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Abstract

Simultaneously assessing shifts in microbial community composition along landscape and depth gradients allows us to decouple

correlations among environmental variables, thus revealing underlying controls on microbial community composition. We examined

how soil microbial community composition changed with depth and along a successional gradient of native prairie restoration. We

predicted that carbon would be the primary control on both microbial biomass and community composition, and that deeper, low-

carbon soils would be more similar to low-carbon agricultural soils than to high carbon remnant prairie soils. Soil microbial community

composition was characterized using phospholipid fatty acid (PLFA) analysis, and explicitly linked to environmental data using

structural equations modeling (SEM). We found that total microbial biomass declined strongly with depth, and increased with

restoration age, and that changes in microbial biomass were largely attributable to changes in soil C and/or N concentrations, together

with both direct and indirect impacts of root biomass and magnesium. Community composition also shifted with depth and age: the

relative abundance of sulfate-reducing bacteria increased with both depth and restoration age, while gram-negative bacteria declined

with depth and age. In contrast to prediction, deeper, low-C soils were more similar to high-C remnant prairie soils than to low-C

agricultural soils, suggesting that carbon is not the primary control on soil microbial community composition. Instead, the effects of

depth and restoration age on microbial community composition were mediated via changes in available phosphorus, exchangeable

calcium, and soil water, together with a large undetermined effect of depth. Only by examining soil microbial community composition

shifts across sites and down the soil column simultaneously were we able to tease apart the impact of these correlates environmental

variables.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Soil microbes control many belowground processes
critical to ecosystem functioning, through their influence
on decomposition of organic matter, and creation of soil
structure. Shifts in soil microbial community composition
and abundance, in turn can significantly influence the
dynamics of these essential processes. The composition of
e front matter r 2006 Elsevier Ltd. All rights reserved.
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the microbial community can be influenced by environ-
mental perturbations, including soil management practices
(Moore and de Ruiter, 1991; Bardgett et al., 1993;
Cambardella and Elliot, 1994; Lovell et al., 1995; Beare,
1997; Bardgett and McAlister, 1999; Stahl et al., 1999;
Zeller et al., 2001; Bailey et al., 2002; Grayston et al. 2004;
Allison et al., 2005; McKinley et al., 2005). The mechan-
isms responsible for changes in microbial community
composition have been difficult to establish, because soil
variables are highly correlated. We suggest that by
examining microbial community composition shifts in
two dimensions simultaneously, we can decouple correla-
tions among soil variables to reveal underlying controls.
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For example, the strong environmental gradients that
occur across the landscape can parallel those that occur
with depth in the soil column. However, variables that are
strongly correlated in one dimension are not necessarily
correlated in another. While C is highly correlated with
water in surface soils, this correlation breaks down deeper
in the soil column (pers. obs.). Thus, it will be possible to
decouple the impact of carbon, water, and other correlated
variables by simultaneously examining shifts that occur
across the landscape and down the soil column.

We test this idea by examining changes in microbial
community composition and environmental variables with
depth at seven sites along a tallgrass prairie restoration
chronosequence. Transformation of this agroecosystem
soil, which had been under continuous tillage-based
cultivation for the last century, to a prairie soil dominated
by rhizospheric processes, results in a dramatic increase in
above- and belowground plant production (Jastrow, 1987,
1996; Cook et al. 1988), litter accumulation on the soil
surface, and an aggregated soil structure (Jastrow, 1987;
Miller and Jastrow, 1990; Jastrow et al., 1998), together
with an increase in soil carbon (Jastrow, 1996). These
changes can have profound effects on soil microbial
community composition (Allison et al. 2005).

Soil microbial community structure also shifts with
depth (Ahl et al., 1998; Ekelund et al., 2001; Blume et al.,
2002; Griffiths et al., 2003; Agnelli et al., 2004) and the
strong environmental gradients that exists within a depth
profile can parallel those generated across the landscape by
restoration age. Depth gradients exist because resource
inputs are highly stratified, entering the system either at the
soil surface (in the case of litter) or strongly declining with
depth (in the case of root inputs) (Feng et al., 2003;
LaMontagne et al., 2003). Conversely, mineral nutrients
sourced from parent material, such as inorganic phos-
phorus, calcium, magnesium, iron and aluminum may
increase with soil depth because of protection from
weathering. In addition, surface soils are more exposed to
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Fig. 1. Hypothetical model by which age and depth indirectl
frequent wetting and drying (Van Gestel et al., 1992;
Ekelund et al., 2001), freeze/thaw cycles, and have higher
levels of oxygen (Agnelli et al., 2004). These factors have
been found to influence microbial community composition,
with declining abundances of fungi relative to bacteria
(Zelles and Bai, 1994; Blume et al., 2002; Jörgensen et al.,
2002; Feng et al., 2003), and an increase in actinomycetes
and gram-positive bacteria relative to gram-negative
bacteria (Zelles and Bai, 1994; Feng et al., 2003; Fierer
et al., 2003) with depth.
We assessed microbial community composition and

