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Abstract

We used microbial lipid analysis to analyze microbial biomass and community structure during 6 years of experi-

mental treatment at the Jasper Ridge Global Change Experiment (JRGCE), a long-term multi-factor global change

experiment in a California annual grassland. The microbial community fingerprint and specific biomarkers varied

substantially from year to year, in both control and experimental treatment plots. Possible drivers of the variability

included plant growth, soil moisture, and ambient temperature. Surprisingly, background variation in the microbial

community was of a larger magnitude than even very significant treatment effects, and this variation appeared to

constrain responses to treatment. Microbial communities were mostly not responsive or not consistently responsive

to the experimental treatments. Both arbuscular mycorrhizal fungi biomarker abundance (16 : 1 x5c) and the fungal

to bacterial ratio were lower under nitrogen addition in most years. Bacterial lipid biomarker abundances (15 : 0 iso

and 16 : 1 x7c) were higher under nitrogen addition in 2002, the year of largest microbial biomass, suggesting that

bacteria could respond more to nitrogen addition in years of better growth conditions. Nitrogen addition and

warming led to an interactive effect on the Gram-positive bacterial biomarker and the fungal to bacterial ratio. These

patterns indicate that in California grassland ecosystems, microbial communities may not respond substantially to

future changes in climate and that nitrogen deposition may be a determinant of the soil response to global change.

Further, year-to-year variation in microbial growth or community composition may be important determinants of

ecosystem response to global change.
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Introduction

Soil microbial community dynamics play an important

role in future ecosystem responses to global change

through their effects on nutrient cycling. Microbial

community composition can be altered by global

changes, including nitrogen deposition, climate change,

or elevated CO2 (Bruce et al., 2000; Treseder & Allen,

2000; Zak et al., 2000; Montealegre et al., 2002; Pendall

et al., 2004; Treseder, 2004; Balser et al., 2010). In gen-

eral, microbial responses to global change appear to be

dependent on soil nutrient conditions and may either

occur directly or may be mediated through the plant

community (Bardgett et al., 2008). Nitrogen deposition

can result in increased microbial biomass, if other nutri-

ents aren’t limiting (Treseder, 2008), or if aboveground

plant biomass and nutrient inputs increase. The more

likely scenario, however, is that nitrogen addition

results in decreased or unchanged general fungal,

mycorrhizal fungal (through decreased plant recruit-

ment), and bacterial biomass (Treseder, 2004, 2008).

Direct responses of microbial biomass or community

structure to climate change (changes in temperature or

precipitation regime) may depend on microbial physi-

ology and on the ‘envelope’ of microbial adaptation to

local climatic fluctuations (Waldrop & Firestone, 2006;

Allison et al., 2010; Balser et al., 2010; Davidson et al.,

2012). Warming can decrease microbial biomass where

labile carbon is limiting through decreased microbial

growth efficiency at higher temperatures (Contin et al.,

2000; Schimel et al., 2007). Indirect effects of warming

can be mediated through diverse plant responses

including changes in growth, photosynthetic rate,

nutrient allocation, or litter quality (Gavito et al., 2003;

Pendall et al., 2004, 2008), or through effects of plants
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on soil moisture which may paradoxically increase

under warming (Zavaleta et al., 2003b). Microbial

responses to altered moisture regimes have to date

been highly variable and less well synthesized (Borken

& Matzner, 2009; Balser et al., 2010).

Belowground responses to elevated CO2 most likely

occur via increased plant carbon allocation below-

ground (Cardon et al., 2001; Niinisto et al., 2004) and to

a lesser extent through altered litter quality (Schlesinger

& Lichter, 2001). Thus, microbial responses may be

highly dependent on the response of the specific plant

species or plant community in question (Hungate et al.,

1996, 2000; Zak et al., 2000). One generally observed

trend is that elevated CO2 and an associated increase in

plant carbon can increase plant nutrient limitation,

leading to increased growth or plant recruitment of my-

corrhzial fungi and nitrogen fixers (Hungate et al.,

1999; Treseder, 2004).

Simultaneous multiple global changes can cause

interactive effects on above and belowground commu-

nities that are distinct from single-factor responses, but

these multi-factor effects are generally not well known

(Kandeler et al., 1998; Henry et al., 2005a; Intergovern-

mental Panel on Climate Change (IPCC), 2007). Ele-

vated CO2 and nitrogen deposition, for example,

can have offsetting impacts on mycorrhizal fungal

communities (Treseder & Allen, 2000).

Microbial response to global change may also vary

substantially through time (Niklaus et al., 2003; Chou

et al., 2008) in response to background variation

in community composition or variation in indirect fac-

tors such as plant community growth, composition,

and responses to global change treatment. Biomass,

structure, and function of microbial communities fluc-

tuate seasonally with changes in weather and ambient

plant growth over the course of the year (Grayston

et al., 2001; Kennedy et al., 2006). It’s reasonable that

year-to-year fluctuations in weather and plant growth

also lead to changes in microbial growth and commu-

nity composition. These variations from year to year

could then complicate inference of responses to treat-

ments, as has been shown over seasonal time-scales

(Bell et al., 2010).

Temporal variability in microbial community compo-

sition and response to treatment may also be altered by

indirect factors such as changes in the plant community

over time, potentially with a lag between the initiation

of a treatment and the time the response becomes sig-

nificant (Sherry et al., 2008). Plant community responses

to global changes may also fluctuate or progress over

time (Zavaleta et al., 2003a; Dukes et al., 2005). Varying

plant response over time could impact soil microbial

response to treatments indirectly through competition

for nutrients, changes in water use efficiency, changes

in rhizodeposition, or other mechanisms. In summary,

responses of microbial communities to multiple treat-

ments over longer timescales are rarely performed and

potentially important (Docherty & Gutknecht, 2011),

with the potential to complicate interpretation of results

from global change experiments (Van Groenigen et al.,

2002; Niklaus et al., 2003). With altered weather vari-

ability under climate change (Intergovernmental Panel

on Climate Change (IPCC), 2012), microbial communi-

ties and their responses to global changes may fluctuate

even more in the future.

The Jasper Ridge Global Change Experiment

(JRGCE; Stanford, CA, USA) combines long duration

with multiple treatments (see Methods section). The

JRGCE is situated in an annual grassland in a region

with a semi-arid, mediterranean-type climate, charac-

terized by a cool wet growing season, initiated by the

first fall rains, and a hot summer drought (Chiariello,

1989; Xu & Baldocchi, 2004). The temperature and pre-

cipitation (both timing and amount) vary greatly from

year to year, as does net primary production, varying

from 350 g m�2 to 800 g m�2 over the first 10 years of

the experiment (Lunch et al., 2012). Some of the JRGCE

treatments directly alter the soil environment. Elevated

precipitation increased soil moisture in late spring by

approximately 2% (Zavaleta et al., 2003a; Barnard et al.,

2006; Brown et al., 2011). The warming treatment

increased soil temperature by 0.70 °C (10 cm depth,

Niboyet et al., 2011). This variation in climate and

plant growth makes the JRGCE a good system in

which to monitor and to examine potential controls

(such as moisture, temperature, or net primary produc-

tion) on inter-annual variation in microbial growth and

sensitivity to treatments.

To date, the JRGCE has demonstrated that this grass-

land ecosystem is quite responsive to nitrogen addition,

somewhat responsive to elevated precipitation, and

mostly not responsive to elevated temperature or ele-

vated CO2. Nitrogen addition increased shoot produc-

tion by approximately 25%, with no significant effect

on root production (Zavaleta et al., 2003a; Dukes et al.,

2005). The N content, decomposability, and potential

microbial decomposition (extra-cellular enzyme activi-

ties) of plant litter all also increased under nitrogen

addition (Henry et al., 2005a,b; Gutknecht et al., 2010).

