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Soil ecosystem functioning under climate change:
plant species and community effects
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Abstract. Feedbacks of terrestrial ecosystems to atmospheric and climate change depend
on soil ecosystem dynamics. Soil ecosystems can directly and indirectly respond to climate
change. For example, warming directly alters microbial communities by increasing their
activity. Climate change may also alter plant community composition, thus indirectly altering
the soil communities that depend on their inputs. To better understand how climate change
may directly and indirectly alter soil ecosystem functioning, we investigated old-field plant
community and soil ecosystem responses to single and combined effects of elevated [CO,],
warming, and precipitation in Tennessee (USA). Specifically, we collected soils at the plot level
(plant community soils) and beneath dominant plant species (plant-specific soils). We used
microbial enzyme activities and soil nematodes as indicators for soil ecosystem functioning.

Our study resulted in two main findings: (1) Overall, while there were some interactions,
water, relative to increases in [CO,] and warming, had the largest impact on plant community
composition, soil enzyme activity, and soil nematodes. Multiple climate-change factors can
interact to shape ecosystems, but in our study, those interactions were largely driven by
changes in water. (2) Indirect effects of climate change, via changes in plant communities, had
a significant impact on soil ecosystem functioning, and this impact was not obvious when
looking at plant community soils. Climate-change effects on enzyme activities and soil
nematode abundance and community structure strongly differed between plant community
soils and plant-specific soils, but also within plant-specific soils.

These results indicate that accurate assessments of climate-change impacts on soil
ecosystem functioning require incorporating the concurrent changes in plant function and
plant community composition. Climate-change-induced shifts in plant community composi-
tion will likely modify or counteract the direct impact of atmospheric and climate change on
soil ecosystem functioning, and hence, these indirect effects should be taken into account when
predicting the manner in which global change will alter ecosystem functioning.

Key words: elevated [CO,[; extracellular enzymes; Festuca pratense; global warming; Lespedeza
cuneata; multifactor experiment; nematodes; Oak Ridge, Tennessee, USA, old fields; open-top chambers;

precipitation; redundancy analysis.

INTRODUCTION

The climate is changing due to anthropogenic
impacts: rising levels of atmospheric [CO,] are leading
to increasing global temperatures and changes in the
hydrologic cycle (IPCC 2007). Long-term ecosystem
responses and subsequent feedbacks to atmospheric and
climate changes (hereafter referred to as “climate
changes”) may depend on how the soil system responds
to these perturbations, i.e., increase in belowground
carbon (C) input may decrease feedbacks to the global C
cycle, whereas increases in decomposition and mineral-
ization of organic matter may increase feedbacks to the
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C cycle (Davidson and Janssens 2006, Bardgett et al.
2008, De Deyn et al. 2008).

Soil processes, such as decomposition and nutrient
cycling, are, at the local level, driven by soil organisms,
their interactions with plants (dead or alive), and abiotic
soil conditions such as temperature and moisture
(Wardle 2002). Climate changes may directly, by
changes in soil abiotic conditions, or indirectly, by
changes in plant community composition, alter soil
processes and the organisms that mediate these process-
es. Previous work shows that changes in climate may
alter soil processes and the soil organisms that drive
these processes (e.g., Schimel et al. 1994, Jones et al.
1998); however, these studies have focused on simple
(often single-species) ecosystems (e.g., Austin et al. 2009)
or on samples collected to integrate the response of the
entire plant community (Henry et al. 2005, Niklaus et al.
2007, Ayres et al. 2008). While these studies are useful in
exploring potential mechanisms (single-species experi-
ments) or net effects (integrated response), they exclude
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Fic. 1. Conceptual diagram. Atmospheric and climate
change can impact soil ecosystem functioning by directly
affecting biological activity and composition of soil communi-
ties, (pathway 1) or by affecting individual plant functioning
(e.g., root biomass production) (pathway 2). Atmospheric and
climate change can also impact soil ecosystem functioning
through shifts in plant community composition (pathway 3),
which can result from changes in individual plant function
(altered plant-competitive interactions) or from changes in
individual plant distribution (species range shifts). Changes in
individual plant distribution are not a focus of this paper.

the manner in which individual plant responses to
climate change may alter soil ecosystem functioning
(Johnson et al. 2008, Antoninka et al. 2009).

In this paper, we simultaneously consider multiple
pathways involved in climate-change effects on soil
ecosystem functioning (Fig. 1). Climate changes can
directly influence the functioning of soil organisms, their
competitive interactions, and community composition
by changing the abiotic conditions of the soil environ-
ment (Fig. 1, pathway 1). Climate changes can also
influence individual plant function, which then can
indirectly influence soil ecosystem functioning (Fig. 1,
pathway 2). For example, altered plant physiology or
phenology can change the quality or quantity of
resources plants deliver to or take up from the soil
(Cotrufo and Ineson 1995). Moreover, variation among
plant species in their physiological or phenological
responses to climate change (e.g., Hunt et al. 1991) can
alter plant competitive interactions, and hence, plant
community composition (e.g., Dukes and Hungate 2002,
Morecroft et al. 2004, Walker et al. 2006, Williams et al.
2007). Additional changes in plant community compo-
sition in response to climate change can result from
effects on individual plant distribution, such as poleward
or elevational shifts in response to warming (Parmesan
and Yohe 2003, Hickling et al. 2006). Since individual
plant species differ in their effects on soil abiotic and
biotic properties (e.g., Drigo et al. 2007, Kardol et al.
2007, Johnson et al. 2008), changes in plant community
composition in response to climate changes can have
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strong effects on the functioning of soil ecosystems (Fig.
1, pathway 3).

Interactions among multiple climate-change factors,
such as changes in [CO,], temperature, and precipitation
regimes, can affect plants and soils in ways that are not
easily predictable from measuring a single factor (e.g.,
Pendall et al. 2004, Fenner et al. 2007). Such interactive
effects may impair the predictability of climate-change
impacts on soil ecosystem functioning. For example,
increased soil temperature predicts enhanced decompo-
sition and mineralization via increased microbial activity
(e.g., Fierer et al. 2005); however, these changes depend
upon soil water availability. Hence, effects of warming
on soil ecosystem processes are less predictable when
increased evapotranspiration results in soil drying.
Similarly, enhanced plant productivity under elevated
[CO,] through increased photosynthetic efficiency (Field
et al. 1995) could be moderated if concurrent changes in
precipitation regimes result in plant water stress (De
Boeck et al. 2008). Because climate change will include
multiple simultaneous changes in [CO,], temperature,
and precipitation regimes, multifactor experiments are
needed to better understand climate-change impacts on
soil ecosystem functioning (Dermody 2006).

We took advantage of a long-term, multifactor
climate-change experiment in a constructed old-field
ecosystem to test the hypothesis that direct and plant-
mediated effects of climate changes on soil ecosystem
functioning (Fig. 1, pathways 1 and 2) interact with or
depend upon concurrent shifts in plant community
composition (Fig. 1, pathway 3). We manipulated CO,
concentrations (ambient, elevated), temperature (ambi-
ent, elevated), and precipitation (wet, dry) in open-top
chambers planted with a diverse old-field community.
First we measured the response of plant species cover to
understand how the treatments alter plant community
composition. Second, as an indicator for soil function
(e.g., soil nutrient cycling), we measured the enzyme
activity of soil microbial communities in soils collected
at the plot level (to test the integrated soil response;
hereafter “plant community soils”) and in soils collected
directly beneath dominant plant species (to test the
plant-specific soil response; hereafter “plant-specific
soils”). Plant community soils represent net climate-
change effects (i.e., all three pathways presented in Fig.
1), while plant-specific soils represent direct effects and
effects via change in individual plant function (pathways
1 and 2 in Fig. 1). As an indicator for soil food web
structure and function, we analyzed soil nematode
communities. We compared the responses of the
indicators for soil function both between plant commu-
nity soils and plant-specific soils and between plant-
specific soils from different origin.

