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Abstract. Anthropogenic changes in biodiversity and atmospheric temperature signifi-
cantly influence ecosystem processes. However, little is known about potential interactive
effects of plant diversity and warming on essential ecosystem properties, such as soil microbial
functions and element cycling. We studied the effects of orthogonal manipulations of plant
diversity (one, four, and 16 species) and warming (ambient, þ1.58C, and þ38C) on soil
microbial biomass, respiration, growth after nutrient additions, and activities of extracellular
enzymes in 2011 and 2012 in the BAC (biodiversity and climate) perennial grassland
experiment site at Cedar Creek, Minnesota, USA. Focal enzymes are involved in essential
biogeochemical processes of the carbon, nitrogen, and phosphorus cycles. Soil microbial
biomass and some enzyme activities involved in the C and N cycle increased significantly with
increasing plant diversity in both years. In addition, 16-species mixtures buffered warming
induced reductions in topsoil water content. We found no interactive effects of plant diversity
and warming on soil microbial biomass and growth rates. However, the activity of several
enzymes (1,4-b-glucosidase, 1,4-b-N-acetylglucosaminidase, phosphatase, peroxidase) de-
pended on interactions between plant diversity and warming with elevated activities of
enzymes involved in the C, N, and P cycles at both high plant diversity and high warming
levels. Increasing plant diversity consistently decreased microbial biomass-specific enzyme
activities and altered soil microbial growth responses to nutrient additions, indicating that
plant diversity changed nutrient limitations and/or microbial community composition. In
contrast to our expectations, higher plant diversity only buffered temperature effects on soil
water content, but not on microbial functions. Temperature effects on some soil enzymes were
greatest at high plant diversity. In total, our results suggest that the fundamental temperature
ranges of soil microbial communities may be sufficiently broad to buffer their functioning
against changes in temperature and that plant diversity may be a dominant control of soil
microbial processes in a changing world.
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INTRODUCTION

Since the late 19th century, the global surface

temperature has increased by about 0.858C due to

human activities, such as fossil fuel combustion and

land-use change (IPCC 2013). Temperature is one of the

key factors impacting biochemical processes in terres-

trial ecosystems (Rustad et al. 2001). Changes in

atmospheric temperature are likely to increase drought

periods and alter soil conditions like soil temperature

and moisture (Wan et al. 2002). These changes can, in

turn lead to changing soil respiration rates (Schindl-

bacher et al. 2012), litter decomposition (Liski et al.

2003) and nitrogen (N) mineralization (Larsen et al.

2010). Importantly, the effect of warming on ecosystem

processes is likely to depend on the interplay with other

co-occurring global changes, such as changes in plant

community diversity and composition due to, for

example, associated changes in plant community traits

(Butenschoen et al. 2011).
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Research in the last two decades prompted a

paradigm change in ecology by showing that biodiver-

sity is not only the result of ecosystem processes,

including those influenced by global change, but is also

an important driver of ecosystem functions and services

itself (Cardinale et al. 2011, Hooper et al. 2012).

Alterations in plant diversity affect aboveground eco-

system functions (Tilman et al. 2001, Cardinale et al.

2011), but may also have an impact on belowground

processes (Hooper et al. 2000, Zak et al. 2003, Tilman et

al. 2006). To our knowledge, no field study has

investigated interactive effects of plant diversity and

warming on soil microbial processes. Because soil

microorganisms can impact many ecosystem processes

(van der Heijden et al. 2008), a better understanding of

soil microbial responses to warming and changing plant

diversity may provide important insights into the

mechanisms by which both warming and diversity affect

ecosystem functioning.

Previous studies showed that the biomass and activity

of soil microorganisms increase significantly with

increasing plant diversity (Stephan et al. 2000, Chung

et al. 2007, Eisenhauer et al. 2013). Plant diversity

enhanced net primary productivity, soil carbon inputs

via exudation and turnover of plant biomass, and soil

microbial biomass (Zak et al. 2003). Different plant

species release different organic compounds that change

rhizosphere conditions and affect microbial community

structure, abundance, and activity (Sørensen 1997). In

particular, plant community composition (e.g., plant

functional group composition) can alter the activity of

extracellular enzymes (Kreyling et al. 2008). These

enzymes produced mainly by soil microorganisms and,

to a lesser extent, by plant roots, degrade polymeric

substances (e.g., cellulose, chitin, lignin) into accessible

subunits (e.g., sugar, amino acids, ammonium, phos-

phate) for metabolism and growth of soil microorgan-

isms and plants, respectively (Sinsabaugh et al. 1994,

Sanaullah et al. 2011).

Due to the high energy and nutrient costs for the

production of extracellular enzymes, soil microorgan-

isms have to act in an economical way (Allison et al.

2011). Thus, enzyme production by soil microorganisms

is regulated by their demand and by substrate availabil-

ity, which in turn is affected by several factors, such as

temperature and soil water content (Burns et al. 2013).

Thus, changes in the soil microclimate, induced by

different global change agents, may affect enzyme

activities by biological (enzyme production, degrada-

tion) and chemical factors (inhibition, reduced diffu-

sion), already within short time periods. Several studies

have found that N-degrading enzymes have lower

temperature sensitivities than C-degrading enzymes

(Wallenstein et al. 2009, 2012, Stone et al. 2012), which

could result in a stoichiometric impairment of N-

degrading vs. C-degrading processes (Sinsabaugh et al.