Water addition increased plant shoot biomass by

approximately 15%, but decreased root biomass by

approximately 20% (Dukes et al., 2005). Plant biomass

production at the JRGCE was generally not responsive

to elevated CO2, either above or belowground (Zavaleta

et al., 2003a; Dukes et al., 2005), and elevated CO2 had a

suppressive effect in some years and treatment combi-

nations (Shaw et al., 2002; Henry et al., 2006). The posi-

tive responses to N addition at the JRGCE may also
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drive an ecosystem-level phosphorus limitation (Menge

& Field, 2007).

Most microbial work at the JRGCE has focused on

how nitrogen addition or other global changes alter the

organisms and transformations associated with the

nitrogen cycle (for example: Horz et al., 2004; Barnard

et al., 2006; Niboyet et al., 2011), with much less work

on broad characterization of microbial growth or com-

munity structure. Of the two studies that have exam-

ined broad microbial parameters, the microbial

community mostly responded to N addition, which

lowered the fungal:bacterial ratio by 5–20% (depending

on the year of analysis), altered general microbial com-

munity structure (Docherty et al., 2011), and increased

microbial biomass N (Barnard et al., 2006). Microbial

biomass C however has not been significantly altered

by any JRGCE global change treatment (Barnard et al.,

2006). Some of the treatment effects depended on treat-

ment interactions or varied over time (Dukes et al.,

2005; Gutknecht et al., 2010).

Most microbial studies at the JRGCE were based on 1

or 2 years of data, even though there is evidence that

both plant community and microbial responses may

change from year to year (Horz et al., 2004; Dukes et al.,

2005; Barnard et al., 2006; Lunch, 2009; Docherty et al.,

2011). In this study we assessed annual variation in

microbial community composition and biomass, based

on lipid analysis, at the JRGCE, over 6 years of continu-

ous experimental manipulation. Our objectives were (1)

to compare the relative importance of response to glo-

bal change treatments vs. natural community variation

over time, and (2) to determine whether responses of

microbial biomass and broad community structure to

treatment at the JRGCE persist or change over time.

Methods

Field site and experimental design

The JRGCE is located in the eastern foothills of the Santa Cruz

Mountains (37°40 N, 122°22 W) at the Jasper Ridge Biological

Preserve (Stanford University). The plant community at the

site is a typical California grassland dominated by annual

non-native grasses Avena barbata, Avena fatua, Bromus horde-

aceus, and Lolium multiflorum (Zavaleta et al., 2003a). Soils

at the JRGCE consist of weathered alluvium from the Francis-

can complex. These alfisols are very deep (125–150 cm) and

well drained (Kashiwagi, 1985) (for soil characteristics, see

Table 1).

The JRGCE includes four treatments (CO2, warming, nitro-

gen addition, and water addition), each at two levels (ambient

and elevated), in a full factorial design. Treatment levels are in

the range of regional and global projections for the second half

of the 21st century (Hayhoe et al., 2004). Treatments are orga-

nized in a randomized block split-plot design with CO2 and

warming delivered at the plot level and nitrogen and water

additions assigned randomly within each plot (circular plots,

3.14 m2 area, n = 8 for each treatment for a total of 128 experi-

mental plots from 2001–2003, n = 6 for each treatment from

2004–2006 because of an accidental wildfire). A 0.5 m deep

belowground barrier surrounds each circular plot and subdi-

vides each circular plot into four subplots or quads. CO2 and

warming are applied at the plot level. CO2 is elevated to

approximately 680 ppm by free air carbon dioxide enrichment

emitters that deliver pure CO2 at the canopy level (Miglietta

et al., 2001a,b). Plots are warmed by approximately 1 °C at the

canopy and soil surface using overhead infrared heaters.

Nitrogen and precipitation are applied at the quad level.

Nitrogen is applied as Ca(NO3)2 with two applications; a

liquid application 2 g of N m�2 at the first rains (mid-Novem-

ber) and 5 g of N m�2 as slow-release fertilizer each January

to simulate both a periodic N flush and long-term dry deposi-

tion, respectively. Precipitation is elevated by augmenting

each ambient rain event by 50% with overhead sprinklers,

with two additional watering events in the spring to extend

the rainy season by approximately 3 weeks.

Soil sampling, abiotic soil properties, temperature, and
precipitation

Each year from 2001–2006, two soil cores (2.5 cm diameter by

15 cm deep) were taken from each experimental quad, com-

bined, homogenized, and used for all soil analysis. Yearly

samples were taken at approximately the date of peak plant

biomass on: 3 May, 2001; 24 April, 2002; 24 April, 2003; 22–26

April, 2004; 25–26 April 2005; and 9–11 May, 2006. Ten-gram

sub-samples from the homogenized cores were then frozen,

shipped to the University of Wisconsin-Madison, and freeze-

dried for lipid analysis. In total, we analyzed 672 samples (16

Table 1 Soil characteristics at the Jasper Ridge Global

Change Experiment (JRGCE). Analysis was performed at the

University of Wisconsin Soil and Plant Analysis Laboratory

(SPAL, Madison, WI, USA) from samples taken adjacent to

JRGCE experimental plots, fall 2005

Characteristic JRGCE surface soil (top 16 cm)

Texture Loam

% sand 37

% silt 48

% clay 15

pH 6.5–7.0

% organic matter 3.1

CEC (meq 100g�1) 9.3

% total C 1.197

% total N 0.115

Total minerals (ppm)

P 251

K 1991

Na 132

Ca 7951

Mg 4271
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treatments, each replicated 8 times from 2001 to 2003, and

replicated 6 times from 2004 to 2006 because a wildfire burned

2 blocks after harvest in 2003).

Additional sub-samples were taken at the same annual

dates to determine various abiotic soil properties. The percent

soil moisture was determined gravimetrically every year from

each freshly collected soil sample. We determined the percent

water content from 10 g of soil, dried for 48 h (or until no

change in mass) at 105 °C (Klute, 1986). The total percent car-

bon and nitrogen were performed annually on each sample by

combustion analysis on a Carlo Erba Strumentazione Model

1500 Series I analyzer.

Air temperature and precipitation data were collected

within 100 m of the site. Temperatures were at 1.5 m above

the soil surface and at 10 cm soil depth using burried thermo-

couples (no soil temperature data were available for 2001 or

2002 sample years).

Plant biomass

Plant aboveground biomass (AGB) and belowground biomass

(BGB) for this study are from Lunch et al. (2012), using meth-

ods described by Dukes et al. (2005). Briefly, Aboveground

plant matter was collected from a 141 cm2 area of each quad

(from a total 7853 cm2 area per quad) on the exact dates listed

above. The biomass of individual plant species was combined

into functional groups including total grass biomass, total forb

biomass, and legume biomass. Belowground biomass was

determined by separating live roots out of two soil cores

(2.5 cm diameter by 15 cm depth) taken in the same area of

the aboveground biomass harvest.

Microbial community analysis

We used a hybrid procedure combining phospholipid fatty

acid and fatty acid methyl ester (FAME) analysis to analyze

microbial community composition (Smithwick et al., 2005).

The procedure was based on the extraction of ‘signature’ lipid

biomarkers from the microbial cell membrane. Membrane lip-

ids were extracted, purified, and identified using steps from a

modified Bligh & Dyer (1959) technique for lipid extraction,

combined with FAME analysis as described by Microbial ID

Inc. (Hayward, CA, USA). Lipids were extracted from 3 g of

freeze-dried soil using a chloroform extraction (4 ml) with

phosphate buffer (potassium phosphate (3.6 ml) and methanol

(8 ml). The phases were then allowed to separate overnight at

room temperature, followed by reduction of the chloroform

phase volume (after aspiration to remove the aqueous phase)

in a RapidVap evaporator. The procedure for FAME was

then followed (Microbial ID Inc, Hayward CA, USA); saponifi-

cation followed by strong acid methanolysis and phase separa-

tion to extract the methyl-esterfied fatty acids.