METHODS
Experimental setup

The Old-Field Community, Climate, and Atmosphere
Manipulation Experiment was established at the Oak
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Ridge National Environmental Research Park (35°54/12”
N, 84°20'22” W) in Oak Ridge, Tennessee, USA. The site
was abandoned from agricultural use in 1943 and left
fallow until 1964 when a managed fescue field was
established. The soil is classified as Captina silt loam with
moderate-to-medium granular structure and medium
internal drainage. Whole soil N (1.62 g N/kg), C (18.3
g C/kg), and C:N ratio (11.4), determined prior to the
start of the experiment, were not affected by the climate-
change treatments and did not change over time (Garten
et al. 2008, 2009). Precipitation is generally evenly
distributed throughout the year, with an annual mean
of 1322 mm; the mean July maximum temperature is
31.2°C, and the mean January minimum temperature is
—2.7°C.

Twelve experimental plots were established in 2002.
Trenches were cut 75 cm deep around each 4 m diameter
plot and through the center, thereby defining two 6.3 m?
experimental units (split plots). The existing vegetation
at the site was killed using glyphosate, and dead biomass
was extracted to remove meristems and some of the seed
bank. Plots were planted with seven plant species:
Plantago lanceolata L., a herbaceous forb; Andropogon
virginicus L., a C4 bunchgrass; Festuca pratense L. syn F.
elatior L., a C; bunchgrass; Dactylis glomerata L., a C;
bunchgrass; Trifolium pratense L., a herbaceous legume;
Solidago canadensis L., a herbaceous forb; and Lespe-
deza cuneata (Dum. Cours.) G. Don, a N»-fixing sub-
shrub (hereafter referred to by genus names). These
plant species were chosen because (1) they are common
eastern old-field species and are common at our field site
(cf. Jongen and Jones 1998; L. Souza, unpublished data),
(2) they or their congeners are common worldwide; (3)
they or their congeners have been the focus of previous
climate-change research (Poorter and Perez-Soba 2001);
and (4) they comprise a variety of “functional types.”
Native plant status was not a criterion in selecting the
species; we selected species that were common species to
our area and representative of old fields. Greenhouse-
grown seedlings of all seven species were transplanted
into the plots in August 2002 and April 2003 in a
predetermined grid such that seedlings were 18 cm apart
with no adjacent conspecifics (Engel et al. 2009).
Approximately 170 individuals were planted per plot.
In autumn 2005, 2006, and 2007, aboveground plants
were harvested by clipping the shoot 5 cm above the soil
surface to mimic grazing.

In May 2003, [CO,], temperature, and soil moisture
treatments were applied through the use of open-top
chambers (OTCs), which were installed on each plot.
The OTCs were constructed of aluminum frames (4 m in
diameter, 2.2 m in height) covered with clear PVC
panels; the double-walled panel on the lower half of each
OTC was perforated on the inner wall with holes
through which air of the appropriate temperature and
CO, concentration was blown into the chambers. Whole
plots received treatments of ambient or elevated [CO,]
(ambient + 300 ppm) in combination with ambient or
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elevated temperature (ambient + 3°C) in a randomized,
complete-block design (n=3). An open-sided shelter was
assembled over each OTC to exclude precipitation. Each
split plot within each whole plot was randomly assigned
to one of two soil moisture treatments (wet or dry)
created by differential irrigation, i.e., 2 mm or 25 mm
per week. Air and soil temperature, [CO,], and soil
volumetric water content were continuously monitored.
Additional information on the experimental design can
be found in Wan et al. (2007).

Between 1 April and 30 October 2007, the focal period
of this study, daytime [CO,] averaged 419 ppm in
ambient [CO,] chambers and 757 ppm in elevated [CO,]
chambers. For the same period, air temperature
averaged 20.7°C in chambers with ambient temperature
and 23.8°C in chambers with elevated temperature; soil
temperature (at 10 cm depth) averaged 20.5°C and
22.6°C, respectively. Soil volumetric water content (0—10
cm depth) averaged 11.6% in dry treatments and 16.4%
in wet treatments.

Plant community composition

As a proxy for plant community composition four
years after the treatments were initiated, we visually
estimated percentage cover for each of the seven plant
species based on a modified Domin-Krajina cover
scale (Engel et al. 2009). Cover data were recorded
monthly during the 2007 growing season (April to
October).

Soil sampling

In October 2007, to measure integrated soil respons-
es to the climate-change treatments, three soil cores (2
cm in diameter, 10 cm in depth) were collected in each
treatment and bulked: “plant community soils.” In
each treatment, one core was collected in the front, one
in the middle, and one in the back of the plot. Within
each location, samples were randomly located regard-
ing the spatial configuration of the plant species.
Samples were generally located in spaces between
individual plants. Therefore, the bulked samples
included soils from the influence zone of multiple plant
species. To measure plant-specific soil responses, three
additional cores were collected and bulked from under
each of the two dominant plant species, Lespedeza and
Festuca, from the center of randomly located mono-
culture patches: “plant-specific soils.” For logistic
reasons, plant community soils were collected one
week before plant-specific soils. After collection, soil
samples were stored on ice and returned to the
laboratory. After homogenizing within individual
samples, a subsample was collected for nematode
analyses. Remaining soils were sieved (2 mm) and
stored at 4°C for ~15 h prior to measuring extracel-
lular enzyme activities. From the sieved soils, a 15-g
subsample was oven-dried for 48 h to determine soil
gravimetric water content.
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Soil ecosystem functioning:
extracellular enzyme activities

To determine how treatments alter microbial activity,
we measured potential activity of the following ecolog-
ically relevant extracellular enzymes using methods
described by Saiya-Cork et al. (2002): B-glucosidase,
cellobiohydrolase, B-xylosidase, a-glucosidase, phospha-
tase, N-acetylglucosaminidase (NAGase), sulfatase,
peroxidase, and phenol oxidase. The first seven enzymes
were measured using methylumbelliferone-linked sub-
strates. Activity of peroxidase and phenol oxidase was
measured using L-3,4-dihydroxyphenylalanine. B-Glu-
cosidase, cellobiohydrolase, B-xylosidase, a-glucosidase
assist with the breakdown of energy sources such as
carbohydrates and polysaccharides, making them more
readily available for uptake by soil organisms. NAGase
is a chitinolytic enzyme involved in the mineralization of
N from chitin. Phosphatase is involved in the release of
inorganic P. Sulfatase is involved in the release of
inorganic forms of sulfur. Peroxidase and phenol
oxidase assist in the decomposition of lignin. Enzyme
activities were assayed fluorimetrically, except for
peroxidase and phenol oxidase, which were assayed
spectrophotometrically. Briefly, field-moist soil (1 g) was
suspended in 125 mL of 0.05 mol/L sodium acetate
buffer (pH 5). Soil suspension (200 pL) was added to
microplates that contained solutions necessary for a
blank, a negative control, and a quenching standard.
Microplates were incubated in total darkness at room
temperature. Duration of incubation depended upon the
optimal temperature for each enzyme: 30 min for NAG-
ase and phosphatase, 2 h for B-glucosidase, cellobiohy-
drolase, B-xylosidase, a-glucosidase, and sulfatase, and
24 h for peroxidase and phenol oxidase.