2009). Conditions of low soil water availability, such as

caused by warming-induced soil water shortage (Buten-

schoen et al. 2011), could in addition lead to diffusion

limitations of enzymes and substrates (Stark and

Firestone 1995, Allison 2005). Studying the enzymatic

activity in soil samples may thus yield important insights

into the effects of increasing temperatures and changes

in plant diversity on the functioning of soil microbial

communities (Kandeler et al. 1999, Burns et al. 2013).

The effects of plant diversity on several soil microbial

processes at the community level may be more

pronounced in the presence of environmental stress,

such as warming or drought, due to the buffering

capacity of trait dissimilarity in multispecies assemblag-

es (Ives and Carpenter 2007). Generally, soil water

availability is a major control of soil microbial biomass.

In species-rich plant communities, often lower evapo-

transpiration due to shading and a more stable

microclimate under elevated plant shoot biomass have

been reported to lead to a higher water content in the

topsoil than species-poor ones (0–15 cm [Caldeira et al.

2001], 0–6 cm [Eisenhauer et al. 2013], 0–15 cm [Vogel et

al. 2013]); although neutral plant diversity effects have

also been found (Spehn et al. 2000). Consequently,

increased soil water content in the topsoil of higher plant

diversity communities may reduce the negative effect of

warming-induced water limitations on soil microbial

functions. Given those interrelationships between the

studied co-occurring global change drivers, we expected

significant interactive effects on soil microbial functions,

which may provide important insights into potential

future changes in soil processes.

We studied soil microbial biomass and functioning,

specifically the activities of seven soil extracellular

enzymes involved in the C, N, and P cycles, in

experimental manipulations of plant diversity (one,

four, and 16 species) and temperature (ambient þ08C,

þ1.58C, and þ38C). We investigated soil samples from

the perennial grassland experiment BAC (biodiversity

and climate) in east-central Minnesota, USA, taken

during the peak growing season in 2011 and 2012. We

hypothesized that (1) increasing plant diversity leads to

increasing soil microbial biomass and enzyme activity,

(2) higher temperature decreases soil microbial biomass

and enzyme activity, and (3) higher plant diversity

buffers effects of elevated temperature on soil microbial

biomass and enzyme activity.

MATERIALS AND METHODS

Experimental design

The present study took place in the BAC experiment

site established at the Cedar Creek Ecosystem Science

Reserve, Minnesota, USA. The site occurs on a glacial

outwash plain with sandy soils. Mean temperature

during the growing season (April–September) was

15.98C in 2011 and 17.18C in 2012. Precipitation during

the growing season was 721 mm in 2011. The growing

season in 2012 was considerably drier, with 545 mm

rainfall.
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Experimental plots (939 m) were planted in 1994 and

1995 with different plant communities spanning a plant

diversity gradient of one, four, and 16 species, which

were randomly chosen from the species listed below

(Tilman et al. 2001). The grassland prairie species

belonged to one of five plant functional groups: C3

grasses (Agropyron smithii Tydb., Elymus canadensis L.,

Koeleria cristata (Ledeb.) Schult., Poa pratensis L.), C4

grasses (Andropogon gerardii Vitman., Panicum virgatum

L., Schizachyrium scoparium (Michx.) Nash, Sorghas-

trum nutans (L.) Nash), legumes (Amorpha canescens

Pursh., Lespedeza capitata Michx., Lupinus perennis L.,

Petalostemum purpureum (Vent.) Rydb., Petalostemum

villosum Spreng.), nonlegume forbs (Achillea millefolium

L., Asclepias tuberosa L., Liatris aspera Michx.,

Monarda fistulosa L., Soldidago rigida L.), and woody

species (Quercus ellipsoidalis E. J. Hill, Quercus macro-

carpa Michx.). The individuals of those two woody

species (Quercus spp.), which were small in size and rare

because of low survival, were removed from all plots in

which they occurred in 2010.

In addition to the manipulation of plant diversity,

the plots were divided into three subplots (2.53 3.0 m).

Heat treatments were applied from March to Novem-

ber each year, beginning in 2009, using infrared lamps

1.8 m aboveground emitting 600 W (which caused a

1.58C increase in soil temperature for vegetation-free

soils) and 1200 W (which caused a 38C increase;

Valpine and Harte 2001, Kimball 2005, Whittington

et al. 2013) to increase the surface soil temperature of

each subplot (see Plate 1). To account for possible

shading effects, metal flanges and frames were hung

over control subplots. An average across all vegetated

plots, temperature manipulations elevated soil temper-

ature at 1 cm depth by 1.188C in the low warming

(þ1.58C) treatment and by 2.698C in the high warming

(þ38C) treatment, and at 10 cm depth temperature by

1.008C in the low warming (þ1.58C) treatment and by

2.168C in the high warming (þ38C) treatment.

Soil samples of three subplots in each of 27

experimental plots were taken; due to technical difficul-

ties we could only analyze 66 samples out of 81 existing

subplots (monoculture, 10 replicates in ambient þ08C

treatment, eight replicates in þ1.58C treatment, nine

replicates in þ38C treatment; four species mixture, six

replicates in ambient þ08C treatment, six replicates in

þ1.58C treatment, seven replicates inþ38C treatment; 16

species mixture, six replicates in ambient þ08C treat-

ment, six replicates inþ1.58C treatment, eight replicates

in þ38C treatment).

The BAC plots are a representative subset of the plots

in the biodiversity experiment E120 at Cedar Creek,

which were assembled as random draws of a given

number of species from the species pool (Zak et al.