A 2-ll injection of the methyl-esterfied fatty acids was ana-

lyzed using a Hewlett-Packard 6890 Gas Chromatograph

equipped with a flame ionization detector and an Ultra 2 cap-

illary column (25 m 9 0.2 mm diameter 9 0.33 lm film thick-

ness; 5%-phenyl, 95% methyl) (Agilent Technologies Inc.,

Santa Clara, CA, USA). Hydrogen was the carrier gas,

nitrogen was the make up gas, and air used to support the

flame. Samples were run with a ramping temperature (from

170 to 300 °C at 5 °C per minute over 38 min) for better peak

separation. Lipid peaks were identified using bacterial fatty

acid standards and MIDI peak identification software (“Sher-

lock microbial identification system”, MIDI Inc, Newark, DE,

USA).

Peak areas were converted to nmol lipid g dry soil�1 using

internal standards (9 : 0 nonanoic methyl ester and 19 : 0 no-

nadecanoic methyl ester). The total nmol lipid g dry soil�1

(sum of all lipids present, 20 or less carbons in length) was

used as an index of microbial biomass (Vestal & White, 1989;

Zelles et al., 1992; Hill et al., 1993; Frostegård & Bååth, 1996).

Individual lipids were used as biomarkers to indicate broad

groups within the microbial community: 16 : 1 x5c for arbus-

cular mycorrhizal fungi (AMF; Balser et al., 2005); 18 : 2 x 6,9c

for general fungi excluding AMF (general fungal, GF; Balser

et al., 2005); 16 : 1 x7c for Gram-negative bacteria (Wilkinson

et al., 2002); and 15 : 0 iso for Gram-positive bacteria (Wilkin-

son et al., 2002). The ratio of fungal lipids (average 16 : 1 xc5,
18 : 1 x9c, and 18 : 2 x6,9c) to bacterial lipids (average 15 : 0

iso, 15 : 0 anteiso, 16 : 0 2OH, 16 : 0 iso, 16 : 1 x7c, 16 : 0 10

methyl, 17 : 0 iso, 17 : 0 anteiso, 17 : 0 cyclo, 18 : 1 x5c, and
18 : 1 x7c) was used to indicate the fungal to bacterial ratio

(Frostegård & Bååth, 1996).

Statistics

We used a combination of multivariate and univariate statis-

tics, representing the JRGCE as a full factorial experiment with

a split plot design. This combination of techniques was done

to fully analyze microbial community profiles from multiple

scales (whole community fingerprint vs. specific microbial bi-

omarkers).

Nonmetric Multidimensional Scaling (NMS), a multivariate

analysis technique, was used to fingerprint the microbial com-

munity using the metaMDS function (in the vegan package) of

R statistical software (McCune & Grace, 2002; R Development

Core Team, 2010). To reduce noise for multivariate analysis,

only lipids present from all years of the study in greater con-

centration than 0.005 mol fraction (moles individual lipid/

moles total lipid biomass) were used. Lipid biomass data from

18 lipids were thus used for NMS: (15 : 0 iso, 15 : 0 anteiso,

16 : 0, 16 : 0 2OH, 16 : 0 iso, 16 : 1 x5c, 16 : 1 x7c, 16 : 0

10me, 17 : 0 iso, 17 : 0 anteiso, 17 : 0 cyclo, 18 : 1 x5c, 18 : 1

x7c, 18 : 1 x9c, 18 : 2 x6,9c, 18 : 0 10me, and 18 : 3 x6,9,12c,
and 19 : 0 cyclo). Sorenson (Bray) distance was used to con-

struct distance matrices for analysis. Thirty independent runs

were performed with raw data and compared with twenty

runs on randomized data, each checking six-dimensional

through one-dimensional solutions. The multiple runs on raw

data ensure that the best solution is global and not a local min-

imum, and comparison with runs on randomized data deter-

mines the probability that the result could have happened by

chance (McCune & Grace, 2002).

To complement NMS, Permanova analysis and permutation

tests were performed using the adonis function (in the vegan

package) of R statistical software (R Development Core Team,
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2010). Permanova is a nonparametric, permutational method

for hypothesis testing from a multivariate data matrix (Anderson,

2001). Repeated measures analysis was overlaid onto differ-

ences of least squares means based on the JRGCE split plot

design using the autoregressive variance-covariance structure.

Independent variables elevated CO2, nitrogen addition, ele-

vated temperature, water addition, and all possible interac-

tions were used to test main and interactive treatment effects.

The same lipids were used as with NMS analysis. Sorenson

(Bray) distance was used to construct the distance matrix

for analysis. For the best possible sensitivity of calculated

F-statistics and subsequent P-values, 999 permutations were

performed. Posthoc permutation tests (n = 999, using the env-

fit function of the R vegan package) were used to determine

the significance of correlation between NMS scores and the

following factors: the fungal to bacterial ratio, total microbial

biomass (nmol lipid g dry soil�1), soil moisture (%, gravimet-

ric), total C and N (%), total AGB, BGB, respectively in g m�2,

and biomass of plant functional groups (grass biomass, forb

biomass, legume biomass, and litter biomass; g m�2).

We also used univariate statistical tests on individual

microbial lipid biomarker biomass to determine treatment

effects. The model used was similar to that used for permano-

va analysis with repeated measures overlaid onto differences

of least squares means, here using the SAS proc mixed-covtest

platform (required for repeated measures) for analysis of

variance-covariance parameters (SAS Institute, 1999). Inde-

pendent variables elevated CO2, nitrogen addition, elevated

temperature, water addition, and all possible interactions

were used to test main and interactive treatment effects over

time. A random effects statement including block and

block 9 CO2 9 elevated temperature was included in the

model to account for random effects of block and the split plot

design. For repeated measures, an autoregressive variance-

covariance structure best fit our data. The significance of all

responses, including within year effects, was determined

using differences of least squares means based on the whole

model in order best meet our objective of determining how

microbial responses to global change over time. Pearson’s

pairwise correlations were used to determine the significance

of correlation between lipid biomarkers and the following fac-

tors: the fungal to bacterial ratio, total microbial biomass

(nmol lipid g dry soil�1), soil moisture (%, gravimetric), total

C and N (%), total AGB, BGB, respectively in g m�2, and bio-

mass of plant functional groups (grass biomass, forb biomass,

legume biomass, and litter biomass; g m�2).

Results

Ambient temperature, precipitation, and plant biomass
over time

During the time of this study from 2001 to 2006, the

average spring soil temperature was warmest in 2003

(13.5 °C) and decreased each subsequent year (Fig. 1a).

The average April soil temperature was warmest in

2003 and 2004 (approximately 16 °C) (Fig. 1a). Average

air temperatures were generally cooler than average

soil temperatures. This pattern appears to be an artifact

of the different locations (and spatial heterogeneity) of

soil and air temperature measurements. Cumulative

precipitation over the spring was lowest in 2002

(224 mm) and highest in 2005 and 2006 (approximately

580 mm) (Fig. 1b). Cumulative precipitation in April

and soil moisture were highest in 2003 (Fig. 1b and c).

From 2001 to 2006 total aboveground plant biomass

fluctuated over time and was highest in 2001 and 2003,
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Fig. 1 Annual variation in ambient temperature and precipita-

tion at the Jasper Ridge Global Change Experiment. The (a)

average temperature (°C), (b) cumulative precipitation (mm),

and (c) soil moisture are represented. Air temperature data were

collected near the experimental site at 1.5 m above the soil sur-

face, or at 10 cm depth, using burried thermocouples (no soil

temperature data were available for 2001 or 2002 sample years).

