of fresh soil

were extracted with 36 ml of 50 mM K2HPO4 buffer

(pH = 6) after shaking for 30 min on a reciprocal shaker.

Soil suspensions were settled for 30 min and diluted

1:1,000 with a sterile incubation solution. The incubation

solution for EcoPlates consists of 0.40 % NaCl and 0.03 %

Pluronic F-68. The solution for FF plates has 0.40 % NaCl,

0.03 % Pluronic F-68, streptomycin sulfate (1 lg per

microtiter plate well), and chlortetracycline (0.5 lg per

microtiter plate well). After incubation, 150 and 100 ll of

the diluted inoculation solutions were pipetted into each

well of the EcoPlates and FF plates, respectively. All

solutions and glassware were autoclave sterilized in

advance. All sample-loaded plates were finally placed in

polyethylene bags to avoid desiccation and incubated in the

dark at 25 �C. The optical density (OD) readings of Eco-

Plates and FF plates were measured every 24 h at 595 nm

and 750 nm, respectively. Preliminary assays showed the

detection of only small amounts of fungi in FF plates at

96 h, and thus the OD values of Ecoplates at 72 h were

used to analyze bacterial C source utilization in the absence

of fungal growth biases. The OD values at 168 h, as

described by Classen et al. (2003), were used for deter-

mining fungal C source utilization. The net OD for each

substrate was calculated by subtracting the substrate OD

from the control well OD. If the result was negative or

\0.06, the net OD would be considered to be zero due to
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the detection limits of the system (Miguel et al. 2007). The

net OD matrixes were analyzed to estimate the community-

level changes in microbial C utilization. Microbial meta-

bolic potential expressed as average well-color develop-

ment (AWCD) was determined as follows (Garland and

Mills 1991):

AWCD ¼
Xn

i¼1

ðxi � cÞ=n;

where xi is the OD value of the sample substrate well, c

is the OD value of the control well, and n is the number

of sole C source types on each microtiter plate (n = 31

for EcoPlate and n = 95 for FF plate). Richness (R),

which is defined as the number of C sources oxidized by

the microbes, was calculated according to Garland and

Mills’ (1991) description. The Shannon-Wiener index

(H), which assesses the richness and evenness of

microbial C source utilization profiles, was calculated

as follows:

H ¼ �
Xn

i¼1

pi ln pið Þ;

where pi is the ratio between the activity of C source i and

the sum of the activities of all C sources. In summary, C

utilization profiles from BIOLOG analysis can be used to

determine how the physiological potential of the bacterial

and fungal communities is altered by treatments over time

and gives another layer of information for the interpretation

of total microbial growth and respiration data (Balser and

Wixon 2009).

One permanent quadrat (1 9 1 m) in each subplot was

established in June 2005, and was used to survey plant

functional coverage in August each year. Before mea-

surements, one 1 9 1 m frame of 100 grids (10 9 10 cm)

was positioned above the canopy to accurately survey plant

species composition. We visually estimated the percent

coverage with each plant species in each grid and further

calculated the coverage of the plant species in each quad-

rat. The grass, legume, nongramineous forb, and shrub and

semi-shrub cover were estimated in each quadrat. Total

coverage was the sum of each quadrat’s coverage with all

plant species.

To measure soil respiration, two PVC collars (11 cm in

internal diameter, 5 cm in height) were inserted into the

soil (2–3 cm depth) in each plot. The measured values

from the two collars were averaged as the soil respiration

in each subplot. Respiration of aboveground plant struc-

tures was eliminated from these measurements by clip-

ping all living plants inside the collars, in early April of

2005, before the temperature and precipitation treatments

were conducted. We continued to clip plants in the collars

throughout the experiment, especially after each rain

event. A soil CO2 Flux Chamber attached to a LI-8100

(Li-Cor, Lincoln, NE, USA) was used to measure soil

respiration in the PVC collars. Here, dead roots due to

living plant removal may decompose and cause additional

C release. However, the method is widely used in the

research community and allows the comparisons of our

results with findings from other ecosystems (Bond-Lam-

berty and Thomson 2010a, b).

Statistics

All statistical analyses presented in the statistics were

performed using R software v.2.12.2. The repeated-mea-

sures ANOVA (aov function) was used to evaluate vari-

ations in soil properties, plant and microbial biomass, and

respiration induced by warming and increased precipita-

tion during the experimental period from 2006 to 2009.