2003). Given low heterogeneity of soil abiotic conditions

at the start of the experiment, the experiment was not

blocked.

Soil sampling

Soil samples were taken in August 2011 and 2012
(peak of the growing season) for soil microbial

measurements and enzyme assays. From each subplot,
nine (2011) or six (2012) soil samples were taken to a

depth of 20 cm using a metal corer (diameter 2 cm) and
pooled per subplot in a plastic bag. The samples were

sieved (2 mm) to remove large stones, roots, earth-
worms, and other invertebrates .2 mm, then stored at

�208C until measurement of soil microbial properties.
Soil temperature was measured in each subplot using

iButtons (Maxim Integrated Products, Sunnyvale, Cal-
ifornia, USA) that recorded soil temperatures at 1 cm

and 10 cm depths every hour throughout the 2012
growing season (April–September).

Soil microbial measurements

Approximately 4.5 g soil fresh mass was used to
measure soil microbial biomass and growth after
addition of different substrates containing potentially

limiting elements, such as nitrogen and phosphorus.
Using an automated respirometer based on electrolytic

O2 microcompensation (Scheu 1992), soil microbial
biomass was determined from the maximum initial

respiratory response (MIRR) within the first 10 hours
after the addition of D-glucose using the substrate-

induced respiration method (SIR; Anderson and
Domsch 1978). For this purpose the catabolic enzymes

of soil microorganisms were saturated by adding 4 mg
glucose/g soil dry mass as an aqueous solution.

Gravimetric soil water content was determined by
drying the soil samples previously used for SIR

measurements overnight at 608C to constant weight
and calculating the difference in weight between fresh

and dried soil.
Furthermore, soil microbial growth was measured

after glucose and nitrogen (CN) addition (supplied as
(NH4)2SO4, ammonium sulfate) at a C:N ratio of 10:2

(Anderson and Domsch 1978). An aqueous solution
(500 lL; 4 mg glucose/g soil dry mass and 2.6 mg
ammonium sulfate/g soil dry mass) was added to each

sample to adjust to equal water content in each sample.
Additionally, soil microbial growth was examined after

adding glucose and phosphorus (CP; supplied as
Na2HPO4, sodium phosphate) at a C:P ratio of 10:1 (4

mg glucose/g soil dry mass and 0.9 mg sodium
phosphate/g soil dry mass), as well as the combination

of glucose, ammonium sulfate, and sodium phosphate
(CNP; C:N:P, 10:2:1). Microbial growth rate was

determined using the lowest reading of MIRR and
highest value within the first 10 h (Eisenhauer et al.

2010). The respiration rates were log-transformed to
account for the exponential growth of soil microorgan-

isms after nutrient addition. Transformed respiration
rates were plotted against time, and the slope of
microbial growth was determined by linear regression

(Eisenhauer et al. 2010). Due to the very sandy soil, we
considered soil microorganisms to be primarily C
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limited, which is why we did not test microbial growth

after addition of N and P without adding C (Eisenhauer

et al. 2010).

Extracellular enzyme activities

The activities of seven soil enzymes were measured to

get insights into microbial community function. The

selected enzymes were cellobiohydrolase (EC 3.2.1.91),

b-1,4-glucosidase (EC 3.2.1.21), 1,4,-b-N-acetylglucosa-

minidase (EC 3.2.1.52), acid phosphatase (EC 3.1.3.2),

urease (Amidohydrolase; EC 3.5.1.5), phenol oxidase

(Phenolox; EC 1.10.3.2), and peroxidase (Perox; EC

1.11.1.7). All of those enzymes are involved in cellulose

and lignin decomposition and N and P mineralization in

the litter layer and mineral soil horizons (Baldrian 2008).

Four hydrolytic enzyme activities were measured using a

fluorimetric method based on the release of methyl-

umbelliferone (MU) from MU-labeled substrates. The

enzyme cellobiohydrolase transforms cellulose into

cellobiose, which is hydrolyzed by b-1,4-glucosidase to

glucose. 1,4-b-N-acetylglucosaminidase hydrolyses N-

acetyl-D-hexosamine residues in N-acetyl-b-D-hexosa-

minides such as chitin, and acid phosphatase acts on

organic bound monophosphates. The absorbance of

colorimetric enzyme reaction products of the oxidative

enzymes phenol oxidase and peroxidase, both involved

in lignin degradation, were measured spectrophotomet-

rically using L-3,4-dihydroxy-phenylalanine as sub-

strate. Urease hydrolyzing urea into carbon dioxide,

and ammonia was measured by the use of urea as

substrate. For fluorimetric enzyme assays (adapted to

Saiya-Cork et al. [2002]), a sample suspension was

prepared from 1 g of soil and 125 mL of 50 mM sodium

acetate buffer (pH 5.0) and homogenized using an

ultrasonic bath for 1 min. According the pH value of the

soil samples, the pH of 5.0 was chosen to maintain field

conditions. We set up three replicates of sample wells

with substrate, three replicate blank wells with buffer,

and six negative ambient wells, including substrate and

buffer, as well as a calibration curve, for each sample

with standard concentrations of 0 lmol/L, 2.5 lmol/L, 5

lmol/L, 10 lmol/L, and 20 lmol/L, per assay. After

incubation at 208C in the dark for 2 h, the fluorescence

was measured at 365 nm excitation and 450 nm emission

using a fluorescence microplate reader (SpectraMAX

Gemini EM, Molecular Devices, Sunnyvale, California,

USA).