Precipitation data were also collected at the soil surface near the

experimental site. Filled circles = air temperature data and

precipitation data averaged over the month of April. Open

circles = soil temperature and soil moisture data averaged over

the month of April. Filled triangles = air temperature and

precipitation data averaged over the entire spring (January

through April). Open triangles = soil temperature data aver-

aged over the entire spring (January through April). Dashed

lines with no symbol = 30 year average air temperature (1.5 m

and precipitation for April (narrow dashes) or the entire spring

(January through April, wide dashes).
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while total belowground biomass was highest in 2001

and 2004 (Fig. 2a). Grass biomass was highest in 2001,

2003, and 2005. Forb biomass was highest in 2002 and

2005 (Fig. 2b).

Ambient microbial community variation over time

The NMS grouping of scores and the Permanova analy-

sis both showed that the microbial community changed

significantly over time (Table 2, the final stress for

NMS analysis for two axes was 8.45). This is demon-

strated by comparing grouping by nitrogen treatment

within each sample year (nitrogen addition being the

most significant treatment in our study, Fig. 3). Individ-

ual lipid biomarkers also fluctuated over time (Table 2,

Fig. 4). The lipid biomass, AMF biomarker, and Gram-

negative biomarker had the largest changes over time,

with the highest concentrations in 2002 and 2005

(Fig. 4a). Individual lipid biomarkers also responded

differently to global change manipulations (Table 2,

Fig. 5), discussed in more detail below.

Correlations of the microbial community with abiotic soil
parameters and plant productivity

Based on post hoc permutation analysis, the NMS axes

were significantly correlated with total lipid biomass

(nmol g dry soil�1), soil moisture (%), litter biomass,

and several aspects of plant productivity (AGB, BGB,

grass biomass, and forb biomass; g m�2; Table 3). Total

lipid biomass had the highest r2 with NMS scores and

was more correlated with NMS axis 1 (Table 3; the

directional cosine of the vector associated with NMS

axis 1, �0.9903, was larger than that associated with

NMS axis 2, �0.1392). NMS Axis 1 thus reflects a micro-

bial biomass gradient, with 2002 data (the year with the

highest biomass) on one extreme and 2004 data (the

year with the lowest biomass) on the other extreme

(Figs 3 and 4).

The total lipid biomass was correlated with soil mois-

ture, litter biomass, and all plant production variables

except legume biomass (Table 4). AGB and forb bio-

mass explained the most variance in lipid biomass

(Table 4). There were also relationships between uni-

variate lipid biomarkers and abiotic soil characteristics

and plant production (Table 4). Soil moisture was cor-

related with the GF, and more strongly with the bacte-

rial biomarkers. AGB was significantly positively

correlated with all the fungal and bacterial biomarkers

and explained the most variance in them as well. The

only exception was for the GF biomarker, which had a

significant negative correlation with BGB that

explained 14.7% of variance (Table 4). BGB was also

the only plant or soil characteristic to explain more than

10% of the variance in the fungal to bacterial ratio

(Table 4).

Responses to nitrogen addition

The multivariate community structure, lipid biomass,

AMF, and Gram-negative lipid biomarkers were all

affected by nitrogen addition with varying degrees of

significance over time (Table 2; Figs 3 and 5). Total

lipid biomass did not respond significantly to nitrogen

addition in a single year, but it decreased significantly

over all 6 years of this study, by approximately 5%,

from 197.5 ± 5.14 nmol lipid g dry soil�1 to 186.17 ±
4.67 nmol lipid g dry soil�1. The AMF biomarker (16 :

1 x5c) decreased in response to added nitrogen in

every year except 2004, the year of lowest lipid biomass

(Fig. 5a). Bacterial biomarkers increased in response

to nitrogen addition in 2002, the year of highest lipid
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biomass (only marginally significant for the Gram-posi-

tive biomarker; Fig. 5c and d). The fungal to bacterial

ratio also decreased under nitrogen addition, perhaps

driven by the AMF biomarker (Fig. 5e).

Responses to other treatments

The AMF and GF biomarker biomass, and accordingly,

the fungal to bacterial ratio, were lower under elevated

temperature in 2006 (Fig. 5a and b). Elevated precipita-

tion resulted in a lower fungal to bacterial ratio, signifi-

cant in 2003 and as a trend from 2004 through 2006

(Fig. 5e).

While there were few significant effects of each cli-

mate manipulation alone, there were several marginally

significant (P < 0.1) interactive effects involving ele-

vated temperature and either nitrogen addition or ele-

vated CO2 (Table 2). For the fungal:bacterial ratio,

warming plus nitrogen addition had a stronger nega-

tive effect than warming alone (Fig. S1a). There was an

analogous but positive interactive effect for the Gram-

positive bacterial biomarker (only significant in 2002 or

averaged over all 6 years; Figs 6 and S1b).

There was also an interactive effect involving effects

of warming and elevated CO2 on multivariate lipid

composition. This was marginally significant for the

lipid biomass, the AMF biomarker, and the Gram-nega-

tive bacterial biomarker (Table 2; Fig. S2), with lipid bi-

omarker biomass declining less (or increasing less in

the case of the Gram-negative biomarker in 2005) under

elevated temperature with elevated CO2 than under

warming alone (Fig. S2). For the lipid biomass and

AMF biomarker, this interactive effect was significant

only when averaged over all 6 years (Fig. S2a and b).

This interactive effect was most significant for the

Gram-negative bacterial biomarker in 2002 and 2005,

with different interactive effects in each year (Fig. S2c).

Table 2 Statistical P-values from analysis on lipid biomass (nmol lipid g dry soil�1) to determine treatment effects. Analysis,

other than the ‘multivariate’ column, were performed as repeated measures overlaid onto least means squared analysis within the

mixed procedure in SAS

Treatment Multivariate

Lipid

Biomass F : B ratio

AMF

(16 : 1 x5c)
GF

(18 : 2 x6,9c)
Gram�
(16 : 1 x7c)

Gram+
(15 : 0 iso)

C 0.816 0.258 0.135 0.570 0.517 0.381 0.585

H 0.525 0.217 0.4375 0.681 0.854 0.878 0.497

W 0.371 0.442 0.019 0.153 0.694 0.426 0.107

N 0.028 0.043 <0.001 <0.001 0.610 0.476 0.139

t <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

C9H 0.014 0.052 0.112 0.073 0.231 0.223 0.693

H9N 0.505 0.258 0.113 0.554 0.448 0.847 0.092

C9N 0.344 0.731 0.024 0.049 0.943 0.248 0.768

H9t 0.506 0.108 0.015 0.482 0.089 0.809 0.877

N9t 0.578 0.964 0.080 0.960 0.188 0.036 0.710

C9H9t 0.330 0.272 0.933 0.678 0.581 0.060 0.110

H9N9t 0.674 0.504 0.091 0.391 0.616 0.804 0.927

C9W9N9t 0.736 0.916 0.595 0.393 0.605 0.684 0.015

Column headings: Multivariate = represents P-values of statistics performed using permanova nonparametric testing using a

similar repeated measures model (see Methods), Lipid Biomass = total microbial lipid biomass (nmol lipid g dry soil�1), F : B

ratio = fungal to bacterial ratio, AMF = arbuscular mycorrhizal fungi, GF = general fungi, Gram� = Gram-negative bacteria,

Gram+ = Gram-positive bacteria. Treatment labels: C = elevated CO2, H = elevated temperature (heat), W = water addition,

N = elevated nitrogen, and t = time (years). Bold numbers are significant at P < 0.05. Note that interaction terms shown are only

those that approach statistical significance for one or more lipid biomarkers (P < 0.1).