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

warming and increased precipitation on the parameters. The

default ‘cor.test’ function (Pearson correlation) was used to

test the significance of correlations among microbial bio-

mass and respiration as well as plant and soil parameters.

Similarly, the repeated-measures ANOVA was used to

estimate the effects of year, warming, increased precipita-

tion, and their interactions on parameters from the BIOLOG

analysis data including: AWCD, R and H of each microtiter

plate, and net OD values of six C substrate guilds in each

microtiter plate. Because fungal C utilization did not

respond to treatments, only analysis on bacterial C utili-

zation was further conducted. The matrix with net OD

values of 31 sole C sources (EcoPlate) was used to per-

form a post hoc permutation test with 999 permutations

(‘envfit’ function of vegan package) to identify relation-

ships between bacterial C utilization profiles and other

parameters.

The repeated-measures ANOVA was also used to

estimate the effects of year, warming, increased precipi-

tation, and their interactions on PLFA biomarkers indi-

cating GN, GP, fungi and bacteria, and GN/GP and

fungal/bacterial ratios. When year 9 warming or

year 9 increased precipitation interactions were signifi-

cant, a two-way ANOVA was used to test the responses

of PLFA biomarkers to warming and increased precipi-

tation each year. Multiple comparisons of treatments were

performed using the function ‘LSD.test’ with Bonferroni

corrections (agricolae package) when warming and

increased precipitation interacted to affect PLFA bio-

markers. Soil microbial community composition was

assessed multivariately using presence of the 22 PLFAs

(14:0, a15:0, i15:0, i15:1 G, 15:0, i16:0, 16:1x5c,

16:1x7c, 16:1 2OH, 16:0, a17:0, i17:0, 17:0, cy17:0,
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17:1x8c, 18:1 x5c, 18:1x9c, 18:x9t, 18:2x6c, 18:3x6c,

cy19:0, and 24:0) from 2006, 2007, and 2009. The PLFAs

were considered present only when [0.5 mol% (individ-

ual lipid percentage of total lipids) was detected, for the

purpose of reducing noise in the ordination analysis. The

multiple response permutation procedure (MRPP) in the

vegan package was used to test for inter-annual variances

in multivariate microbial community composition. Non-

metric multidimensional scaling (NMDS) analysis was

used to analyze multivariate changes in microbial com-

munity composition. The function ‘metaMDS’ in the

vegan package was used to perform the NMDS analysis

using Bray-Curtis distance. The specific procedure of

‘metaMDS’ was to initially run a default isoMDS, using

the first solution as the standard. The ‘Procrustes’ pro-

cedure was then used to find a global, convergent and best

fit solution. Post hoc permutation tests with 999 permu-

tations (‘envfit’ function of vegan package) were further

conducted to identify relationships between microbial

community composition and other parameters.

Results

Contrasting changes in soil microenvironment induced

by warming and increased precipitation

Warming and increased precipitation played contrasting

roles in affecting soil moisture and temperature in August

from 2006 to 2009 (Fig. S1). Warming reduced soil

moisture by 2.5 V/V % (absolute difference, P = 0.003,

repeated-measures ANOVA; Fig. S1, left panel), but

increased soil temperature by 1.6 �C (P \ 0.001, repe-

ated-measures ANOVA; Fig. S1, right panel). Increased

precipitation increased soil moisture by 6.4 V/V %

(P \ 0.001, repeated-measures ANOVA; Fig. S1, left

panel) but this result was not significant according to

Bonferroni-corrected LSD testing. Increased precipitation

decreased soil temperature by 1.4 �C (P = 0.002, repe-

ated-measures ANOVA; Fig. S1, right panel). Moreover,

the effects of increased precipitation on soil temperature

depended upon year, unlike other effects that were con-

sistent over time. Increased precipitation significantly

decreased soil temperature only in 2006 and 2009 (two-

way ANOVA, both P \ 0.001; Fig. S1, right panel). In

plots with both warming and increased precipitation, soil

temperature was significantly lower than in plots with

warming only, but did not differ from those in the control

or precipitation plots (LSD test with Bonferroni correc-

tion; Fig. S1, right panel). There was also no interactive

effect of warming and increased precipitation on soil

moisture (LSD test with Bonferroni correction; Fig. S1,

left panel).