Soil ecosystem functioning: nematodes

To determine the manner in which our treatments
affect soil organisms at higher trophic levels and as
indicator for soil food web functioning, we extracted
nematodes. Nematodes were extracted from ~150 g of
soil using a sugar flotation method, heat-killed, and
fixed using 35% formaldehyde diluted to 4%. At least
150 randomly selected individuals in each sample were
identified to family or genus level and allocated to
feeding group according to Yeates et al. (1993): endo-
parasitic plant feeders, ecto-parasitic plant feeders, root
hair feeders (“plant-associated nematodes”), bacterial
feeders, fungal feeders, and omni-carnivores. We ex-
pressed their numbers per 100 g dry soil.

Data analysis

The direct and interactive effects of [CO,], tempera-
ture, and water on percent cover of Lespedeza and
Festuca were tested using a three-way repeated-mea-
sures, split-plot analysis of variance (ANOVA) (PROC
MIXED, SAS Institute, Cary, North Carolina, USA).
Percent cover data were arcsine-transformed to meet
assumptions of normality and homogeneity of variance.
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Plant community soils and plant-specific soils were
analyzed separately. All data collected in the plant
community soils were analyzed using a three-way, split-
plot ANOVA (PROC MIXED). Data collected in plant-
specific soils were tested using a four-way, split-plot
ANOVA (PROC MIXED). ANOVA analyses were run
with a combined random-effects and fixed-effects model
including the Kenward-Rogers adjustment for degrees
of freedom. For phosphatase, cellobiohydrolase, o-
glucosidase, phenol oxidase, endo-parasitic plant feed-
ers, and fungal feeders (plant community soils), and for
phosphatase, a-glucosidase, total number of nematodes,
root hair feeders, and bacterial feeders (plant-specific
soils), data were log-transformed to meet assumptions of
normality and homogeneity of variance.

Treatment effects on plant community composition
were analyzed as repeated measures in redundancy
analyses (RDA), including treatments and their interac-
tions as interactive terms with time as explanatory
variables. For plant-specific soils, treatment and plant
species (Lespedeza, Festuca) effects on composition of
enzyme activities, nematode feeding groups, and nem-
atode taxa were analyzed using RDA, including
treatments, plant species, and their interactions as
explanatory variables. “Species” data (i.e., enzyme
activities, nematode numbers) were log-transformed. In
all RDA analyses, block was included as covariable.
Significance of effects was tested using Monte Carlo
permutation tests (999 permutations). To exclude
variation among blocks from the statistical test, samples
were permuted within blocks. Marginal effects (i.e., the
independent effect of each variable) were tested by
manual selection of each individual variable. For plant
community composition, we used permutation tests
restricted for split-plot design reflecting our repeated
measurements. The RDA analyses were performed using
CANOCO, version 4.5 (Ter Braak and Smilauer 2002).

REsuLTS
Plant community composition

After four years, >20% of the variation in plant
community composition was explained by the climate-
change treatments (Table 1). The analysis of individual
terms showed significant interactions between [CO,] and
water and between temperature and water. However, the
single effect of water had the highest explanatory power
for plant community composition, explaining 12% of the
total variation. [CO,] and temperature did not directly
influence plant community composition. Plant commu-
nity responses to climate-change treatments could be
attributed to differential responses of Lespedeza cuneata
and Festuca pratense, which were the most dominant
species in the community.

Averaged across the season, Lespedeza and Festuca
together accounted for 63% of total plant cover,
followed in dominance by Trifolium (16%), Plantago
(7%), Andropogon (6%), Dactylis (5%), and Solidago
(3%). Seasonal patterns of plant species proportional
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TasLE 1. Redundancy analyses of treatment effects and their
interactions on plant community composition across the
2007 growing season.

Explanatory variable Expl. var. (%) F ratio P
[CO,] 2.2 3.85 0.44
Temperature (7°) 33 5.00 0.22
H,O 12.2 20.70 <0.01
[COl X T 3.0 4.56 0.22
[CO,] X H,O 7.2 11.50 0.01
T X H,O 8.4 13.51 <0.01
[CO,] X T X H,O 5.2 8.98 0.06
Full model 22.8 6.04 0.02

Notes: Each factor was tested as an interactive term with
time, reflecting the repeated measurements. Marginal effects
(i.e., effects when a term is used as the only explanatory
variable) and results of the full model including all explanatory
variables are presented. Expl. var. (%) is the percentage of
variation explained. P values are based on Monte Carlo
permutation tests. The study was conducted in the Oak Ridge
National Environmental Research Park in Oak Ridge, Tennes-
see, USA.

cover across wet and dry treatments are shown in
Appendix A. Because species other than Lespedeza and
Festuca made up a relatively small proportion of the
plant community and did not contribute much to the
plant community response, they will not be discussed
here (see Engel et al. [2009] for community response
details). From April to October, proportional cover of
Lespedeza became higher in wet relative to dry
treatments (H,O X time, Fy 150 = 7.77, P < 0.01; Fig.
2). There was a marginal [CO,] X time interaction (F;_1»
= 3.11, P = 0.08) where there was higher proportional
cover of Lespedeza under ambient than under elevated
[CO,] early in the season. Proportional cover of Festuca
was higher in wet relative to dry treatments early in the
season, but this pattern reversed toward the end of the
season, leading to a significant time X H,O interaction
(F1.120 =9.01, P < 0.01; Fig. 2). Proportional cover of
Festuca was marginally higher at elevated relative to
ambient temperature (7") (£ 394 = 3.76, P = 0.06), and
there was a marginally significant [CO,] X T X time
interaction (Fy 120 = 3.65, P = 0.06). Other single and
interactive effects of climate-change treatments on the
proportional cover of Lespedeza and Festuca were not
significant.

Soil ecosystem functioning

Extracellular enzyme activities.—We used extracellu-
lar enzyme activities as indicators of soil function. In
plant community soils, the activity of one out of nine
enzymes was significantly affected by the climate-change
treatments (Fig. 3A; Appendices B and C). Activity of
B-xylosidase was lower in dry than in wet treatments,
but only under elevated [CO,] ([CO,] X H,0, Fj 14 =
5.09, P =0.04) or under elevated temperature (7' X H,O,
Fy14=7.64, P=0.02). In treatments with ambient [CO,],
B-xylosidase activity was lower under elevated temper-
ature than under ambient temperature, while in treat-
ments with elevated [CO,], activity was higher under
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elevated temperature than under ambient temperature
([CO,] X T, Fy14=15.82, P=0.03).