–0.1

–0.2
–0.2–0.6

0

0.1

0.2 0.6

2006+N

2006

2004

2004+N
2001 2001+N

2003

2003+N
2005
2005+N

2002

2002+N

NMS axis 1

N
M

S
ax

is
2

Fig. 3 Nonmetric multidimensional scaling (NMS) analysis on

microbial lipid biomass. NMS scores were averaged by nitrogen

treatment within each year, for comparison of variation between

years and variation due to treatments. The final stress for NMS

analysis for two axes was 8.45. Error bars represent one stan-

dard error from means of NMS scores. Elipses were drawn

manually to aid in visualizing results.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 2256–2269

2262 J . L . M. GUTKNECHT et al.



While there were interactions between elevated CO2

and other treatments, there were no significant

responses to elevated CO2 alone (Table 2). Elevated

CO2 showed an interactive effect with nitrogen

addition on the AMF biomarker and the fungal to bac-

terial ratio (Table 2). Under elevated CO2 with nitrogen

addition, AMF biomarker biomass and the fungal to

bacterial ratio declined to similar levels as with nitro-

gen addition alone, where those parameters were only

slightly lower under elevated CO2 alone (Fig. S3). This

result was statistically significant in 2002, 2003, 2005,

and 2006 for the fungal to bacterial ratio, and significant

every year for the AMF biomarker.

Discussion

In this study we quantified responses of the soil micro-

bial community to simulated global change, consider-

ing both multiple, interacting global change factors and

inter-annual fluctuations. During the 6 years this study

encompassed, weather (Fig. 1), plant productivity

(Fig. 2), and microbial community fingerprint, biomass,

and response to treatment (Figs 3–5) all varied substan-

tially. Even for stronger treatment effects, such as the

response to nitrogen addition, significance varied over

time, as reported in other studies (Lutze et al., 2000;

Niklaus et al., 2003). Responses other than to nitrogen

addition tended to occur in 1 year only, especially the

year of highest microbial biomass (2002, Fig. 5). Below,

we discuss potential drivers of microbial community

variance over time, and why we may have mostly only

seen responses to the nitrogen addition treatment.
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Inter-annual variability of individual components

of the microbial community was comparable to that

of plant biomass, but the fungal to bacterial ratio

fluctuated much less. This could be interpreted as

consistent with growing evidence that the compo-

nents of microbial communities are adapted to their

historical environment (Santruckova et al., 2003; Bar-

telt-Ryser et al., 2005; Fraterrigo et al., 2006). The nor-

mal environment in California annual grasslands has

large seasonal ranges and annual variations in cli-

mate, nutrient availability, and plant production

(Jackson et al., 1988; Lunch et al., 2012). The relative

stability of the fungal to bacterial ratio in response to

this variability could reflect similar sensitivities across

both broad groups, or it could reflect partly compen-

sating changes in composition within fungal and bac-

terial communities.

Individual biomarkers of microbial community com-

position and biomass were significantly correlated with

several different aspects of plant production (Tables 3

and 4). Among plant production variables, above-

ground biomass explained the largest amount of vari-

ance in total microbial biomass and lipid biomarker

biomass (Table 4). This positive relationship has been

documented in several ecosystems. It can be interpreted

as reflecting the fact that plant growth aboveground

produces labile carbon belowground, which supports

microbial growth and symbiotic relationships (Zak

et al., 1994, 2003; Hooper et al., 2000; Johnson et al.,

2003; Wardle et al., 2004). The general fungal biomarker

and the fungal to bacterial ratio were negatively corre-

lated with belowground biomass, while the bacterial

biomarkers were positively correlated with below-

ground biomass. It could be that higher root biomass

leads to lower nutrient availability for saprotrophic

Table 4 Correlation coefficients of soil and plant characteristics with microbial lipid biomarkers. The r2 shows the proportion of

variance explained and P value shows the significance of correlations based on Pearsons pairwise correlation tests

Factor

Lipid Biomass F : B ratio AMF (16 : 1 x5c) GF (18 : 2 x6,9c)
Gram�
(16 : 1 x7c)

Gram +
(15 : 0 iso)

r2 P value r2 P value r2 P value r2 P value r2 P value r2 P value

Soil

moisture

0.0930 0.0254 �0.0956 0.0209 0.0625 0.1327 0.0887 0.0329 0.1698 <0.0001 0.1491 0.0003

Total N �0.0065 0.8745 0.0666 0.1045 �0.0868 0.0347 0.0766 0.0636 �0.0206 0.6151 �0.0892 0.0284

Total C 0.0057 0.8887 0.0256 0.5308 �0.0974 0.0173 0.0636 0.1216 �0.0206 0.8617 �0.0573 0.1573

AGB 0.2319 <0.0001 �0.0185 0.6569 0.2075 <0.0001 0.1071 0.0105 0.2039 <0.0001 0.1681 <0.0001

BGB 0.1146 0.0063 �0.1567 0.0002 0.118 0.0048 �0.1471 0.0004 0.0788 0.0595 0.1618 <0.0001

Grass 0.1356 0.0012 �0.017 0.6839 0.1427 0.0006 0.0179 0.6707 0.0793 0.0579 0.1159 0.0051

Forb 0.1506 0.0004 0.0263 0.5355 0.1293 0.0023 0.1139 0.0074 0.0793 <0.0001 0.0654 0.1192

Legume 0.0278 0.4971 �0.0189 0.6420 0.0128 0.7549 0.0493 0.2286 0.0498 0.2203 0.0383 0.3425

Litter �0.0858 0.0388 �0.0238 0.5659 �0.0131 0.7526 �0.1528 0.0002 �0.0958 0.0204 0.0755 0.0658

Column headings: Lipid Biomass = total microbial lipid biomass (nmol lipid g dry soil�1), F : B ratio = fungal to bacterial ratio,

AMF = arbuscular mycorrhizal fungi, GF = general fungi, Gram� = Gram-negative bacteria, Gram+ = Gram-positive bacteria. Fac-

tor labels: Soil Moisture = gravimetric% soil moisture, Total N = total% soil nitrogen, Total C = total% soil carbon, AGB = above-

ground plant biomass (g m�2), BGB = belowground plant biomass (g m�2), Grass = total grass biomass (g m�2), Forb = total forb

biomass (g m�2), Legume = legume biomass (g m�2), and Litter = litter mass (g m�2).

Table 3 Correlation coefficients of soil and plant characteris-

tics with the first and second axis of microbial lipid nonmetric

multidimensional scaling (NMS) scores (stress = 8.46). The r2

shows the proportion of variance explained and P-value

shows the significance of correlations, based on a post hoc per-

mutation test (n = 999). NMS 1 and NMS 2 columns show the

directional cosines of the vectors associated with NMS axis 1

and NMS axis 2, respectively

Factor NMS1 NMS2 r2 P-value

Lipid biomass �0.9903 �0.1392 0.7438 0.0010

F : B 0.0455 0.9990 0.1669 0.0010

Soil moisture �0.1489 �0.9889 0.0101 0.0499

Total N 0.2678 �0.9635 0.0082 0.0799

Total C 0.5709 �0.8210 0.0069 0.1319

AGB �0.3717 0.9283 0.0481 0.0010

BGB �0.1427 0.9898 0.0313 0.0010

Grass �0.2111 0.9775 0.0339 0.0010

Forb �0.8268 �0.5625 0.0163 0.0069

Legume �0.2618 �0.9651 0.0023 0.4456

Litter 0.7275 0.6861 0.0215 0.0070

Factor labels: Lipid biomass = total lipid biomass (nmol

lipid g soil�1), F : B = fungal to bacterial ratio, Soil Moisture

= gravimetric% soil moisture, Total N = total% soil nitrogen,

Total C = total% soil carbon, AGB = aboveground plant bio-

mass (g m�2), BGB = belowground plant biomass (g m�2),

Grass = total grass biomass (g m�2), Forb = total forb biomass

(g m�2), Legume = legume biomass (g m�2), and Litter = litter

mass (g m�2). Bold numbers are significant at P < 0.05.
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fungi, but it could also be that high levels of fungal

biomass suppress root growth.