Inter-annual dynamics of microbial biomass

and respiration and their responses to warming

and increased precipitation

Microbial biomass C (MBC) and N (MBN) and respiration

differed among years (Figs. 1, 2). However, the ratio of

microbial biomass C to N (MBC/MBN) did not differ

among years (Fig. 1). The MBC and MBN in the control

subplots were higher in the wetter years (2006 and 2008)

than in the drier years (2007 and 2009). The control MBC

in 2007, 2008, and 2009 was 40.2, 19.4, and 29.8 % lower

than in 2006, respectively. Similarly, the control MBN in

2007, 2008, and 2009 was 41.8, 0.6, and 28.9 % lower than

in 2006, respectively. Microbial respiration (MR) in the

control subplots was 10.7 and 52.4 % lower in 2007 and

2009 than in 2006, respectively, but MR in 2008 was

18.3 % higher than in 2006.

Warming and increased precipitation significantly

affected MBC, MBN, and MBC/MBN during the 4 years

of this study (Fig. 1). Across the 4 experimental years,

warming reduced MBC by 16.7 % (P = 0.017, repeated-

measures ANOVA) and MBN by 21.7 % (P = 0.002,

repeated-measures ANOVA), but increased MBC/MBN

(P = 0.020, repeated-measures ANOVA). Increased pre-

cipitation elevated MBC by 27.7 % (P = 0.002, repeated-

measures ANOVA) and MBN by 64.4 % (P \ 0.001,

repeated-measures ANOVA), but significantly reduced

MBC/MBN (P \ 0.001, repeated-measures ANOVA). The

impacts of increased precipitation on MBC (P = 0.039,

repeated-measures ANOVA), MBN (P \ 0.001, repeated-

measures ANOVA), and MBC/MBN (P \ 0.001, repeated-

measures ANOVA) depended upon year (Fig. 1; Table S1).

Increased precipitation increased MBC significantly in

2007 (P = 0.015, two-way ANOVA), 2008 (P = 0.004,

two-way ANOVA), and 2009 (P = 0.033, two-way

ANOVA), but not in 2006. Increased precipitation had a

greater stimulatory effect on MBN in the drier years of

2007 (70.8 %, P \ 0.001, two-way ANOVA) and 2009

(174 %, P \ 0.001, two-way ANOVA) than the wetter

years of 2006 (25.5 %, P = 0.028, two-way ANOVA) and

2008 (29.7 %, P = 0.012, two-way ANOVA). Increased

precipitation significantly reduced MBC/MBN only in the

drier years of 2007 (P = 0.011, two-way ANOVA) and

2009 (P \ 0.001, two-way ANOVA).

In accordance with MBC and MBN, warming and

increased precipitation had opposite effects on microbial

respiration (MR). During the 4 experimental years, MR

was suppressed by warming (19.2 %, P \ 0.001, repeated-

measures ANOVA) and stimulated by increased precipi-

tation (63 %, P \ 0.001, repeated-measures ANOVA)

(Fig. 2, upper panel). In addition, the effects of increased

precipitation on MR depended upon year (P \ 0.001,

repeated-measures ANOVA; Fig. 2 upper panel; Table S1).
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Increased precipitation elevated MR by 35.4 %

(P \ 0.001, two-way ANOVA), 47.3 % (P \ 0.001, two-

way ANOVA), 14.3 % (P = 0.008, two-way ANOVA)

and 324 % (P \ 0.001, two-way ANOVA) in 2006, 2007,

2008, and 2009, respectively. Mass specific (per unit

microbial biomass C) heterotrophic respiration was stim-

ulated by increased precipitation (P \ 0.001, repeated-

measures ANOVA), especially in the drier years 2007

(P = 0.014, two-way ANOVA) and 2009 (P \ 0.001, two-

way ANOVA) (Fig. 2, lower panel). However, warming

did not alter mass-specific respiration during the experi-

mental duration (Fig. 2, lower panel). We observed an

interaction between warming and increased precipitation

affecting mass-specific respiration in 2007 (two-way

ANOVA), but this interaction was not significant according

to pair-wise LSD tests with Bonferroni correction (Fig. 2,

lower panel).

Inter-annual dynamics of microbial community

composition and its responses to warming

and increased precipitation

Soil microbial community composition as indicated by

PLFA profiles varied among years (P = 0.001, MRPP
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test). The results of NMDS analysis also showed pro-

nounced inter-annual differences in microbial community

composition among 2006, 2007, and 2009 (Fig. 3). The

mole percentage PLFA of Gram-negative (GN) and Gram-

positive bacteria (GP, both P \ 0.001, repeated-measures

ANOVA), total bacteria (P \ 0.001, repeated-measures

ANOVA) and fungi (P = 0.038, repeated-measures

ANOVA), and the fungal/bacterial ratio (F/B, P = 0.025,

repeated-measures ANOVA) varied with inter-annual cli-

mate fluctuations.