Overall, enzyme activities were higher in plant-specific
soils than in plant community soils, and the impact of
the climate-change treatments was generally stronger in
plant-specific soils relative to plant community soils
(Fig. 3B; Appendices B and C). In plant-specific soils,
activity of phosphatase (Fj,q4 = 36.37, P < 0.01),
sulfatase (Fyp4 = 17.71, P < 0.01), phenol oxidase
(F124=9.00, P=0.01), and peroxidase (F; 3o =20.36, P
< 0.01) was lower in dry than in wet treatments, while
activity of cellobiohydrolase was higher in dry than in
wet treatments (£ 54 = 5.88, P =0.03). Similar to plant
community soils, we found few effects of [CO,] and
temperature on enzyme activities in plant-specific soils.
However, activity of B-glucosidase was higher under

Elevated T, ambient CO,
Ambient T, ambient CO,
Elevated T, elevated CO,
Ambient T, elevated CO,

80

A) Festuca
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40
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40 1
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FiG. 2. Proportional cover of (A) Festuca pratense and (B)
Lespedeza cuneata from April to October 2007 for all
combinations of [CO,], temperature (7), and H,O treatments.
The study was conducted in the Oak Ridge National

Environmental Research Park in Oak Ridge, Tennessee, USA.
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temperature; 7T, elevated temperature; [CO,],, ambient [CO,]; [CO,]., elevated [CO,]; NAG-ase, N-acetylglucosaminidase.

elevated [CO,] than under ambient [CO,] (£} 14=4.64, P
=0.04). For B-glucosidase, there was a significant H,O X
T X species interaction (Fj 4 = 7.63, P =0.01) and for
NAGase there was a significant species X [CO,] X T
interaction (F 54="7.64, P=0.02). In plant-specific soils,
enzyme activity was higher in Festuca soils relative to
Lespedeza soils for four out of nine enzymes (phospha-
tase, F1’24: 1719, P < 001, NAG'&SC, F1,24: 1101, P=
0.01; B-glucosidase, Fjo4 = 24.20, P < 0.01; sulfatase,
F4=15.85, P=0.03; Fig. 3B; Appendices B and C).
In plant-specific soils, when enzyme activities were
analyzed for composition, the full RDA model, includ-
ing [CO,], temperature, water, and plant species as
explanatory factors, explained >40% of the variation.
Both water and plant species explained a significant
amount of the variation, and there was a significant H,O
X species interaction (Table 2). Similarly, we found
significant [CO,] X species and [CO,] X H,O X species
interactions. These species X treatment interactions
indicate plant-specific profiles of enzyme activities in

response to the climate-change treatments (Fig. 4).
Phosphatase, cellobiohydrolase, and B-glucosidase con-
tributed most to the overall enzyme profile response. At
the community level, there was also a significant
interactive effect of [CO,] and water (Table 2).

The complete ANOVA results for enzyme activities
are given in Appendix C.

Nematodes.—We used nematode abundance and
community composition as indicators for soil food
web structure and function. In plant community soils,
we found several significant interactions among the
climate-change treatments on nematode numbers (Fig.
5A; Appendices D and E). However, water had the
strongest effect overall. The total number of nematodes
was lower in dry than in wet treatments, except for
treatments with elevated [CO,] and ambient temperature
([COy] X T X H,0, Fy 16 =727, P=0.02). Treatment
effects differed considerably across feeding groups.
Under ambient [CO,], numbers of endoparasites were
lower in dry than in wet treatments ([CO,] X H,0, F| 3=
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TaBLE 2. Results from redundancy analyses of climate-change treatments and plant species impacts (Species; i.e., Lespedeza or
Festuca) and their interactions on enzyme activities, nematode feeding groups, and nematode taxa.

Enzyme activities Nematode feeding groups Nematode taxa

Explanatory variable Expl. var. (%) F ratio P Expl. var. (%) F ratio P Expl. var. (%) F ratio P

[CO,] 1.7 0.79 0.55 1.5 0.57 0.57 1.8 0.83 0.62
Temperature (7°) 1.7 0.81 0.54 2.5 1.25 0.27 32 1.52 0.11
H,O 11.5 596  <0.01 27.1 18.19  <0.01 15.9 8.87  <0.01
Species 7.8 3.85  <0.01 5.9 3.01 0.02 3.9 1.90 0.06
[COl X T 2.6 1.24 0.27 0.5 0.23 0.96 1.7 0.78 0.64
[CO,] X H,O 5.6 2.69 0.02 12.9 7.15  <0.01 6.7 333 <0.01
[CO,] X species 49 2.35 0.04 1.8 0.87 0.46 1.4 0.66 0.79
T X H,O 3.4 1.61 0.15 4.6 2.32 0.07 5.1 2.50 0.01
T X species 4.4 2.10 0.06 4.0 1.98 0.09 35 1.67 0.08
H,O X species 10.2 523  <0.01 17.3 10.12  <0.01 9.6 497  <0.01
[CO,] X T X H,O 2.2 1.05 0.41 2.7 1.32 0.23 2.4 1.14 0.28
[CO,] X T X species 3.7 1.78 0.11 0.7 0.35 0.89 1.6 0.77 0.66
[CO,] X H,0O X species 6.3 3.10  <0.01 9.3 492 <0.01 4.5 2.19 0.02
T X H,O X species 4.2 2.02 0.07 32 1.59 0.16 3.9 1.91 0.06
[CO,] X T X H,O X species 2.9 1.37 0.23 2.0 0.99 0.40 2.2 1.02 0.37
Full model 40.5 1.44 0.02 55.3 293 <0.01 46.8 1.93  <0.01

Notes: Marginal effects (effects when a term is used as the only explanatory variable) and results of the full models including all
explanatory variables are presented. Expl. var. (%) is the percentage of variation explained. P values are based on Monte Carlo
permutation tests.
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6.66, P = 0.03) and lower under elevated than under
ambient temperature ([CO,] X T, Fy s =8.22, P < 0.01);
there were no effects of water and temperature under
elevated [CO»]. Under elevated 7, numbers of root hair-
feeders were lower in dry than in wet treatments (7" X
H,0, Fy16=11.74, P < 0.01) and lower under ambient
than under elevated [CO,] ([CO,] X T, Fy 16 =4.62, P =
0.05); there were no effects of water and [CO,] under
ambient temperature. For bacterial feeders, there were
several significant (P < 0.05) and marginally significant
(0.05 < P < 0.10) effects of the climate-change
treatments, which strongly reflected the pattern of the
total number of nematodes: lower numbers in dry than
in wet treatments, except for treatments with elevated
[CO,] and ambient temperature. Numbers of fungal-
feeding nematodes were lower in dry than in wet
treatments, but only under ambient [CO,] ([CO,] X
H,0, Fy16 = 6.25, P = 0.02). Numbers of omni-
carnivores were lower in dry than in wet treatments
(Fi16=1.07, P=0.02).