Absorbance of the oxidative enzymes was determined

using 96 wells plates, including three replicates of sample

wells, six replicates of negative ambient wells, and three

replicates of blank wells. The activities of phenol oxidase

and peroxidase were measured at 450 nm and of urease

at 610 nm after an incubation period of 18 h in the dark

at 208C using an absorbance microplate reader (Spec-

traMAX 340, Molecular Devices, Sunnyvale, California,

USA). All soil enzyme activities were then expressed in

nano moles per hour per gram of dry soil (nmol�h�1�g�1).
Additionally, mass-specific enzyme activity (nmol

activity�h�1�[lg microbial biomass carbon]�1) was cal-

culated by dividing the potential extracellular enzyme
activity (EEA) by microbial biomass carbon (MBC;

Steinweg et al., 2013).
Although, optimal conditions in terms of soil water

content and temperature are given under laboratory
conditions compared to field conditions, those measure-

ments are still suitable to display fundamental responses
to different treatments (plant diversity and tempera-
ture).

Statistical analysis

The whole data set comprising 66 samples per year
was analyzed using general linear models (GLM) for a

split-plot design for each year. The effects and
interactions of plant diversity (one, four, and 16

species; log-transformed) and temperature (ambient
þ08C, þ1.58C, and 38C) on gravimetric soil water

content (SWC), soil microbial biomass (Cmic), micro-
bial growth after addition of glucose (C), glucose and

ammonium nitrate (CN), glucose and sodium phos-
phate (CP), all three substrates in combination (CNP),

and extracellular enzymes (b-1,4-glucosidase, cellobio-
hydrolase, 1,4,-b-N-acetylglucosaminidase, acid phos-

phatase, phenol oxidase, peroxidase, and urease) were
tested (all log-transformed to meet the requirements for
parametric statistical tests). Warming treatments were

represented by subplots. Plant diversity and tempera-
ture were tested both as linear and categorical factors

depending on the shape of the response of each
dependent variable. Additionally, the effects of pres-

ence/absence of plant functional groups (C3 and C4

grasses, legumes, nonlegume forbs, and woody species)

were tested. The GLM analyses were implemented
using the core functions within the R statistical

environment (R Development Core Team 2013).
Further, all variables were analyzed by a principal

component analysis (PCA) for each year to explore and
illustrate associations between variables. To compare

response variables measured in different units, we
standardized the response values via z transformation.

PCAs were performed using CANOCO software (Lepš

and Šmilauer 2003; Microcomputer Power, Ithaca,
New York, USA). The whole data set is shown in the

Supplement.

RESULTS

Soil microbial measurements

Soil microbial biomass increased significantly with

increasing plant diversity in both years (monocultures to
16-plant species mixtures, þ122% and þ105% in 2011

and 2012, respectively; Fig. 1a; Table 1), but it was not
significantly affected by temperature and respective

interactions (all P . 0.1). The presence of legumes
positively affected soil microbial biomass in both years
(2011, þ91%; 2012, þ85%). In 2011, microbial growth

after addition of C decreased significantly with increas-
ing plant diversity and marginally with temperature
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FIG. 1. Variations in (a) soil microbial biomass in 2011 (dark gray) and 2012 (light gray), (b) microbial growth (slope) after
addition of glucose (C), (c) microbial growth (slope) after addition of carbon and nitrogen (CN), (d) microbial growth (slope) after
addition of carbon and phosphorus (CP), (e) microbial growth (slope) after addition of carbon, nitrogen and phosphorus (CNP),
(f ) 1,4-ß-glucosidase activity, (g) cellobiohydrolase activity, and (h) 1,4-ß-N-acetylglucosaminidase activity as affected by plant
diversity (one, four, and 16 plant species). Transformed respiration rates were plotted against time, and the slope of microbial
growth was determined by linear regression (Eisenhauer et al. 2010). Values are means 6 SE.

*** P , 0.001; ** P , 0.01; * P , 0.05; � P , 0.1; ns, not significant
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(Fig. 1b; Table 1). Furthermore, microbial growth after

C addition was negatively affected by the presence of

woody plant species in 2012 (�21%; Table 1). Soil

microbial growth after the addition of CN showed a

declining trend with increasing plant diversity in 2012

(Fig. 1c; Table 1). Moreover, microbial growth de-

creased in the presence of C3 grasses in 2011 (�13%;

Table 1) and increased in the presence of C4 grasses in

2012 (þ24%; Table 1). Microbial growth after the

addition of CP significantly decreased with increasing

plant diversity in 2011 (Fig. 1d; Table 1). Microbial

growth after addition of CNP decreased from monocul-

tures to 4-species mixtures followed by an increase to 16-

species assemblages in both years (Fig. 1e, Table 1).

Additionally, microbial growth after the addition of

CNP was increased in the presence of C3-grasses in 2011

(þ11%; Table 1).

Gravimetric soil water content was lower in August

2012 than in August 2011 (�30%; Fig. 2a, b; Table 1)

and decreased significantly with increasing temperature

in August 2012 and by trend in 2011 (Fig. 2a, b; Table

1). Soil water content decreased with increasing temper-

ature in plant monocultures and four species mixtures,

while soil water content was stable in plant communities

with 16 species in both years (Fig. 2a, b).