The NMDS analysis showed that microbial community

composition did not respond to warming or increased

precipitation (Fig. 3). There were also no main effects of

warming or increased precipitation on GN, GP, total bac-

teria or fungi, GN/GP, or F/B (all P [ 0.05, repeated-

measures ANOVA). Warming interacted with increased

precipitation affecting GN and GN/GP only in 2006

(Fig. 4, top panel). Warming increased GN only under

ambient levels of precipitation (2.0 mol%, P \ 0.05, LSD

test). Warming interacted with increased precipitation

affecting GP and total bacteria only in 2009 (Fig. 4, bottom

panel). When added together, warming and increased pre-

cipitation increased GP (1.8 mol%, P \ 0.05, LSD test)
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and total bacterial relative abundance above levels in plots

with increased precipitation only (3.9 mol%, P \ 0.05,

LSD test).

Rapid responses of bacterial C utilization to warming

and increased precipitation

Inter-annual variations in average well color development

(AWCD, P = 0.01, repeated-measures ANOVA), richness

(R, P \ 0.001, repeated-measures ANOVA) and Shannon–

Wiener index (H, P = 0.016, repeated-measures ANOVA)

of bacterial C source utilization were observed (Fig. S2).

Bacterial AWCD, R, and H in the wetter year of 2006 were

50.9, 18, and 3.2 % larger than in the drier year of 2007,

respectively (Fig. S2). Warming stimulated bacterial

AWCD (33.4 %, P = 0.043, repeated-measures ANOVA)

and R (10.4 %, P = 0.044, repeated-measures ANOVA),

but did not affect bacterial H (P [ 0.05, repeated-measures

ANOVA) across the 2 years (Fig. S2). Increased

precipitation marginally enhanced bacterial AWCD by

27.7 % (P \ 0.081, repeated-measures ANOVA) and H by

2.4 % (P = 0.049, repeated-measures ANOVA) (Fig. S2).

Warming or increased precipitation had no effect on fungal

AWCD, R, or H (all P [ 0.05). No interactive effects of

year, warming or increased precipitation on bacterial and

fungal AWCD, R, and H were observed (all P [ 0.05).

The main C substrate types utilized by bacteria were

significantly affected by year, warming, and increased pre-

cipitation (Fig. 5). Higher utilization of amino acids, car-

bohydrates, carboxylic acids, and polymers by bacteria were

observed in 2006 than in 2007 (Fig. 5). During the 2 years

when microbial C utilization was measured, warming

enhanced the utilization of carbohydrates (56 %, P = 0.031,

repeated-measures ANOVA), and phenolic compounds

(72 %, P = 0.016, repeated-measures ANOVA) by bacteria

and marginally accelerated the bacterial utilization of amines

(49.3 %, P = 0.056, repeated-measures ANOVA) (Fig. 5).

Increased precipitation stimulated the bacterial utilization of
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amines (53.8 %, P = 0.042, repeated-measures ANOVA),

amino acids (44.3 %, P = 0.021, repeated-measures

ANOVA), and polymers (34.3 %, P = 0.005, repeated-

measures ANOVA) (Fig. 5).

Relationships between microbial parameters and plant

and soil variables

Microbial biomass and respiration depended upon changes

in plant coverage and soil physicochemical parameters in

response to warming and increased precipitation (Fig. 6).

Across all the treatments and years, MBC was positively

correlated with total plant coverage (r = 0.48, P \ 0.001)

and shrub and semi-shrub coverage (r = 0.43, P \ 0.001)

(Fig. 6a, d). MBN linearly increased with total plant cov-

erage (r = 0.61, P \ 0.001) and shrub and semi-shrub

coverage (r = 0.53, P \ 0.001), but declined with soil

temperature (r = -0.31, P = 0.002) across the 4 years

and all plots (Fig. 6b, e, k). MBC and MBN were strongly

correlated with dissolved organic C in 2006 and 2007, both

years when DOC was measured (r = 0.50, P \ 0.001 for

MBC; r = 0.44, P = 0.002 for MBN). MR showed a

positive relationship with total plant coverage (r = 0.37,

P \ 0.001), shrub and semi-shrub coverage (r = 0.30,

P = 0.003), and soil moisture (r = 0.35, P \ 0.001), but

was negatively related to soil temperature (r = -0.45,

P \ 0.001, Fig. 6c, f, i, l).