In plant-specific soils, nematodes were differentially
affected by water and by plant species (Fig. 5B;
Appendices D and E), as indicated by significant H,O
X species interactions for the total numbers of nema-

todes (Fja4 = 5.33, P = 0.03), for endo-parasitic
nematodes (F; 3 = 8.36, P < 0.01), and for bacterial-
feeding nematodes (Fy 4 = 16.33, P < 0.01). Generally,
we found few effects of [CO,] and temperature on
numbers of nematodes in plant-specific soils. In wet
treatments, the total number of nematodes was lower
under Lespedeza than under Festuca; in dry treatments,
the total number of nematodes was low in general and
did not differ between Lespedeza and Festuca soils.
Similar patterns were found for endo-parasitic plant
feeders and for bacterial feeders (Fig. 5B). Numbers of
endo-parasitic plant feeders were lower under elevated
temperature than under ambient temperature (F) 30 =
6.03, P = 0.02). Root hair feeders were lower under
Lespedeza than under Festuca (Fy 30 = 8.91, P < 0.01)
and, irrespective of plant species, were lower in dry than
in wet treatments (F; 30 = 80.10, P < 0.01). Fungal-
feeding nematodes were not affected by plant species.
For fungal-feeding nematodes there was a significant
[CO,] X T X H,O interaction (F 4 = 5.20, P = 0.03):
overall, numbers were lower in dry than in wet
treatments, but the water effect was not consistent
across [CO,] and temperature treatments (Fig. 5B).
Numbers of omni-carnivores were higher in soils under
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Lespedeza than under Festuca (Fy,4 = 12.52, P =0.02)
and were lower in dry than in wet treatments (Fj 4 =
15.26, P < 0.01).

In plant-specific soils, the full RDA model, including
[CO,], temperature, water, and plant species as explan-
atory factors, explained >55% of the variation in

nematode feeding-group composition (Table 2). Root
hair feeders and bacterial feeders were the largest
contributors to the community response. Most of the
variation in nematode feeding groups was explained by
the water treatment, as shown on the first RDA axis
(Fig. 6A), followed by H,O X species and [CO,] X H,O
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Species—treatment plot resulting from the redundancy analysis of (A) nematode feeding-group composition and (B)
nematode taxon composition. Treatments included are [CO,], temperature (7'), H,O, and plant species (Lespedeza and Festuca).
For clarity, treatment interactions are not shown, and only the best-fitting nematode taxa are plotted in the diagram. Eigenvalues
along the axes indicate the amount of explained variability in community composition. Triangles represent the centroid position of
the climate-change treatments and the plant species. Helico is an abbreviation for Helicotylenchus.
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interactions (Table 2). The [CO,] X H,O X species
interaction explained a significant amount of variation
in nematode community composition (Table 2). Similar
to the enzyme activities, significant species X treatment
interactions indicate plant-specific changes in nematode
feeding-group composition in response to the climate-
change treatments (Fig. 6A).

Comparable to the nematode feeding-group compo-
sition, variation in nematode taxon composition could
be best explained by water and by H,O X species and
H,O X [CO,] interactions. The full RDA model
explained >46% of the variation in nematode taxon
composition (Table 2). Root-hair-feeding Tylenchidae
and opportunistic bacterial-feeding Rhabditidae, Plectus,
and Cephalobidae responded most strongly to the water
treatment. Omnivorous Qudsianematidae were associat-
ed more with Lespedeza than with Festuca (Fig. 6B). In
contrast to nematode feeding-group composition, a
significant amount of the variation in nematode taxon
composition could be explained by the H,O X T
interaction.

The complete ANOVA results for nematode numbers
are given in Appendix E.

Soil gravimetric water content

In plant community soils, gravimetric water content
was, on average, 29% in wet treatments and 16% in dry
treatments at the time of sampling (Fy s =78.72, P <
0.01; Appendix F). In plant community soils, gravimet-
ric water was not significantly affected by the [CO,] or
temperature treatments (Appendix G). In plant-specific
soils, gravimetric water was on average 24% in wet
treatments and 15% in dry treatments at the time of
sampling (Fp4 = 12249, P < 0.01; Appendix F).
Gravimetric water content did not differ between
Lespedeza and Festuca soils (F),4 = 0.66, P = 0.43;
Appendix F). The significant [CO,] X T X H,O0
interaction (F),4 = 5.10, P = 0.03) pointed toward
somewhat higher gravimetric water in treatments with
elevated [CO,] and ambient temperature. However,
effects of [CO,] and temperature on gravimetric water
content were small.

DiscussioN

Climate-change factors, i.e., elevated [CO,], warming,
and altered precipitation regimes, can interactively affect
soil ecosystem functioning via multiple pathways (Fig.
1). Our results show that climate-change-induced shifts
in plant community composition, along with the direct
effects of climate change and effects through changes in
plant function, can shape the composition and func-
tioning of soil communities.

Climate-change effects on plant community composition

Plants respond in species-specific ways to climate-
change treatments, resulting in shifts in plant commu-
nity composition (Diaz and Cabido 1997). Of all climate
changes, altered precipitation regimes, such as anoma-
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lous droughts, probably have the strongest impact on
plant community composition (Morecroft et al. 2004,
Suttle et al. 2007, Knapp et al. 2008). In our
multifactorial experiment, >12% of variation in plant
community composition was explained by the precipi-
tation treatment. Interactive effects of water with [CO,]
and temperature were minor relative to the direct impact
of the watering treatment. Reduced water shifted plant
cover dominance from Lespedeza to Festuca. Total
aboveground biomass was harvested at the end of 2006
and thus plant cover was low at the start of the 2007
growing season. Over the growing season, the propor-
tional cover of Lespedeza increased to ~30% in dry
treatments and 50% in wet treatments. In contrast,
proportional cover of Festuca increased in dry treat-
ments relative to wet treatments.

Plant community biomass was 80% higher in wet
relative to dry treatments (P. Kardol et al., unpublished
data); hence, community productivity in the dry
treatments was strongly water limited. Generally,
perennial grasses, such as Festuca, are adversely affected
by drought (Morecroft et al. 2004); in our experiment, at
the end of the growing season, shoot biomass of Festuca
was 46% higher in wet relative to dry treatments (P.
Kardol et al., unpublished data). Therefore, increase in
Festuca proportional cover in dry treatments toward the
end of the season should not be attributed to direct
effects of the precipitation treatment, but to decreased
competition from neighboring Lespedeza plants. In wet
treatments, Lespedeza had the greatest amount of
biomass relative to other species; this is most likely
due to its extensive root system that may enable high
water uptake capacity.

Importantly, structural and chemical differences
between the N,-fixing sub-shrub Lespedeza and the Cs
grass Festuca indicate that shifts in their proportional
cover have far-reaching ecological consequences. In our
study, we focused on consequences for soil ecosystem
functioning, but structural and chemical changes in
plant communities in response to climate change can
also affect aboveground communities of insect herbi-
vores and their predators (e.g., Schadler et al. 2007,
Villalpando et al. 2009).

Climate-change effects on soil ecosystem functioning

In our multifactorial experiment, enzyme activities
and nematodes were much stronger impacted by the
water treatment than by elevated [CO,] or warming.
Responses of enzyme activities to the water treatment
depended upon the compounds they assist with breaking
down. Activity of enzymes involved in degradation of
recalcitrant organic compounds (e.g., lignin) was gener-
ally lower in dry relative to wet treatments. This
response to the water treatment could be due to reduced
enzyme production as a result of soil microbial moisture
stress or to direct effects of low moisture on enzyme
activity (Toberman et al. 2008). Alternatively, in wet
treatments, labile organic compounds are depleted
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quickly, leaving behind a largely recalcitrant C pool
(Conant et al. 2008). The activity of cellobiohydrolase,
an enzyme involved in degradation of a labile organic
compound (i.e., cellulose), was higher in dry than in wet
treatments; the reason why remains speculative. Higher
activity of enzymes involved in degrading labile com-
pounds could be associated with higher root biomass
and, hence, the increased availability of labile, root-
derived compounds to soil microorganisms (Henry et al.
2005); however, preliminary analyses of long-term mini-
rhizotron data do not show substantial changes in
overall root biomass in response to the water treatment
in our experiment (C. Iversen, unpublished data).