biomass by using phospholipid fatty acid (PLFA) analysis,
and used structural equations modeling (SEM) to deter-
mine the relative impact of environmental factors on those
variables. We predicted that changes in soil carbon would
have the strongest direct impact on both total microbial
biomass and community composition (Ahl et al., 1998;
Blume et al., 2002; Feng et al., 2003; Fierer et al., 2003),
and thus that deeper, low-carbon soils will be more similar
to low-carbon agricultural soils than to high-carbon
remnant prairie soils (see Fig. 1). We also expected water
to be important in structuring the microbial community
(Ekelund et al., 2001), with water determined both by soil
carbon, and by depth due to proximity to the water table.
Soil pH was also expected to be an important regulator of
microbial community composition, with pH in turn
regulated by soil calcium (Grayston et al., 2004; Reich
et al., 2005), and calcium regulated by soil texture and
depth. Roots were expected to have both a direct impact on
the microbial community by providing both a habitat and
carbon resources, and also an indirect effect mediated
through changes in soil water availability and soil carbon.
In addition, phosphorus was expected to directly alter
community composition by increasing the abundance of
bacteria relative to fungi (Grayston et al., 2004) and by
inhibiting arbuscular mycorrhizal fungi (AMF) (Marschner
and Dell, 1994), and also indirectly influence community
composition by increasing plant biomass. No direct effects
Microbial 
community

Water
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y affect microbial community composition and biomass.
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of site age or depth were predicted to occur. Any direct
effects of age and depth suggest that our model does not
incorporate important physical mechanisms by which the
soil environment influences the microbial community.
2. Materials and methods

2.1. Site description

Samples were collected within the National Environ-
mental Research Park at the Fermi National Accelerator
Laboratory (Fermilab) in Batavia, Illinois, USA (N
41151022.500, W 88114019.000). The 30-yr mean air tempera-
ture and precipitation are 8.8 1C and 999mm, respectively
(National Climatic Data Center, 2003). All sampling sites
were located on Drummer series soil (fine-silty, mixed,
mesic Typic Haplaquoll); a deep, poorly drained soil that is
very typical of the soils of the Prairie Peninsula of Illinois
and neighboring states. Fermilab was prairie before
European settlement, but has been in cultivation since the
1830s. The site was under continuous corn since at least
1969 (when Fermilab was established). Beginning in 1992,
the agricultural fields have been rotated between corn and
soybean. The fields are chisel-plowed most years, and
fertilizer is applied when required. Since 1975, between 2
and 25 ha have been restored to tallgrass prairie annually
(Betz, 1986; Jastrow, 1987). These restorations represent a
chronosequence, which allows us to examine successional
processes by substituting space for time, i.e. substituting
similar soils (space) to obtain a chronosequence of different
restoration ages (time). Space for time substitution can be
problematic because of the potential for site differences to
obscure trends due to time, or even generate unrelated
patterns (Pickett, 1989). In this system, the past history of
sites is very similar, time at which succession began is
accurately documented, restoration procedures were simi-
lar, and we ensured that sampling occurred on the same
soil type, thus keeping site variation to a minimum.
2.2. Sampling