Extracellular enzyme activity assays

In general, single and interactive effects of plant

diversity and temperature were found for several

enzyme activities. Among enzymes involved in the C

cycle, activity of 1,4-b-glucosidase showed increasing

activity with increasing number of plant species in both

years (Fig. 1f, Table 2). Besides that, it showed no

significant response to increasing temperature in

monocultures, but increased with increasing tempera-

ture in four- and 16-species mixtures in 2011 (Fig. 2c;

Table 2). Additionally, mass-specific 1,4-b-glucosidase
activity declined significantly in both years (Fig. 3a;

Appendix). Cellobiohydrolase, which is mainly respon-

sible for degradation of cellulose, showed significantly

higher activity in species-rich plant communities than

in species-poor ones in 2012 (þ85%; Fig. 1g; Table 2)

and decreased marginally significantly with increasing

temperature (�10%), whereas interactions had no

significant effects. In addition, the mass-specific cello-

biohydrolase activity decreased significantly with in-

creasing plant diversity in both years (Fig. 3b;

Appendix). Further, cellobiohydrolase activity was

positively affected by the presence of C4 grasses in

2012 (þ17%; Table 2). 1,4-b-N-acetylglucosaminidase,

an enzyme involved in the degradation of chitin,

showed a significant increase with increasing plant

diversity in both years (Fig. 1h; Table 2). Besides, it was

not significantly affected by increasing temperature in

monocultures, but increased significantly in four- and

16-species mixtures in 2011 with increasing temperature

(Fig. 2d; Table 2).

TABLE 1. GLM table for the effects of plant diversity (PD; 1, 4, and 16 plant species), temperature (TE; ambient,þ1.58C,þ38C),
and plant functional groups (presence and absence of C3 grasses, C4 grasses, legumes, forbs, and woody species) on microbial
biomass (Cmic), microbial growth after the addition of glucose (C), glucose and nitrogen (CN), glucose and phosphorus (CP),
the combination of CNP, and soil water content (SWC) of (a) 2011 and (b) 2012.

Parameters df

Cmic C CN CP CNP SWC

F P F P F P F P F P F P

2011

PD 1, 65 44.05 ,0.0001 9.45 0.005 0.15 0.699 6.27 0.020 12.08 0.002 0.20 0.660
TE 1, 65 0.46 0.503 3.31 0.077 2.88 0.098 3.13 0.085 1.44 0.238 0.00 0.995
PD 3 TE 2, 64 2.72 0.108 0.68 0.415 0.02 0.880 0.42 0.520 1.72 0.198 2.93 0.095
Plant functional groups

C3 grasses 1, 65 1.05 0.317 0.73 0.403 6.15 0.021 0.28 0.600 11.76 ,0.0001 0.53 0.473
C4 grasses 1, 65 1.99 0.172 2.58 0.123 3.66 0.069 0.21 0.651 0.71 0.408 0.87 0.361
Legumes 1, 65 7.70 0.011 2.32 0.142 0.05 0.829 0.04 0.845 2.41 0.135 0.02 0.896
Forbs 1, 65 0.47 0.501 0.44 0.515 0.10 0.750 1.04 0.318 0.10 0.761 0.04 0.854
Woody species 1, 65 0.43 0.517 0.02 0.902 0.47 0.500 0.22 0.645 0.09 0.773 0.79 0.384
Total error 36

2012

PD 1, 64 19.17 ,0.0001 2.22 0.150 3.61 0.070 3.20 0.087 8.14 0.009 0.67 0.421
TE 1, 64 2.09 0.156 2.61 0.115 0.17 0.684 0.00 0.968 0.48 0.492 44.62 ,0.0001
PD 3 TE 2, 63 0.78 0.382 1.43 0.240 0.06 0.815 0.08 0.780 0.61 0.441 4.27 0.046
Plant functional groups

C3 grasses 1, 64 2.60 0.121 0.97 0.334 0.51 0.483 2.72 0.113 1.05 0.316 0.03 0.859
C4 grasses 1, 64 1.43 0.244 0.01 0.942 4.56 0.044 0.51 0.481 0.28 0.599 0.07 0.800
Legumes 1, 64 5.63 0.027 1.59 0.221 0.41 0.528 0.44 0.516 0.36 0.556 1.55 0.227
Forbs 1, 64 0.70 0.412 0.35 0.561 1.40 0.249 0.68 0.420 2.13 0.158 0.46 0.505
Woody species 1, 64 0.11 0.745 7.64 0.011 0.00 0.968 2.24 0.148 0.51 0.484 0.37 0.557
Total error 37

Notes: Significant results (P , 0.05) are highlighted in bold and marginally significant results (P , 0.10) are given in bold and
italics.
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The activity of phosphatase, an important enzyme

involved in the P cycle, showed an increase in four-

species mixtures with increasing temperature, but a

hump-shaped response to increasing temperature in

plant monocultures and 16-species mixtures in 2011

(Fig. 2e). Furthermore, mass-specific phosphatase activ-

ity decreased with increasing plant diversity in both

years (Fig. 3c; Appendix).

Among enzymes involved in the N cycle and the

degradation of lignin, peroxidase activity showed no

significant response to increasing temperature in

monocultures and four-species mixtures, whereas it

increased with temperature in 16-species mixtures (Fig.