Microbial community composition and C utilization

profiles were also correlated with plant coverage and soil

parameters (Tables 1, 2). Across 2006, 2007, and 2009,

microbial community composition was strongly correlated

with total plant coverage (r2 = 0.33, P \ 0.001), grass

coverage (r2 = 0.10, P = 0.041), legume coverage

(r2 = 0.13, P = 0.011), shrub and semi-shrub cover-

age (r2 = 0.37, P \ 0.001), soil moisture (r2 = 0.66,

P \ 0.001), soil temperature (r2 = 0.11, P = 0.01), and

pH (r2 = 0.49, P \ 0.001) (Table 1). Microbial commu-

nity composition was also correlated with dissolved

organic C (r2 = 0.15, P = 0.017) in 2006 and 2007 (the

years when DOC was measured; Table 1). Across 2006 and
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2007, bacterial C utilization profiles were related to total

plant coverage (r2 = 0.21, P = 0.003), shrub and semi-

shrub coverage (r2 = 0.23, P = 0.005), soil moisture

(r2 = 0.13, P = 0.047), pH (r2 = 0.19, P = 0.008), and

dissolved organic C (r2 = 0.13, P = 0.034) (Table 2).

Close correlations of microbial biomass and community

composition with heterotrophic and soil respiration

Microbial respiration was strongly related to MBC

(r = 0.41, P \ 0.001) and MBN (r = 0.72, P \ 0.001)

across the 4 experimental years and all plots (Fig. 7, top

panels). However, it was not related to microbial commu-

nity composition according to post hoc permutation test

(Table 1). A positive correlation between microbial respi-

ration and soil respiration was observed (r = 0.57,

P \ 0.001), indicating a positive contribution of microbial

respired C to soil C release in response to climate change.

Soil respiration was also positively correlated with MBC

(r = 0.74, P \ 0.001) and MBN (r = 0.72, P \ 0.001)

across the 4 years (Fig. 7, middle panels). Moreover, there

was a strong correlation between microbial community

composition and soil respiration (r2 = 0.15, P = 0.006,

Table 1).

Soil bacterial C utilization profiles were strongly

dependent upon MBC (r2 = 0.21, P = 0.005) and MBN

(r2 = 0.20, P = 0.007) across 2006 and 2007 (Table 2).

Bacterial AWCD linearly increased with MBC (r = 0.31,

P = 0.03) and MBN (r = 0.27, P = 0.06) across 2006 and

2007 (Fig. 7, bottom panels). Across 2006 and 2007,

microbial community composition was positively corre-

lated with AWCD (r2 = 0.29, P = 0.002), R (r2 = 0.24,

P = 0.002) and H (r2 = 0.24, P = 0.004) of bacterial C

utilization profiles (Table 1).

Discussion

Effects of climate change on soil microbial biomass

as mediated by plant coverage

Warming and increased precipitation had contrasting

effects on microbial biomass during the 4 experimental

years. The strong positive relationship between microbial
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biomass and plant coverage that we observed in this study

suggests that plant responses to warming and precipitation

(predominantly driven by water availability; Niu et al.

2007; Yang et al. 2010) could be an indirect driver of

microbial biomass responses to climate change. In this

semi-arid grassland, warming caused a 12.3 % reduction in

total plant coverage and 17.2 % decrease in shrub/semi-

shrub coverage, whereas increased precipitation respec-

tively enhanced them by 27.5 and 33.8 % during the

experimental period. The same pattern of response, a

reduction under warming and increase under increased

precipitation, were observed for soil microbial biomass.

Plants can cause changes in microbial biomass through

modifying the quantity and quality of soil carbon (Zak

et al. 2003; Milcu et al. 2010; Zhao et al. 2011). It is well

documented that changes in organic C input (plant litter

and root exudates) have a strong influence on soil microbial

biomass (Berg and Steinberge 2008). We also observed a

negative correlation between microbial biomass N and

temperature, so it is also likely that, to some degree,

plant and microbial biomass are similarly driven by

environmental factors. The mediation by plants of soil

microbial responses to climate change through altering

soil C inputs demonstrates the importance of measuring

and understanding whole ecosystem responses to climate

change.