Even though correlations were significant, plant bio-

mass explained only a relatively small fraction of the

variance in microbial growth or community structure

(r2 values of 0.232 or less, Table 4). Soil moisture also

explained a portion of variance in microbial growth

(between 9.3% and 16.8%), and the two highest biomass

years (2002 and 2005) were characterized by moist (8%

soil moisture) but not overly wet soil conditions. The

year of highest microbial biomass (2002) also had mod-

erate plant biomass and cool spring but warm April

temperatures. This thus suggests that moderate climatic

conditions favor microbial growth. The year 2004, the

year of lowest microbial biomass, was warmer over the

whole spring (Figs 1, 2, and 4).

After taking significant correlations into consider-

ation, there was still a large amount of variance in

microbial total and biomarker biomass that was not

explained. At this point, we do not have the data to

assess the relative importance of random effects and

factors not yet measured, including effects of particular

plant species, effects of biotic interactions within the

microbial community, and details of the temporal

sequence of environmental conditions. We also do not

have the data to test the possibility that key events, for

instance years of extreme weather or high microbial

biomass, could be important in setting patterns that

persist over several years. This is consistent with ideas

by Jentsch et al. (2007) who have proposed the concept

that extreme events or key years may be more impor-

tant for altering ecosystems under global change than

gradual trends over time.

Mycorrhizal biomass was significantly lower under

nitrogen addition every year except 2004, the year

of the lowest microbial biomass. At the JRGCE, the

nitrogen addition treatment consistently leads to

increased NH4
+ and NO3

� concentrations (Niboyet

et al., 2011) and plant productivity, suggesting that

plant nutrient limitation is relieved under this

treatment (Zavaleta et al., 2003a; Dukes et al., 2005;

Henry et al., 2006; Docherty et al., 2011). Lower AMF

biomass under nitrogen addition could reflect reduced

carbon allocation to mycorrhizal association when

nutrient limitation is relieved, acting to reduce AMF

biomass (Treseder, 2004, 2008; Sylvia et al., 2005). On

the other hand, the potential role of N additions in

increasing phosphorus limitation (Menge & Field, 2007)

suggests a possible pressure for increased allocation to

AMF. The relatively strong response of AMF to nitro-

gen addition is in response to relatively high N addi-

tion rate (7 g N m�2 yr�1). This should not be taken to

imply that responses to N deposition will dominate

responses to climate changes in situations where the

relative magnitudes of the changes are different than in

the JRGCE treatments.

While AMF and saprotrophic fungal biomarker bio-

mass decreased under nitrogen addition, bacterial bio-

marker biomass either did not respond or it increased.

The bacterial increase was in 2002 only, the year of

highest microbial biomass. In a recent meta-analysis

across ecosystems, Treseder (2008) suggested that bac-

terial biomass might not respond strongly to nitrogen

addition if other nutrients are limiting, especially under

high nitrogen loads. This could explain our lack of

response since it has been shown that nitrogen addition

at the JRGCE may increase demand for phosphorus

(Menge & Field, 2007; Gutknecht et al., 2010). Nitrogen

addition at the JRGCE may also increase microbial

demand for carbon, as evidenced by an increase of car-

bon-acquisition extra-cellular enzymes under N addi-

tion (Henry et al., 2005a; Gutknecht et al., 2010). This

demand for phosphorus, carbon, or perhaps other

nutrients would then limit the ability of bacteria to

grow in response to added nitrogen. One possible

explanation for the different response in 2002 is that the

high plant biomass in 2001, as well generally better

microbial growth conditions in 2002, led to a decrease

in energy or nutrient limitation for bacteria. This

allowed them to allocate less energy to maintenance

and more to growth and utilization of the extra nitro-

gen (Schimel et al., 2007).

While we saw few lasting bacterial responses to N

addition, several lines of evidence from the JRGCE

indicate that microbial N cycling may increase under

nitrogen addition (i.e., Horz et al., 2004; Barnard et al.,

2006; Docherty et al., 2011; Niboyet et al., 2011). These

responses may or may not persist in the long-term but

suggest that, even if microbial growth (based on lipid
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analysis) does not respond to N addition, ecosystem

function could still be impacted.

The ideas of microbial adaptation, resistance, and

resilience to change are widely discussed consider-

ations for microbial responses to global change (Allison

& Martiny, 2008; Balser & Wixon, 2009; Allison et al.,

2010; Wallenstein & Hall, 2011). The larger responses to

inter-annual variability than to the treatment effects

implies that the microbial community in this ecosystem

has sufficient flexibility to cope with climate changes in

the range anticipated in the 21st century. Responses

that were significant in 1 year but not the next [e.g. bac-

terial responses to nitrogen addition, elevated CO2, and

elevated precipitation in 2002 but not 2003 (Fig. 5)] sug-

gest that the climate change signals are smaller than the

signals for inter-annual variability or perhaps that the

responses to the climate changes are intrinsically more

variable.

The small responses or the lack of responses to the

main climate manipulations (warming, CO2, and

increased precipitation) could be due to two kinds of

factors. First, the treatments may have simply been too

subtle to evoke a response. At the time of sampling, the

precipitation treatment increased soil moisture by 2–5%
(Zavaleta et al., 2003a; Barnard et al., 2006), and the

warming treatment increased soil temperature by 0.70 °C
(10 cm depth, Niboyet et al., 2011). Plant productivity

has not responded to warming and there has been an

approximate 20% decrease in root and 15% increase

in shoot production under elevated precipitation,

although significance of these effects has varied from

year to year (Dukes et al., 2005). Although significant,

all of these changes are of much smaller magnitude

than background annual fluctuations in climate or plant

productivity in this system (Figs 1 and 4; Dukes et al.,

2005; Zavaleta et al., 2003a).

A second possibility is that elevated precipitation or

temperature may be important only under specific

conditions, perhaps conditions when the treatments

alleviate stress. For instance, bacterial biomass

responded to elevated precipitation in 2002 (the high

biomass year; Fig. 1). The year 2002 was the driest year

of our study and the approximate 2% increase in soil

moisture under elevated precipitation may have been

important for alleviating drought stress in that year.

Elevated precipitation may be most important to the

plant community at times when the treatment allevi-

ates mid-season drought conditions (Lunch, 2009), and

the situation could be similar for microbial communi-

ties. A detailed analysis over multiple growing seasons

would be required however to test the idea that key

times in the season or key years would show the great-

est microbial responses to elevated temperature or

precipitation.

Although bacterial communities did not respond to

elevated temperature alone, warming increased the

response of the Gram-positive bacterial biomarker to

nitrogen addition (Fig. 6), perhaps through altering the

available carbon substrate pool or microbial substrate

use (MacDonald et al., 1995; Zogg et al., 1997; Waldrop

& Firestone, 2004; Bardgett et al., 2008; Balser et al.,

2010), or perhaps indirectly through effects on the

plant community. At the JRGCE warming has been

shown to decrease grass lignin content and indirectly

increase soil moisture through earlier plant senescence

(Zavaleta et al., 2003b; Henry et al., 2005b). Carbon

availability may have thus increased in warmed plots,

allowing the bacterial biomass to respond more to N

addition.

Elevated carbon dioxide has been the primary focus

of a large number of global change studies. Responses

of soil communities to elevated CO2 are inconsistent

(Zak et al., 2000). We found no effect of elevated CO2

alone, and interactive effects involving CO2 were incon-

sistent (Table 2). Elevated CO2 most likely will impact

belowground communities through increased plant

carbon allocation belowground (Cardon et al., 2001;

Niinisto et al., 2004). At the JRGCE the absence of sig-

nificant microbial responses may be a consequence of

the absence of significant responses of plant above-

ground (Shaw et al., 2002; Dukes et al., 2005) or below-

ground (Dukes et al., 2005) biomass responses.