Similar to enzyme activities, nematode response to
the water treatment depended on their functional role in
the decomposition process. However, overall, numbers
of nematodes were lower in dry than in wet treatments.
Except for endo-parasitic plant feeders, nematodes live
in water films between soil particles, making them
highly dependent on soil gravimetric water content for
their mobility and survival (Warwick 1984). Gravimet-
ric water content of the soil samples from the dry
treatments was >10%, which might be sufficient for
nematodes to survive and reproduce; however, during
the hot summer months, soil volumetric water content
in dry treatments could drop to below 5%. Nematode
abundances in the soil samples we collected in October
may have reflected soil moisture conditions from
preceding months. Interestingly, decline in numbers of
nematodes in dry treatments was generally moderated
by elevated [CO,] and generally lower under ambient
temperature than under elevated temperature in plant
community soils, though not in plant-specific soils. This
suggests that moderation of water by elevated [CO,]
and warming can be outweighed by plant-specific effects
on nematode numbers. Such plant-specific effects on
soil ecosystem responses to climate change have been
largely overlooked in previous studies (e.g., Henry et al.
2005).

Plant-specific effects on soil (micro)-organisms and
their functioning (e.g., the activities of the enzymes they
excrete) should be attributed to the quantity and quality
of organic compounds plants put into the soil and to
plant-specific effects on soil microhabitat conditions
(e.g., Waldrop and Firestone 2006, Viketoft et al. 2009).
We showed that activity of enzymes involved in
degradation of orthophosphate, sulphur, cellulose, and
chitin were lower in soils under Lespedeza than in soils
under Festuca. Reduced enzyme activities in soils under
Lespedeza relative to soils under Festuca could suggest a
negative effect of Lespedeza on microbial activity, which
might have resulted from high concentrations of
polyphenolics in organic residues from Lespedeza
(Langdale and Giddens 1967). However, activities of
other enzymes, including enzymes involved in the
degradation of lignin, were similar in soils under
Lespedeza and Festuca. High availability of lignin in
soils under the woody sub-shrub Lespedeza may have
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stimulated microorganisms involved in lignin degrada-
tion, hence, compensating for a reduction in overall
microbial activity. Overall, the enzyme activities indi-
cated slower rates of nutrient and C cycling in soils
beneath Lespedeza than beneath Festuca and suggest
that shifts in plant community composition could
function as an enzymic “latch” mechanism controlling
soil nutrient and C stocks (sensu Freeman et al. 2001).

The suggestion of slower nutrient and C-cycling rates
beneath Lespedeza was supported by the nematode
response, but only in the wet treatment. Numbers of
nematodes were consistently low and were not signifi-
cantly affected by plant species in dry treatments. In
contrast, nematodes were responsive to the plant species
in wet treatments, and the responses differed among
feeding groups. Plant-associated nematodes in soils
under Lespedeza could have been inhibited by the
chemical composition (e.g., high levels of toxins) or
the physical structure (e.g., woodiness) of Lespedeza
roots. Lower numbers of bacterial-feeding nematodes
under Lespedeza could have been due to low resource
availability (sensu Griffiths et al. 1992); the low rates of
enzyme activities beneath Lespedeza indicate that there
might also be lower microbial biomass. Similar numbers
of fungal-feeding nematodes in soil beneath Lespedeza
and Festuca may indicate that fungal biomass did not
differ among these soils. The differential responses of
bacterial- and fungal-feeding nematodes to the plant
species indicate that in wet soils, decomposition is more
fungal-based (slow cycle) in soils beneath Lespedeza and
more bacterial-based (fast cycle) in soils beneath
Festuca.

Interestingly, in plant community soils, bacterial-
feeding nematodes were more sensitive to reduced
precipitation than fungal-feeding nematodes, indicating
slower rates of nutrient and C cycling under dry
conditions. We would have predicted the opposite, as
higher proportional cover of Lespedeza in wet treat-
ments should lead to slower rates of nutrient and C
cycling. These data suggest that the soil samples we
collected to represent the overall contribution of the
plant community did not accurately represent the
proportional cover of the dominant plant species. These
results illustrate that when soils are collected from
relatively few areas in a study system to represent the
overall ecosystem response, they may not accurately
reflect the integrated soil response.

In general, we found that climate changes influence
enzyme activities more strongly in plant-specific soils
than in plant community soils. If plant species have
opposing effects on soil microorganisms and the
enzymes they excrete, it could be that plant-specific
climate-change effects have canceled each other out in
plant community soils, resulting in no net effect. This
could suggest that plant-specific climate-change effects
on soil ecosystem functioning are of minor importance
at the community level. However, this is not a likely
scenario when climate change concurrently affects plant
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community composition (as our result show). Instead,
weak enzyme responses to the climate-change treatments
in plant community soils could well be related to the
spatial configuration of the soil samples. Bulk soils
collected between plant species may have contained
proportionally less rhizosphere soil than plant-specific
soils, diluting the response of individual plant species;
microbial activity is generally higher in rhizosphere soils
than in bulk soils (Mukerji et al. 2006), and enzyme
activities decrease with distance from the plant (Miniaci
et al. 2007).

On the contrary, most nematodes do not directly rely
on rhizosphere products as food source and exhibit
patchy distributions at larger spatial scales than soil
microorganisms (Ettema and Wardle 2002); their
abundance was similar in plant community soils and
in plant-specific soils. This could suggest that climate-
change effects on soil nematodes are less dependent on
effects via changes in individual plant function (Fig. 1,
pathway 2) and more dependent on direct effects of
climate change (Fig. 1, pathway 1). We did, however,
find significant interactions of climate change and plant
species on most of the nematode feeding groups and on
nematode community composition, indicating that
climate-change effects via changes in plant community
composition (Fig. 1, pathway 3) do contribute to the
net climate-change effects on soil nematode communi-
ties.

Differences in enzyme activities and nematodes
between plant community soils and plant-specific soils
could have been confounded by differences in soil
climatic conditions associated with the difference in
sampling date. However, across treatments, mean daily
soil temperature in the open-top chambers on the day
plant community and plant-specific soils were collected
was about the same (12.7°C and 12.5°C, respectively). In
the wet treatments, soil moisture content was 5% higher
in the plant community soils than in the plant-specific
soils. In the dry treatments, soil moisture content did not
differ between plant community soils and plant-specific
soils. Based on soil moisture data we would expect that,
in wet treatments, enzyme activities and numbers of
nematodes were higher in plant community soils than in
plant-specific soils. As we generally found the opposite,
we do not think that the difference in sampling date
significantly contributed to differences between plant
community soils and plant-specific soils.