2f ). Moreover, increasing plant diversity significantly

decreased the mass-specific enzyme activity of peroxi-

dase (Fig. 3d; Appendix). Besides, peroxidase activity

was enhanced by the presence of legumes in 2011

(þ11%). The same was true for the presence of forbs in

2012 (þ16%). The activity of phenol oxidase increased

significantly with increasing temperature in 2011

(þ40%; Table 2). Mass-specific enzyme activity de-

clined significantly with increasing plant species rich-

ness (Fig. 3e; Appendix). Further, phenol oxidase

activity was increased in the presence of forbs

(þ11%). The hydrolysis of urea, represented by urease

activity was not significantly influenced by plant

FIG. 2. Variations in soil water content in (a) 2011 and in (b) 2012, (c) 1,4-ß-glucosidase activity, (d) 1,4-ß-N-
acetylglucosaminidase activity, (e) phosphatase activity, and (f ) peroxidase activity as affected by plant diversity (one, four, and
16 plant species) and temperature treatment (ambientþ08C [dark gray],þ1,58C [light gray],þ38C [mid gray]). Values are means 6 SE.

** P , 0.01; * P , 0.05; � P , 0.1.
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diversity and warming (Table 2), but was increased in

the presence of legumes in 2011 (þ74%). Additionally,

mass-specific urease activity showed a significant

decrease with increasing plant diversity (Fig. 3f;

Appendix).

Microbial biomass and functions differed in 2011

and 2012. In 2011, PCA axis 1 explained 22.72 %, and

PCA axis 2 explained 16.72 % of the variation (Fig.

4a). Microbial biomass, microbial growth, and enzyme

activities show no conclusive pattern. In 2012,

microbial biomass and enzymes involved in the

carbon cycle, i.e., 1,4-b-glucosidase, cellobiohydrolase,
and 1,4-b-N-acetylglucosaminidase explained most of

the variation (PCA axis 1: 31.89; Fig. 4b). Mainly

plots with four and 16 plant species could be related

to high 1,4-b-glucosidase, cellobiohydrolase, and 1,4-

b-N-acetylglucosaminidase activities, whereas most

monocultures were associated with lower enzyme

activity of these enzymes. PCA axis 2 correlated

strongly with urease activity and explained 14.20%.

Plant diversity treatments and different temperature

regimes were not clearly separated by PCA. However,

in both years soil water content, soil microbial

biomass, phosphatase, and 1,4-b-glucosidase activities

correlated positively and were associated with higher

plant diversity plots, whereas microbial growth after

the addition of glucose showed the opposite pattern

(Fig. 4 a, b).

DISCUSSION

In line with our expectations, plant diversity signifi-

cantly influenced soil microbial functions in six out of

twelve microbial responses (largely confirming one of

our hypotheses). Soil microbial biomass increased

significantly with increasing plant diversity in both years

of the present study. These findings are consistent with

previous studies reporting positive effects of plant

diversity on soil microbial biomass and functions (e.g.,

Spehn et al. 2000, Eisenhauer et al. 2010). In those

biodiversity experiments, plant shoot and root biomass

(Reich et al. 2012) and, subsequently, soil carbon

content increased substantially with plant diversity

(Fornara and Tilman 2009). Therefore, higher availabil-

ity of plant-derived resources have a strong and positive

effect on soil microbial biomass (Wardle and Nicholson

1996, Chung et al. 2007). In the very sandy soils of the

experiment with low availability of organic materials,

the likely carbon-limitation for soil microorganisms

(Eisenhauer et al. 2013) may have been ameliorated in

species-rich plots compared to species-poor plots.

Microbial growth after nutrient addition of CN was

decreased in the presence of C3 grasses, while C4 grasses

had the opposite effect. C4 grasses are known to be more

drought tolerant than C3 grasses (Tilman and Downing

1994). Thus, in the drier year (2012), C4 grasses may

have suffered less from low soil water content, thereby

TABLE 2. GLM table for the effects of plant diversity (PD; one, four, and 16 plant species), temperature (TE; ambient þ08C,
þ1.58C,þ38C), and plant functional groups (presence and absence of C3 grasses, C4 grasses, legumes, forbs, and woody species)
on microbial enzyme activity of 1,4-b-glucosidase, cellobiohydrolase, 1,4-b-N-acetyl-glucosaminidase, phosphatase, peroxidase,
phenol oxidase, and urease of (a) 2011 and (b) 2012.

Parameters df

1,4-ß-glucosidase Cellobiohydrolase

F P F P

2011

PD 1.65 2.76 0.111 4.16 0.053
TE 1.65 0.10 0.758 0.71 0.404
PD 3 TE 2.64 6.98 0.012 0.07 0.791
Plant functional groups

C3 grasses 1.65 0.25 0.622 0.43 0.519
C4 grasses 1.65 0.39 0.537 1.43 0.245
Legumes 1.65 0.91 0.352 0.03 0.873
Forbs 1.65 0.79 0.383 0.01 0.924
Woody species 1.65 0.03 0.860 0.13 0.721
Total error 36, 35�

2012

PD 1.64 2.76 0.111 4.16 0.053
TE 1.64 0.10 0.758 0.71 0.404
PD 3 TE 2.63 6.98 0.012 0.07 0.791
Plant functional groups

C3 grasses 1.64 0.25 0.622 0.43 0.519
C4 grasses 1.64 0.39 0.537 1.43 0.245
Legumes 1.64 0.91 0.352 0.03 0.873
Forbs 1.64 0.79 0.383 0.01 0.924
Woody species 1.64 0.03 0.860 0.13 0.721
Total error 36, 35�, 34�

Notes: Significant results (P , 0.05) are highlighted in bold and marginally significant results (P , 0.10) are given in bold and
italics.

� Phenol oxidase
� Urease.
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maintaining resource and nutrient availability for soil

microorganisms.