In conclusion, the size and composition of the micro-

bial community in a California grassland fluctuated

substantially from year to year but was not very respon-

sive to global change treatments. Responses to nitrogen

deposition were more consistent than responses to the

other treatments, but this may reflect the specific

treatment levels rather than underlying differences in

sensitivity. AMF biomass was the most sensitive to

the manipulations, especially to nitrogen addition.

Year to year differences in the microbial community

could play a role in constraining or enhancing the

ability of an ecosystem to respond to global changes,

potentially limiting responses to particulate conditions

or years.
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Frostegård A, Bååth E (1996) The use of fatty acid analysis to estimate bacterial and

fungal biomass in soil. Biology and Fertility of Soils, 22, 59–65.

Gavito ME, Schweiger P, Jakobsen I (2003) P uptake by arbuscular mycorrhizal

hyphae: effect of soil temperature and atmospheric CO2 enrichment. Global Change

Biology, 9, 106–116.

Grayston SJ, Griffith GS, Mawdsley JL, Campbell CD, Bardgett RD (2001) Accounting

for variability in soil microbial communities of temperate upland grassland eco-

systems. Soil Biology and Biochemistry, 33, 533–551.

Gutknecht JLM, Henry HAL, Balser TC (2010) Annual variations in soil extra-cellular

enzyme activity in response to simulated climate change, nitrogen deposition, ele-

vated CO2, and burn disturbance. Pedobiologia, 53, 283–293.

Hayhoe K, Cayan D, Field CB et al. (2004) Emissions pathways, climate change, and

impacts onCalifornia.Proceedings of theNationalAcademy of Science, 101, 12422–12427.

Henry H, Juarez JD, Field CB, Vitousek PM (2005a) Interactive effects of elevated

CO2, N deposition and climate change on extracellular enzyme activity and soil

density fractionation in a California annual grassland. Global Change Biology, 11,

1808–1815.

Henry H, Cleland EE, Field CB, Vitousek PM (2005b) Interactive effects of elevated

CO2, N deposition and climate change on plant litter quality in a California annual

grassland. Oecologia, 142, 465–473.

Henry H, Chiariello NR, Vitousek PM, Mooney HA, Field CB (2006) Interactive

effects of fire, elevated carbon dioxide, nitrogen deposition, and precipitation on a

California annual grassland. Ecosystems, 9, 1066–1075.

Hill TCJ, McPherson EF, Harris JA, Birch P (1993) Microbial biomass estimated by

phospholipid phosphate in soils with diverse microbial communities. Soil Biology

and Biochemistry, 25, 1779–1786.

Hooper DU, Bignell DE, Brown VK et al. (2000) Interactions between aboveground

and belowground biodiversity in terrestrial ecosystems: patterns, mechanisms,

and feedbacks. BioScience, 50, 1049–1061.

Horz H, Barbrook A, Field CB, Bohannan BJM (2004) Ammonia-oxidizing bacteria

respond to multifactorial global change. Procedings of the National Academy of Sci-

ence, 101, 15136–15141.

Hungate BA, Canadell J, Chapin FS III (1996) Plant species mediate changes in soil

microbial N in response to elevated CO2. Ecology, 77, 2505–2515.

Hungate BA, Dijkstra P, Johnson DW, Hinkle CC, Drake BG (1999) Elevated CO2

increases nitrogen fixation and decreases soil nitrogen mineralization in Florida

scrub oak. Global Change Biology, 5, 781–789.

Hungate BA, Jaeger CH, Gamara G, Chapin FS, Field CB (2000) Soil microbiota in

two annual grasslands: responses to elevated atmospheric CO2. Oecologia, 124,

589–598.

Intergovernmental Panel on Climate Change (IPCC) (2007) Contribution of Working

Group I to the Fourth Assessment Report of the IPCC, The Physical Science Basis – Chap-

ter 11, Regional Climate Projections. Cambridge University Press, Cambridge.

Intergovernmental Panel on Climate Change (IPCC) (2012) Special Report of Working

Groups 1 and 2: Managing the Risks of Extreme Events and Disasters to Advance Climate

Change Adaptation. Cambridge University Press, Cambridge.

Jackson LE, Straus RB, Firestone MK, Bartolome JW (1988) Plant and soil nitrogen

dynamics in California annual grassland. Plant and Soil, 110, 9–17.

Jentsch A, Kreyling J, Beierkuhnlein C (2007) A new generation of climate-change

experiments: events, not trends. Frontiers in Ecology and the Environment, 5, 365–

374.

Johnson D, Booth RE, Whiteley AS, Bailey MJ, Read DJ, Grime JP, Leake JR (2003)

Plant community composition affects the biomass, activity, and diversity of

microorganisms in limestone grassland soil. European Journal of Soil Science, 54,

671–677.

Kandeler E, Tscherko D, Bardgett RD, Hobbs PJ, Kamplichler C, Jones TH (1998) The

response of soil microorganisms and roots to elevated CO2 and temperature in a

terrestrial model ecosystem. Plant and Soil, 202, 251–262.

Kashiwagi J (1985) Soils Map of the Jasper Ridge Biological Preserve. Soil Conservation

Service Map, Jasper Ridge Biological Preserve Publication, Stanford, CA, USA.

Kennedy N, Brodie E, Connolly J, Clipson N (2006) Seasonal influences on fungal

community structure in unimproved and improved upland grassland soils. Cana-

dian Journal of Microbiology, 52, 689–694.

Klute A (ed) (1986) Methods of Soil Analysis Part 1: Physical and Mineralogical Methods,

2nd edn. American Society of Agronomy, Inc and Soil Science Society of America

Inc., Madison, WI, USA.

Lunch CK (2009) Primary Productivity in an Annual Grassland Ecosystem: Responses to

Global Change and Local Environmental Variation. Ph.D. dissertation, Stanford Uni-

versity Press, Stanford, CA, USA.

Lunch CK, Chiariello NR, Field CB (2012) Interannual cycles in production in an

annual grassland: causes and confounders. Oecologia (submitted).

Lutze JL, Gifford RM, Adams HN (2000) Litter quality and decomposition in Dantho-

nia richardsonii swards in response to CO2 and nitrogen supply over four years

growth. Global Change Biology, 6, 13–24.

MacDonald NW, Zak DR, Pregitzer KS (1995) Temperature effects on kinetics of

microbial respiration and net nitrogen and sulfur mineralization. Soil Science Soci-

ety of America Journal, 59, 233–240.

McCune B, Grace JB (2002) Analysis of Ecological Communities. MJM Software Design

Press, Gleneden Beach, OR, USA.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 2256–2269

MICROBIAL RESPONSES TO SIMULATED GLOBAL CHANGE 2267



Menge DNL, Field CB (2007) Simulated global changes alter phosphorus demand in

annual grassland. Global Change Biology, 13, 2582–2591.

Miglietta F, Hoosbeek MR, Foot J et al. (2001a) Spatial and temporal performance of

the miniface (free air CO2 enrichment) system on bog ecosystems in northern and

central europe. Environmental Monitoring and Assessment, 66, 107–127.

Miglietta F, Peressotti A, Vaccari FP, Zaldei A, Deangelis P, Scarascia-Mugnozza G

(2001b) Free-air CO2 enrichment (FACE) of a poplar plantation: the POPFACE

fumigation system. New Phytologist, 150, 465–476.

Montealegre CM, Kessel CV, Russelle MP, Sadowsky MJ (2002) Changes in microbial

activity and composition in a pasture ecosystem exposed to elevated atmospheric

carbon dioxide. Plant and Soil, 243, 197–207.