Synthesis

Differential responses of enzymes involved in degra-
dation of recalcitrant and labile organic compounds and
of nematode feeding groups to changes in precipitation
regime may have important consequences for the
distribution of C among transient and more stable soil
C pools, potentially promoting C sequestration under
dry conditions (Tate and Ross 1997, Freeman et al.
2001). However, our results show that drought-related C
sequestration could be moderated when changes in
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precipitation regimes concurrently affect plant domi-
nance patterns, promoting plant species associated with
high C-cycling rates. In other words, soil ecosystem
responses to climate changes could be offset or reversed
when climate changes result in plant community
composition shifts (Fig. 1, pathway 3). Accurate
assessment of climate-change impacts on soil ecosystem
functioning requires incorporation of the concurrent
changes in plant function, distribution, and community
composition. Future research should focus on improv-
ing our understanding of the manner in which climate-
change-induced shifts in plant distributions and domi-
nance patterns and plant-specific effects on soil proper-
ties interactively affect soil ecosystem function.
Predicting long-term (soil) ecosystem response and
feedback to climate change requires integration of
ecosystem ecology and plant biogeography.

ACKNOWLEDGMENTS

We thank Emily Austin, Joanne Childs, and Penny Long for
technical assistance; Ernest Bernard (Department of Entomol-
ogy and Plant Pathology, University of Tennessee, Knoxville)
for advice and use of equipment; and Richard Norby for critical
reading of the manuscript. Jake Weltzin and Richard Norby
were integral in establishing and designing the experiment.
Research was sponsored by the U.S. Department of Energy,
Office of Science, Biological and Environmental Research
Program, grant number DE-FG02-02ER63366, and work was
conducted in collaboration with Oak Ridge National Labora-
tory, which is managed by UT-Battelle, LLC, for the U.S.
Department of Energy under Contract DE-AC05-000R22725.

LITERATURE CITED

Antoninka, A., J. E. Wolf, M. B. Bowker, A. T. Classen, and
N. C. Johnson. 2009. Linking above- and belowground
responses to global change at community and ecosystem
scales. Global Change Biology 15:514-520.

Austin, E. E., H. F. Castro, C. W. Schadt, K. T. Sides, and
A. T. Classen. 2009. Assessment of 10 years of CO,
fumigation on soil microbial communities and function in a
sweetgum plantation. Soil Biology and Biochemistry 41:514—
520.

Ayres, E., D. H. Wall, B. L. Simmons, C. B. Field, D. G.
Milchunas, J. A. Morgan, and J. Roy. 2008. Belowground
nematode herbivores are resistant to elevated atmospheric
CO, concentrations in grassland ecosystems. Soil Biology
and Biochemistry 40:978-985.

Bardgett, R. D., C. Freeman, and N. J. Ostle. 2008. Microbial
contributions to climate change through carbon cycle
feedbacks. ISME Journal 2:805-814.

Conant, R. T., J. M. Steinweg, M. L. Haddix, E. A. Paul, A. F.
Plante, and J. Six. 2008. Experimental warming shows that
decomposition temperature sensitivity increases with soil
organic matter recalcitrance. Ecology 89:2384-2391.

Cotrufo, M. E., and P. Ineson. 1995. Effects of enhanced
atmospheric CO, and nutrient supply on the quality and
subsequent decomposition of fine roots of Betula pendula
Roth and Picea sitchensis (Bong) Carr. Plant and Soil 170:
267-277.

Davidson, E. A., and I. A. Janssens. 2006. Temperature
sensitivity of soil carbon decomposition and feedbacks to
climate change. Nature 440:165-173.

De Boeck, H. J.,, C. M. H. M. Lemmens, C. Zavalloni, B.
Gielen, S. Malchair, M. Carnol, R. Mercks, J. Van den
Berge, R. Ceulemans, and I. Nijs. 2008. Biomass production
in experimental grasslands of different species richness during
three years of climate warming. Biogeosciences 5:585-594.



780 PAUL KARDOL ET AL.

De Deyn, G. B., J. H. C. Cornelissen, and R. D. Bardgett. 2008.
Plant functional traits and soil carbon sequestration in
contrasting biomes. Ecology Letters 11:516-531.

Dermody, O. 2006. Mucking through multifactor experiments:
design and analysis of multifactor studies in global change
research. New Phytologist 172:598-600.

Diaz, S., and M. Cabido. 1997. Plant functional types and
ecosystem function in relation to global change. Journal of
Vegetation Science 8:463-474.

Drigo, B., G. A. Kowalchuk, E. Yergeau, T. M. Bezemer,
H. T. S. Boschker, and J. A. van Veen. 2007. Impact of
elevated carbon dioxide on the rhizosphere communities of
Carex arenaria and Festuca rubra. Global Change Biology
13:2396-2410.

Dukes, J. S., and B. A. Hungate. 2002. Elevated carbon dioxide
and litter decomposition in California annual grasslands:
Which mechanisms matter? Ecosystems 5:171-183.

Engel, E. C., J. F. Weltzin, R. J. Norby, and A. T. Classen.
2009. Responses of an old-field plant community to
interacting factors of elevated [CO,], warming, and soil
moisture. Journal of Plant Ecology 2:1-11.

Ettema, C. H., and D. A. Wardle. 2002. Spatial soil ecology.
Trends in Ecology and Evolution 17:177-183.

Fenner, N., C. Freeman, M. A. Lock, H. Harmens, B.
Reynolds, and T. Sparks. 2007. Interactions between elevated
CO, and warming could amplify DOC exports from peatland
catchments. Environmental Science and Technology 41:
3146-3152.

Field, C. B., R. B. Jackson, and H. A. Mooney. 1995. Stomatal
respones to increased CO,: implications from the plant to the
global scale. Plant, Cell and Environment 18:1214—1225.

Fierer, N., J. M. Craine, K. McLaughlan, and J. P. Schimel.
2005. Litter quality and the temperature sensitivity. Ecology
86:320-326.

Freeman, C., N. Ostle, and H. Kang. 2001. An enzymic ‘latch’
on a global carbon store. Nature 409:149.

Garten, C. T., Jr., A. T. Classen, and R. J. Norby. 2009. Soil
moisture surpasses elevated CO, and temperature as control
on soil carbon. Plant and Soil 319:85-94.

Garten, C. T., Jr., A. T. Classen, R. J. Norby, D. J. Brice, J. A.
Weltzin, and L. Souza. 2008. Role of N,-fixation in
constructed old-field communities under different regimes
of [CO,], temperature, and water availability. Ecosystems 11:
125-137.

Griffiths, B. S., R. Welschen, J. J. C. M. van Arendonk, and H.
Lambers. 1992. The effect of nitrate-nitrogen supply on
bacteria and bacterial-feeding fauna in the rhizosphere of
different grass species. Oecologia 91:253-259.

Henry, H. A. L., J. D. Juarez, C. B. Field, and P. M. Vitousek.
2005. Interactive effects of elevated CO,, N deposition and
climate change on extracellular enzyme activity and soil
density fractionation in a California annual grassland.
Global Change Biology 11:1808-1815.

Hickling, R., D. B. Roy, J. K. Hill, R. Fox, and C. D. Thomas.
2006. The distributions of a wide range of taxonomic groups
are expanding polewards. Global Change Biology 12:450—
455.

Hunt, R., D. W. Hand, M. A. Hannah, and A. M. Neal. 1991.
Response to CO, enrichment in 27 herbaceous species.
Functional Ecology 5:410-421.

IPCC [Intergovernmental Panel on Climate Change]. 2007.
Climate change 2007: the physical science basis. Cambridge
University Press, Cambridge, UK.