In general, plant diversity and functional group

composition significantly influenced microbial growth

after the addition of nutrients confirming a previous

study in another plant diversity experiment in grassland

(Eisenhauer et al. 2010). Different plant diversity levels,

plant communities, and availability of nutrients may

have influenced soil microbial community structure (Zak

et al. 2003), which may also have resulted in differential

growth responses after addition of glucose, nitrogen,

and phosphorus. Hence, soil microorganisms may have

been limited by multiple nutrients, especially in highly

diverse plant communities, and/or differences in growth

may be caused by different microbial community

compositions and growth strategies. This may have

been due to nutrient competition between free-living soil

microorganisms and plants (Kuzyakov and Xu 2013)

and plant-associated microorganisms.

The results for soil microbial biomass and microbial

growth are supported by significant effects of plant

diversity on some soil enzymes, mostly on those involved

in the C and N cycle. Higher activity of b-glucosidase
(2011) and cellobiohydrolase (2012) in species-rich plant

communities suggests greater availability of cellulose for

soil microorganisms. Cellulose-degrading enzyme activ-

ities were found to be stimulated by the amount of

substrate available and to coincide with an increasing

dominance of heterotrophic fungi (Lynd et al. 2002). An

adjacent plant diversity experiment (BioCON; Reich et

al. 2001) reported similar results of increasing availabil-

ity of cellulose with higher plant species richness (Chung

et al. 2007). Increased 1,4-b-N-acetylglucosaminidase

activity, an enzyme involved in chitin degradation, also

points to an increasing proportion of fungal biomass

(Miller et al. 1998) in our experiment with higher plant

diversity. As a result, 1,4-b-N-acetylglucosaminidase

activity may be seen as an indicator of greater rates of

chitin processed as carbon and nitrogen sources by

numerous soil fungi and bacteria (Brzezinska et al.

2009). In addition to those single effects, the PCAs

confirm associations between microbial biomass, en-

zymes involved in the C cycle, and soil water content

(Fig. 4 a, b).

Warming decreased soil water content and had one

significant and few marginally significant effects on soil

enzyme activity (providing weak support for our second

hypothesis). Although soil water content decreased

significantly with increasing temperature in plant mono-

cultures and four-species mixtures, we found little effects

of warming on soil microbial biomass and growth. This

finding is in contrast to our hypothesis and previous

studies of decreasing microbial biomass due to temper-

ature-induced reductions in soil moisture (Cole et al.

2002, Rinnan et al. 2007). Our findings are, however,

consistent with a study by Tinker and Ineson (1990) who

reported that temperature optima for soil organisms are

sufficiently broad to buffer them against moderate

changes in temperature (1–58C). This may be particu-

larly so for soil microbial communities adapted to the

sandy soil of the present experiment, which experiences

large temperature and soil moisture fluctuations during

TABLE 2. Extended.

1,4-ß-N-acetyl-glucosaminidase Phosphatase Peroxidase Phenol oxidase Urease

F P F P F P F P F P

7.28 0.013 0.25 0.623 0.45 0.507 0.68 0.418 0.40 0.535
0.72 0.400 0.97 0.331 2.20 0.147 8.07 0.007 0.76 0.389
5.05 0.031 7.94 0.008 0.20 0.655 0.29 0.596 0.87 0.359

0.43 0.521 0.03 0.863 0.13 0.718 0.11 0.743 0.35 0.562
1.80 0.194 0.00 0.962 0.37 0.548 2.90 0.103 0.01 0.920
0.20 0.656 0.10 0.756 8.39 0.008 0.00 0.962 3.02 0.096
0.03 0.870 1.00 0.329 0.07 0.801 6.30 0.020 0.23 0.634
0.02 0.892 1.13 0.299 3.06 0.094 0.28 0.602 0.02 0.883

7.28 0.013 0.25 0.623 0.45 0.507 0.68 0.418 0.40 0.535
0.72 0.400 0.97 0.331 2.20 0.147 8.07 0.007 0.76 0.389
5.05 0.031 7.94 0.008 0.20 0.655 0.29 0.596 0.87 0.359

0.43 0.521 0.03 0.863 0.13 0.718 0.11 0.743 0.35 0.562
1.80 0.194 0.00 0.962 0.37 0.548 2.90 0.103 0.01 0.920
0.20 0.656 0.10 0.756 8.39 0.008 0.00 0.962 3.02 0.096
0.03 0.870 1.00 0.329 0.07 0.801 6.30 0.020 0.23 0.634
0.02 0.892 1.13 0.299 3.06 0.094 0.28 0.602 0.02 0.883
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summer months. Temperature and moisture are key

determinants of soil microbial community composition

and functions (Rustad et al. 2001, Baldrian et al. 2010),

but they act in concert with many other factors.

Flanagan and Johnson (2005) studied soil water and

warming effects in northern temperate grassland and

found stimulating effects on plant productivity. In the

BAC experiment, plant biomass production increased

significantly with plant diversity and temperature (J.

Cowles, unpublished data). Our results suggest that plant

diversity, as an important driver of plant productivity

(Tilman 2001, Reich et al. 2012), the availability of

organic material (Fornara and Tilman 2009), and

therefore soil carbon quantity and quality (Hooper et

al. 2000), was a major factor influencing soil microbial

properties in the present experiment.