How soil microbial biomass modifies heterotrophic

respiration in response to warming and increased

precipitation

Warming and increased precipitation caused contrasting

responses of microbial respiration consistent with micro-

bial biomass in this semi-arid grassland. Similar observa-

tions of microbial respiration decreases in response to

warming (Jonasson et al. 2004; Frey et al. 2008; Rinnan

et al. 2009; Bradford et al. 2010) and increases in response

to altered precipitation (Gallardo and Schlesinger 1995;

Borken and Matzner 2009) have also been reported in other

ecosystems and in semi-arid grasslands (Liu et al. 2009). In

grasslands, strong correlations between microbial respira-

tion and soil moisture and temperature suggest direct and

critical roles of soil environmental factors including water

availability in modifying responses of heterotrophic respi-

ration to climate change. The inter-annual shifts in

microbial respiration with concomitant shifts in natural

Table 1 Associations of microbial community composition with

plant, soil, and other microbial variables

Factor r2 P value Factor r2 P value

Permutation test based on data 2006, 2007 and 2009

MBC 0.28 \0.001 GC 0.10 0.041

MBN 0.24 0.002 LC 0.13 0.011

MR 0.00 0.970 FC 0.00 0.935

GN 0.12 0.011 SC 0.37 \0.001

GP 0.45 \0.001 TC 0.33 \0.001

GN/GP 0.16 0.006 SM 0.66 \0.001

Fungi 0.12 0.012 ST 0.11 0.010

Bacteria 0.41 \0.001 pH 0.49 \0.001

F/B 0.03 0.410 SR 0.15 0.006

Permutation test based on data 2006 and 2007

AWCDb 0.29 0.002 AWCDf 0.02 0.675

Rb 0.24 0.002 Rf 0.00 0.992

Hb 0.24 0.004 Hf 0.00 0.974

DOC 0.15 0.017

The final stress of the 2-dimensional non-metric multidimensional

scaling (NMDS) analysis based on data collected from 2006, 2007,

and 2009 is 11.4, and the stress based on data collected from 2006 and

2007 is 13.5. P values are based on the post hoc permutation test with

999 permutations

AWCDb, Rb, and Hb are the average well-color development, rich-

ness, and Shannon–Wiener index of bacterial C source utilization,

respectively. AWCDf, Rf, and Hf are the average well-color devel-

opment, richness, and Shannon–Wiener index of fungal C utilization,

respectively

GN Gram-negative bacterial PLFA mol%, GP Gram-positive bacte-

rial PLFA mol%, GN/GP the ratio of Gram-negative to Gram-positive

bacteria, Fungi fungal PLFA mol%, Bacteria total bacterial PLFA

mol%, F/B the ratio of fungi to bacteria, MBC microbial biomass C,

MBN microbial biomass N, MR microbial respiration, GC grass cover,

LC legume cover, FC forb cover, TC total plant cover, SM soil

moisture, ST soil temperature, pH soil pH, DOC soil dissolved

organic C, SR soil respiration

Table 2 Correlations of bacterial C source utilization profiles with

plant, soil, and microbial variables

Factor NMDS1 NMDS2 r2 P value

MBC -0.74 0.67 0.21 0.005

MBN -0.76 0.65 0.20 0.007

MR -0.57 0.82 0.06 0.228

GC -0.99 0.15 0.04 0.442

LC -0.92 0.40 0.05 0.296

FC -0.99 0.11 0.01 0.748

SC -0.73 0.69 0.23 0.005

TC -0.86 0.50 0.21 0.003

SM 0.71 -0.71 0.13 0.047

ST -0.95 0.30 0.04 0.410

pH 0.83 -0.56 0.19 0.008

DOC -0.97 0.24 0.13 0.034

The final stress of the 2 dimensional non-metric multidimensional

scaling (NMDS) analysis is 11.7. P values are based on the post hoc

permutation test with 999 permutations

MBC Microbial biomass C, MBN microbial biomass N, MR microbial

respiration, GC grass cover, LC legume cover, FC forb cover, TC
total plant cover, SM soil moisture, ST soil temperature, pH soil pH,

DOC soil dissolved organic C
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precipitation that we observed also provide indirect evi-

dence for this concept.

It has been suggested that microbial carbon use effi-

ciency will decrease with warming, implying initially

higher respiration rates per unit microbial biomass under

warming, followed over time by a shift to lower respiration

rates per unit biomass as microbial communities adapt to

warmer temperatures (Allison et al. 2010; Bradford et al.

2008, 2010). Warming-acclimated species or communities

generally have lower growth and respiration rates and

down-regulate heterotrophic respiration under warming

(Crowther and Bradford 2013; Bradford et al. 2008, 2010).