Johnson, D., G. K. Phoenix, and J. P. Grime. 2008. Plant
community composition, not diversity, regulates soil respi-
ration in grasslands. Biology Letters 4:345-348.

Jones, T. H., et al. 1998. Impacts of rising atmospheric carbon
dioxide on model terrestrial ecosystems. Science 280:441—
443.

Jongen, M., and M. B. Jones. 1998. Effects of elevated carbon
dioxide on plant biomass production and competition in a

Ecology, Vol. 91, No. 3

simulated neutral grassland community. Annals of Botany
82:111-123.

Kardol, P., N. J. Cornips, M. M. L. van Kempen, J. M. T.
Bakx-Schotman, and W. H. van der Putten. 2007. Microbe-
mediated plant-soil feedback causes historical contingency
effects in plant community assembly. Ecological Mono-
graphs 77:147-162.

Knapp, A. K., et al. 2008. Consequences of more extreme
precipitation regimes for terrestrial ecosystems. BioScience
58:811-821.

Langdale, G. W., and J. E. Giddens. 1967. Phytotoxic phenolic
compounds in sericea lespedeza residues. Agronomy Journal
59:581-584.

Miniaci, C., M. Bunge, L. Duc, I. Edwards, H. Burgmann, and
J. Zeyer. 2007. Effects of pioneering plants on microbial
structures and functions in a glacier forefield. Biology and
Fertility of Soils 44:289-297.

Morecroft, M. D., G. J. Masters, V. K. Brown, 1. P. Clarke,
M. E. Taylor, and A. T. Whitehouse. 2004. Changing
precipitation patterns alter plant community dynamics and
succession in an ex-arable grassland. Functional Ecology 18:
648-655.

Mukerji, K. G., C. Manoharachary, and J. Singh. 2006.
Microbial activity in the rhizosphere. Springer-Verlag,
Heidelberg, Germany.

Niklaus, P. A., J. Alphei, C. Kampichler, E. Kandeler, C.
Korner, D. Tscherko, and M. Wohlfender. 2007. Interactive
effects of plant species diversity and elevated CO, on soil
biota and nutrient cycling. Ecology 88:3153-3163.

Parmesan, C., and G. Yohe. 2003. A globally coherent
fingerprint of climate change impacts across natural ecosys-
tem. Nature 421:37-42.

Pendall, E., S. Bridgham, P. J. Hanson, B. Hungate, D. W.
Kicklighter, D. W. Johnson, B. E. Law, Y. Luo, J. P.
Megonigal, M. Olsrud, M. G. Ryan, and S. Wan. 2004.
Below-ground process responses to elevated CO, and
temperature: a discussion of observations, measurement
methods, and models. New Phytologist 162:311-322.

Poorter, H., and M. Perez-Soba. 2001. The growth response of
plants to elevated CO, under non-optimal environmental
conditions. Oecologia 129:1-20.

Saiya-Cork, K. R., R. L. Sinsabaugh, and D. R. Zak. 2002. The
effects of long term nitrogen deposition on extracellular
enzyme activity in an Acer saccharum forest soil. Soil Biology
and Biochemistry 34:1309-1315.

Schadler, M., M. Roeder, R. Brandl, and D. Matthies. 2007.
Interacting effects of elevated CO,, nutrient availability and
plant species on a generalist invertebrate herbivore. Global
Change Biology 13:1005-1015.

Schimel, D. S., B. H. Braswell, E. A. Holland, R. McKeown,
D. S. Ojima, T. H. Painter, W. J. Parton, and A. R.
Townsend. 1994. Climatic, edaphic, and biotic controls over
storage and turnover of carbon in soils. Global Biogeochem-
ical Cycles 8:279-293.

Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007. Species
interactions reverse grassland responses to changing climate.
Science 315:640—642.

Tate, K. R., and D. J. Ross. 1997. Elevated CO, and moisture
effects on soil carbon storage and cycling in temperate
grasslands. Global Change Biology 3:225-235.

Ter Braak, C. J. F., and P. Smilauer. 2002. Canoco for
Windows 4.5. Biometris, Wageningen, The Netherlands.

Toberman, H., C. D. Evans, C. Freeman, N. Fenner, M. White,
B. A. Emmett, and R. R. E. Artz. 2008. Summer drought
effects upon soil and litter extracellular phenol oxidase
activity and soluble carbon release in an upland Calluna
heathland. Soil Biology and Biochemistry 40:1519-1532.

Viketoft, M., J. Bengtsson, B. Sohlenius, M. P. Berg, O. Petchy,
C. Palmborg, and K. Huss-Danell. 2009. Long-term effects of
plant diversity and composition on soil nematode communi-
ties in model grasslands. Ecology 90:90—99.



March 2010

Villalpando, S. N., R. S. Williams, and R. J. Norby. 2009.
Elevated air temperature alters an old-field insect community
in a multifactor climate change experiment. Global Change
Biology 15:930-942.

Waldrop, M. P., and M. K. Firestone. 2006. Seasonal dynamics
of microbial community composition and function in oak
canopy and open grassland soils. Microbial Ecology 52:470—
479.

Walker, M. D., et al. 2006. Plant community responses to
experimental warming across the tundra biome. Proceedings
of the National Academy of Sciences (USA) 103:1342—1346.

Wan, S., R. J. Norby, J. Ledford, and J. F. Weltzin. 2007.
Responses of soil respiration to elevated CO,, air warming,
and changing soil water availability in a model old-field
grassland. Global Change Biology 13:2411-2424.

PLANTS AND SOILS UNDER CLIMATE CHANGE 781

Wardle, D. A. 2002. Communities and ecosystems: linking the
aboveground and belowground components. Princeton
University Press, Princeton, New Jersey, USA.

Warwick, N. L. 1984. The biology of free-living nematodes.
Clarenden Press, Oxford, UK.

Williams, A. L., K. E. Wills, J. K. Janes, J. K. V. Schoor,
P. C. D. Newton, and M. J. Hovenden. 2007. Warming and
free-air CO, enrichment alter demographics in four co-
occurring grassland species. New Phytologist 176:365-374.

Yeates, G. W., T. Bongers, R. G. M. de Goede, D. W.
Freckman, and S. S. Georgieva. 1993. Feeding-habits in soil
nematode families and genera: an outline for soil ecologists.
Journal of Nematology 25:315-331.

APPENDIX A
Proportional plant species cover across wet and dry treatments (Ecological Archives E091-056-A1).

APPENDIX B

Enzyme activities in plant community soils and in plant-specific soils (Ecological Archives E091-056-A2).

APPENDIX C

Results from ANOVA testing the effects of climate-change treatments on extracellular enzyme activities in plant community soils

and in plant-specific soils (Ecological Archives E091-056-A3).

APPENDIX D

Density of nematodes in plant community soils and in plant-specific soils (Ecological Archives E091-056-A4).

APPENDIX E

Results from ANOVA testing the effects of climate-change treatments on total number of nematodes and numbers of nematodes
per feeding group in plant community soils and in plant-specific soils (Ecological Archives E091-056-A5).

APPENDIX F

Soil moisture content in plant community soils and in plant-specific soils (Ecological Archives E091-056-A6).

APPENDIX G

Results from ANOVA testing the effects of the climate-change treatments on soil moisture content in plant community soils and

in plant-specific soils (Ecological Archives E091-056-A7).