The amount of enzymes present at a certain time is a

function of the rates of enzyme production and

degradation (Geissler et al. 2011). Enzyme activity is

further influenced by immobilization and inhibition

(Burns et al. 2013). In soils with low soil water

content, the degradation rate may be low because

extracellular enzymes were immobilized by physically

binding to organic matter, minerals, or microbial cell

surfaces (Burns et al. 2013). Those soil-bound enzymes

represent a significant reservoir of potential enzyme

activity and may act as a first catalytic response to

changes in nutrient and substrate availability. Nota-

bly, those soil colloid-enzyme complexes may also be a

source of substrate turnover during periods of low

microbial biomass due to stressed conditions (Sturso-

va and Sinsabaugh 2008). Phenol oxidase, part of the

FIG. 3. Variations in mass-specific (a) 1,4-ß-glucosidase activity in 2011 (dark gray) and 2012 (light gray), (b) cellobiohydrolase
activity, (c) phosphatase activity, (d) peroxidase activity, (e)phenol oxidase activity, and (f ) urease activity (MBC, microbial
biomass carbon) as affected by plant species richness (one, four, and 16 plant species). Values are means 6 SE.

*** P , 0.001; ** P , 0.01; * P , 0.05; � P , 0.1; ns, not significant.
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soil C cycle in soil, depolymerizes lignin, detoxifies

phenol moieties, and is mainly produced by special-

ized fungi and a few bacteria like actinomycetes

(Keyser et al. 1978, Kirk and Farrell 1987). Its

activity significantly increased with increasing temper-

ature at higher soil water content in 2011, whereas the

opposite was true at lower soil water content in 2012.

This may be due to stimulated fungal growth in higher

soil moisture conditions (Rousk and Bååth 2011). In

2012, the temperature-induced decrease in soil mois-

ture may have reduced phenol oxidase activity either

due to reduced enzyme production as a result of soil

microbial moisture stress or because of direct effects

of low moisture on enzyme activity due to adsorption

to mineral particles in soil (Toberman et al. 2008,

Steinweg et al. 2012).

Soil water content significantly decreased with

increasing temperature, but, as expected, only in plant

communities with one and four species, whereas

temperature did not affect soil water content in 16-

species mixtures. However, this interactive effect of

plant diversity and temperature on soil water content

did not propagate into soil microbial biomass and

growth rates (contradicting our third hypothesis).

Species-rich plant communities often may have moist-

er topsoils than species-poor communities, due to

reduced evaporation and a more stable and moist

microclimate close to the soil surface (Caldeira et al.

2001, Rosenkranz et al. 2012, Eisenhauer et al. 2013).

However, exceptions have been reported showing no

effect of plant diversity on soil moisture (Spehn et al.

2000). In our experiment, species-rich plant assem-

blages did not buffer warming effects on soil microbial

biomass and growth. However, enzyme activity of

b-glucosidase (2011), 1,4-b-N-acetylglucosaminidase

(2011), phosphatase (2011), and peroxidase (2012)

showed no significant responses to warming in plant

monocultures, whereas the activities increased in

species-rich plant communities. Theoretically, climate

warming will increase the rate of enzymatically

catalyzed reactions due to an increasing kinetic energy

up to an optimum of catabolic activity (Wallenstein

and Weintraub 2008). On the other side, soil

microorganisms may decrease enzyme synthesis and

secretion due to warming (Allison 2005, Wallenstein et

al. 2012). Taken together, a reduction of enzyme

activity suggests either a decreased enzyme production

per unit biomass or an increased in enzyme turnover

(Burns et al. 2013). Our results showed a general trend

of decreasing mass-specific enzyme activities with

FIG. 4. Ordination diagram of principal component analyses of soil microbial biomass, microbial growth after nutrient
additions, and soil enzyme activities as affected by plant diversity (one, four, and 16 plant species) and temperature treatment
(ambientþ08C,þ1.58C, andþ38C) in (a) 2011 (axes 1 and 2 account for 22.72% and 16.72% of the variation, respectively) and (b)
2012 (axes 1 and 2 account for 31.89% and 14.20% of the variation, respectively). Cmic stands for microbial biomass, C stands for
microbial growth after addition of carbon, CN stands for microbial growth after addition of carbon and nitrogen, CP stands for
microbial growth after addition of carbon and phosphorus, CNP stands for microbial growth after addition of carbon, nitrogen,
and phosphorus, water stands for soil water content, gluc stands for 1,4-ß-glucosidase activity, cello stands for cellobiohydrolase
activity, glucose stands for 1,4-ß-N-acetylglucosaminidase activity, phosphor stands for phosphatase activity, peroxid stands for
peroxidase activity, phenol stands for phenol oxidase activity, and urease stands for urease activity.
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increasing plant diversity, thus suggesting composi-

tional changes of soil microbial communities and/or
changed resources along the plant diversity gradient.
In contrast to our third hypothesis, plant diversity did

not buffer but intensified effects of increasing temper-
ature on the activity of some soil enzymes. Thus,

changes in plant diversity may alter the magnitude of
effects of other global change agents on ecosystem
functions.

In conclusion, significant plant diversity effects on soil
microbial biomass, growth, and enzyme activities in the
C, N, and P cycle suggest that soil microorganisms and

functions were likely driven by greater quantity and
quality of plant-derived resources at high plant diversity

and to a little extent affected by temperature changes.
Our results further suggest that plant diversity can
buffer ecosystem responses to increasing temperatures in

some cases (here soil water content), but intensifies
responses of other processes (several soil enzymes),
complicating the prediction of interactive effects on

ecosystem functioning. The loss of plant species to levels
already prevalent in disturbed grassland in the study
region (Eisenhauer et al. 2013) may impair essential soil

microbial processes highlighting the vital role of plant
biodiversity and aboveground–belowground interac-

tions for ecosystem functioning.
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