We found no changes in microbial community structure

under warming, suggesting that our community is already

adapted to fluctuations in temperature and precipitation

(Balser et al. 2010; Gutknecht et al. 2012). We therefore

would have expected to observe decreased mass-specific

respiration under warming. However, in this study, we

found a consistently neutral response of mass-specific

heterotrophic respiration to warming. In contrast to

warming, increased precipitation significantly elevated

mass-specific heterotrophic respiration, suggesting that

increased precipitation may accelerate not only microbial

biomass but also physiologically respiratory responses in

this semi-arid grassland. We postulate that the drought

regime in semi-arid grasslands and the decreased soil

moisture under warming explains both the neutral response

of mass-specific heterotrophic respiration to warming and
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the significant response to increased precipitation. Under

drought conditions, the lack of water can limit activity and

diffusion of enzymes, substrate availability, and conse-

quently inhibit physiological changes in heterotrophic

respiration. Increases in soil moisture after rain events can

then stimulate activities of microbial enzymes with the

presence of more readily available substrates (Young and

Ritz 2005). Increased precipitation was also associated

with higher levels of dissolved organic C at our sites

(personal communication), supporting this idea. In sum-

mary, this may explain why increased precipitation

increased physiological respiratory responses in our study

but warming did not. Moreover, a greater increase in mass-

specific respiration under increased precipitation in the

drier years of 2007 and 2009 than in the wetter years of

2006 and 2008 suggests that microorganisms surviving in a

relatively dry environment may show large physiological

respiratory responses to increased precipitation. Following

wetting of relatively dry soils, microbes may facilitate C

mineralization and respiratory C loss through lysis of live

microbial cells, release of cell solutes, and exposure of

protected organic matter (Borken and Matzner 2009; Tie-

mann and Billings 2011). This facilitation may be further

heightened with the drastic rewetting resulting from

increased precipitation. The precipitation-caused decrease

in MBC/MBN ratio that occurred only in the drier years of

2007 and 2009 provides indirect evidence for the large C

removal from microbial turnover under the drying–wetting

moisture regime typical of this ecosystem.

Divergent responses of microbial carbon utilization

and heterotrophic respiration to warming and increased

precipitation

We measured microbial respiration following the alkali

absorption method and determined bacterial and fungal C

utilization using BIOLOG assay. The former is a method of

measurement of total microbial activity, the latter is a

method for measurement of the quality or type of carbon

substrates being used by the microbial community,

although it is selective for quickly-growing, r strategizing

species (Preston-Mafham et al. 2002). There is increasing

evidence that warming alters the substrate preferences of

soil microorganisms (Balser and Wixon 2009; Waldrop and

Firestone 2004), and thus warming may alter soil carbon

composition and possibly the recalcitrance of soil organic

carbon stocks (Ågren et al. 2007).

Changes in bacterial C utilization caused by warming

and increased precipitation were first observed in the early

years of this experiment, suggesting a relatively rapid

response of r strategizing bacteria to climate change.

Warming stimulated both total bacterial C utilization and

the richness of substrates utilized by bacteria, while

precipitation increased the proportional diversity index of

substrates used. The positive response of bacterial C uti-

lization to warming was consistent with observations in a

North American tallgrass prairie (Zhang et al. 2005), but

different from the response of total microbial respiration to

warming in our experiment. This disparity between our

total respiration and substrate utilization results could be

explained by fungal or total bacterial contributions to res-

piration, since it is difficult to tell what proportion of the

bacterial community are represented with Biolog analysis.

As with the total increase in respiration under elevated

precipitation, increased moisture and subsequent substrate

availability may have caused an increase in exoenzyme

activity leading to a higher proportion of oxidation of

certain C substrates.

The results of EcoPlate analysis showed that warming

stimulated the utilization of carbohydrate and phenolic

compounds. Warming-induced variations in carbohydrate

utilization by bacteria may cause shifts in soil labile C

turnover because carbohydrates are the primary component

of dissolved organic C and are a good predictor of the

labile C turnover rate in soil (Gregorich et al. 2003; Kalbitz

et al. 2003). Conversely, an increase in dissolved organic C

under warming in semi-arid grasslands (personal commu-

nication) may accelerate bacterial C utilization because

dissolved organic C is a rich and readily accessible energy

source for bacteria. Increased precipitation also slightly

elevated dissolved organic C in soils (personal communi-

cation), which may to some extent explain its stimulation

to bacterial C utilization. In addition, increased precipita-

tion accelerated the bacterial utilization of amino com-

pounds, which generally exist in root exudates and are

readily accessible to decomposers (Insam 1997). It could

be that amino compounds were more readily available

under increased precipitation because of the increased plant

productivity in those treatments, and bacteria with the

ability to use amino compounds were either more abundant

or up-regulated amino utilization enzymes.