Niboyet A, Le Roux X, Dijkstra P et al. (2011) Testing interactive effects of global

change environmental changes on soil nitrogen cycling. Ecosphere, 2, art56, doi:

10.1890/ES10-00148.1

Niinisto SM, Silvola J, Kellomaki S (2004) Soil CO2 efflux in a boreal pine forest

under atmospheric CO2 enrichment and air warming. Global Change Biology, 10,

1363–1376.

Niklaus PA, Alphei J, Ebersberger D, Kampichler C, Kandeler E, Tscherko D (2003)

Six years of in situ CO2 enrichment evoke changes in soil structure and soil biota

of nutrient-poor grassland. Global Change Biology, 9, 585–600.

Pendall E, Bridgham S, Hanson PJ et al. (2004) Below-ground process response to ele-

vated CO2 and temperature: a discussion of observations, measurement methods,

and models. New Phytologist, 162, 311–322.

Pendall E, Rustad L, Schimel J (2008) Toward a predictive understanding of below-

ground process responses to climate change: have we moved any closer? Func-

tional Ecology, 22, 937–940.

R Development Core Team (2010) R: A Language and Environment for Statistical Com-

puting, Reference Index Version 2.11.1. R Foundation for Statistical Computing,

Vienna, Austria. ISBN 3-900051-07-0. Available at: http://www.R-project.org

(accessed 24 June 2011).

Santruckova HM, Bird MI, Kalaschnikov YN et al. (2003) Microbial characteristics of

soils on a latitudinal transect in Siberia. Global Change Biology, 9, 1106–1117.

Schimel J, Balser TC, Wallenstein M (2007) Microbial stress-response physiology and

its implications for ecosystem function. Ecology, 88, 1386–1394.

Schlesinger W, Lichter J (2001) Limited carbon storage in soil and litter of experimen-

tal forest plots under increased atmospheric CO2. Nature, 411, 466–469.

Shaw M, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA, Field CB (2002) Grass-

land response to global environmental changes suppressed by elevated CO2. Sci-

ence, 298, 1987–1990.

Sherry RA, Weng ES, Arnone JA et al. (2008) Lagged effects of experimental warming

and doubled precipitation on annual and seasonal aboveground biomass produc-

tion in a tallgrass prairie. Global Change Biology, 14, 2923–2936.

Smithwick EH, Turner MG, Metzger KL, Balser TC (2005) Variation in NH4
+ minerali-

zation and microbial communities with stand age in lodgepole pine (Pinus con-

torta) forests, Yellowstone National Park (USA). Soil Biology and Biochemistry, 37,

1546–1559.

Sylvia DA (2005) Mycorrhial symbiosis. In: Principals and Applications of Soil Microbiol-

ogy (eds Sylvia DM, Fuhrman J, Hartel PG, Zuberer DA), pp 263–282. Prentice

Hall, Upper Saddle River NJ.

Treseder KK (2004) A meta-analysis of mycorrhizal response to nitrogen, phospho-

rus, and atmospheric CO2 in field studies. New Phytologist, 164, 347–355.

Treseder KK (2008) Nitrogen additions and microbial biomass: a meta-analysis of eco-

system studies. Ecology Letters, 11, 1111–1120.

Treseder KK, Allen MF (2000) Mycorrhizal fungi have a potential role in soil carbon

storage under elevated CO2 and nitrogen deposition.New Phytologist, 147, 189–200.

Van Groenigen KJ, Harris D, Horwath WR, Hartwig UA, Van Kessel C (2002) Linking

sequestration of 13C and 15N in aggregates in a pasture soil following 8 years of

elevated atmospheric CO2. Global Change Biology, 8, 1094–1108.

Vestal JR, White DC (1989) Lipid analysis in microbial Ecology: quantitative

approaches to the study of microbial communities. BioScience, 39, 535–541.

Waldrop M, Firestone MK (2004) Altered utilization patterns of young and old soil C

by microorganisms caused by temperature shifts and N additions. Biogeochemistry,

67, 235–248.

Waldrop M, Firestone MK (2006) Response of microbial community composition and

function to soil climate change. Microbial Ecology, 52, 716–724.

Wallenstein MD, Hall EK (2011) A trait-based framework for predicting when and

where microbial adaptation to climate change will affect ecosystem function. Bio-

geochemistry, doi: 10.1007/s10533-011-9641-8.

Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der Putten WH, Wall DH
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Figure S1. Interactive effect between elevated temperature and nitrogen addition. The lipid biomass (nmol lipid g dry soil�1) of
each lipid biomarker under ambient conditions (ambient), elevated nitrogen addition alone (+N), elevated temperature alone (+tem-
perature), or both (+N and temperature), are shown. a = fungal to bacterial ratio [(average 16 : 1 x5c, 18 : 1 x9c, and 18 : 2 x6,9c)
divided by (average 15 : 0 iso, 15 : 0 anteiso, 16 : 0 2OH, 16 : 0 iso, 16 : 1 x7c, 16 : 0 10 methyl, 17 : 0 iso, 17 : 0 anteiso, 17 : 0
cyclo, 18 : 1 x5c, and 18 : 1 x7c)]; b = Gram+ (Gram-positive bacterial, 15 : 0 iso) biomarker. Error bars represent one standard
error. Letters represent a significant difference at P < 0.05 and letters with a star represent a significant difference from the letter ‘a’
at P < 0.1. In this figure, treatments were only compared across all years (left hand panel) or within each year (right hand panel)
but not between years. Significance of these within-year or averaged effects was based on the full repeated measures model includ-
ing all 6 years of data.
Figure S2. Interactive effect between elevated CO2 and elevated temperature. The lipid biomass (nmol lipid g dry soil�1) of each
lipid biomarker under ambient conditions (ambient), elevated CO2 (+CO2) alone, elevated temperature alone (+temperature), or
both (+CO2 and temperature), are shown. a = lipid biomass (total lipid biomass, sum of lipids less than or equal to 20 carbons long);
b = AMF (arbuscular mycorrhizal fungal, 16 : 1 x5c) biomarker; c = Gram� (Gram-negative bacterial, 16 : 1 x7c) biomarker. Error
bars represent one standard error. Letters represent a significant difference at P < 0.05 and letters with a star represent a significant
difference from the letter ‘a’ at P < 0.1. In this figure, treatments were only compared across all years (left hand panel) or within
each year (right hand panel) but not between years. Significance of these within-year or averaged effects was based on the full
repeated measures model including all 6 years of data.
Figure S3. Interactive effect between elevated CO2 and nitrogen addition. The lipid biomass (nmol lipid g dry soil�1) of each lipid
biomarker under ambient conditions (ambient), elevated CO2 (+CO2) alone, elevated nitrogen addition alone (+N), or both (+CO2

and N), are shown. a = fungal to bacterial ratio [(average 16 : 1 x5c, 18 : 1 x9c, and 18 : 2 x6,9c) divided by (average 15 : 0 iso,
15 : 0 anteiso, 16 : 0 2OH, 16 : 0 iso, 16 : 1 x7c, 16 : 0 10 methyl, 17 : 0 iso, 17 : 0 anteiso, 17 : 0 cyclo, 18 : 1 x5c, and 18 : 1 x7c)];
b = AMF (arbuscular mycorrhizal fungal, 16 : 1 x5c) biomarker. Error bars represent one standard error. Letters represent a signifi-
cant difference at P < 0.05 and letters with a star represent a significant difference from the letter ‘a’ at P < 0.1. In this figure, treat-
ments were only compared across all years (left hand panel) or within each year (right hand panel) but not between years.
Significance of these within-year or averaged effects was based on the full repeated measures model including all 6 years of data.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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