Soil microbial communities and their implications

for microbial-relevant C processes in response

to warming and increased precipitation

Organism-level responses may induce increases in eco-

system-level C efflux and nutrient flow under climate

change (Hanson et al. 2000; Schimel et al. 2007). As a

significant sink of photosynthetically fixed C (Kelting et al.

1998), microbial biomass can primarily determine hetero-

trophic respiration and contribute to respiratory loss of soil

carbon. The strong correlation between microbial biomass

and soil respiration, and the similar patterns of them that

we observed in response to warming and increased pre-

cipitation (Niu et al. 2007; Liu et al. 2009) provide
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evidence that the above perspective applies to the semi-arid

grasslands of northern China. Moreover, results of mass-

specific heterotrophic respiration show that microbial

growth but not total physiological respiratory responses

contribute to respiratory loss of soil carbon under warming.

Changes in bacterial carbon utilization profiles indicate

though that r strategizing bacteria may accelerate total

substrate oxidation and increase carbohydrate and phenolic

degradation under warming, potentially contributing to soil

C loss or a shift in carbon pool composition under warm-

ing. However, mass-specific heterotrophic respiration

responded to increased precipitation irrespective of

microbial biomass, especially under drought conditions of

semi-arid grasslands. The result suggests that increased

precipitation will stimulate microbial biomass but will also

increase respiratory costs and soil C loss of microbial

communities surviving in drought soils of semi-arid

grasslands.

Microbial community composition was strongly corre-

lated with microbial respiration and C utilization according

to post hoc permutation tests. However, microbial com-

munity composition did not respond to warming or

increased precipitation although it did change with inter-

annual climate fluctuation. We also observed that microbial

community composition was not responsive to warming in

another 5-year experiment in the semi-arid grassland

(Zhang et al., unpublished data) and in a 16-year experi-

ment (Lamb et al. 2011). Microbial community composi-

tion also did not respond to long-term rainfall experiments

in semi-arid grasslands of California, USA (Cruz-Martı́nez

et al. 2009; Gutknecht et al. 2012). These results indicate

an adaptation of microbial community composition to large

ambient fluctuations in temperature, precipitation, and

drought conditions in semi-arid grassland that in turn cause

resistance or resilience to further climate manipulation

(Gutknecht et al. 2012). This adaptation could also explain

why we saw fluctuations in total microbial biomass due to

treatments, in a likely adaptive response to increased plant

biomass and associated labile nutrient fluxes, with no

change in community structure. The neutral response of

microbial community composition to climate change may

contribute to stability of soil organic matter in semi-arid

grasslands given that altered microbial community com-

position can change microbial C use efficiency (Six et al.

2006; Keiblinger et al. 2010) and consequently soil carbon

storage (Cotrufo et al. 2013).

Conclusions

Warming and increased precipitation had contrasting

effects on microbial communities in this semi-arid grass-

land ecosystem. In this system, microbial biomass and

respiration were most strongly correlated with plant cover.

Plant responses to climate change (likely water-mediated),

and not direct effects of treatment therefore most likely

explain the contrasting responses of microbial biomass to

warming and increased precipitation. Warming had no

effects on mass-specific (per unit microbial biomass C)

heterotrophic respiration, but increased precipitation ele-

vated it, especially during the drier years of our study.

These results suggest that microbial biomass primarily

controls the contribution of microorganisms to respiratory

loss of soil carbon under warming, and increased precipi-

tation can increase microbial respiratory activity and

associated contributions to soil C loss. In addition,

although microbial community structure was not altered by

climate change treatments, bacterial substrate utilization

profiles were altered by both warming and increased pre-

cipitation, suggesting that soil organic carbon composition

and storage potential could be altered by climate change

even where total microbial responses are minimal. Toge-

ther, our data demonstrate that even in ecosystems where

microbial communities may be adapted to a strongly fluc-

tuating ambient climate, warming or altered precipitation

regimes can alter microbial growth, soil carbon structure,

and respiratory losses of soil carbon.
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