Five restored prairie plots, one agricultural field, and one
remnant prairie were sampled. The restored prairie plots
were planted in spring 1977 (23 growing seasons (gs), plot
3D), fall 1981 (18 gs, plot 8D), spring 1992 (8 gs, plot 18D),
summer 1993 (7 gs, plot N3D), and spring 1997 (3 gs, plot
PLD). The agricultural field used in the study was planted
to soybean (plot BD) during the year of sampling. The
agricultural field and restored prairie samples were
collected over an 11-day period from late August to early
September 1999. The remnant prairie was sampled in early
October 2001. Although the time delay may be of some
concern, we assume that conditions at this native, never
cultivated prairie site are at equilibrium, and thus there is
little change in microbial community composition and soil
physical variables with time.
In the restored and remnant prairies, three quadrats were
randomly distributed perpendicular to a 50m transect. In
the agricultural fields, two quadrats along the transect were
located within rows, and one quadrat was placed between
rows to capture the variation of a cultivated field. In each
quadrat, three soil cores (diameter 4.8 cm) were taken to a
depth of 25 cm, and three smaller-diameter cores (diameter
3 cm) were taken from the bottom of the hole made by the
first core to a depth of 100 cm. The cores were cut into
depth increments of: 0–5 cm, 5–15 cm, 15–25 cm, 25–50 cm,
50–75 cm and 75–100 cm, and composited by quadrat. Soil
cores were frozen at the end of each day.

2.3. Laboratory analyses

Frozen soil cores were thawed overnight in a refrig-
erator, weighed, and passed through an 8-mm sieve.
During processing, roots were collected from the sieve by
hand, washed in water, and dried at 65 1C to constant
weight. To determine bulk density (Db) and soil moisture
content, a subsample of soil was weighed fresh, then dried
at 105 1C to constant weight. Bulk density was calculated
by multiplying the fresh weight of cores of known volume
by the ratio of fresh:dry weights of the subsample, then
dividing by the total soil core volume.
A second subsample of soil was dried at 65 1C for 48 h,

finely ground with a Spex mill (Spex-Certiprep Inc.,
Metucher, NJ), and analyzed for soil organic carbon
(SOC) and total nitrogen (TN) contents by using a LECO
CN-2000 analyzer (LECO Corporation, St Joseph, MI,
USA). Shallow soil samples (0–50 cm) were run at 1350 1C,
while deeper samples were run at 1350 1C for N, and
1040 1C for C, to avoid combustion of carbonates in deeper
soils (Wright and Bailey, 2001).
A third subsample was air dried and analyzed for pH,

available phosphorus, exchangeable cations, and soil
texture at the Kansas State University soil testing
Laboratory (Manhattan, KS). Soil pH was analyzed using
a 1:1 slurry method, as described by Watson and Brown
(1998), but without the addition of calcium chloride. For
Mehlich-3 phosphorus, soil was extracted in acetic acid,
ammonium nitrate, ammonium fluoride, nitric acid, and
EDTA, according to the extraction and colorimetric assay
procedures described in Frank et al. (1998). Exchangeable
cations (Ca, K, and Mg) were determined by the
ammonium acetate (1M, pH 7.0) method described by
Warncke and Brown (1998), and analyzed by an Induc-
tively Coupled Plasma (ICP) Accuris Spectrometer (ARL/
Fisons, Eclublens, Switzerland), or a Model 3110 Flame
Atomic Absorption (AA) Spectrometer (Perkin Elmer
Corp., Norwalk, CT). Particle size (texture) was estimated
by a modification of the Bouyoucos hydrometer method
(Bouyoucos, 1962).
A fourth soil subsample was processed to assess

microbial community composition and biomass using
PLFA analysis, by passing it through a 2-mm sieve, and
then freeze-drying (�50 1C, 80� 10�3Mbar) for 48 h in a
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Labconco Freezone 4.5 freeze-drier (Labconco, Kansas
City, MO). Lipids were extracted from freeze-dried soil in a
single-phase mixture of chloroform, methanol, and phos-
phate buffer (pH 7.4) in a ratio of 1:2:0.8, by an adaptation
of the method described by Bligh and Dyer (1959). After
3 h, water and chloroform were added to separate the
mixture into polar and nonpolar fractions, and total lipids
were extracted from the nonpolar chloroform phase. The
PLFAs were separated from other lipid classes by using
silicic acid column chromatography (Vestal and White,
1989; Zak et al., 1996), methylated by using a mild-alkaline
solution, and the samples frozen until analysis.

Prior to analysis, PLFAs were thawed and dissolved in
hexane, as an internal standard. PLFA separation was by
high-resolution fused-silica capillary gas chromatography
(GC), using an HP 6890 GC, with an HP7683 autosampler
(Agilent Technologies, Palo Alto, CA). A 25m HP-5
column was used, with hydrogen as the carrier gas at a
constant flow rate of 4.9mlmin�1. A 1 ml splitless injection
was made for each sample, with the inlet temperature set at
230 1C, and the inlet purged at 47.0mlmin�1, 0.75min
after injection. The oven temperature was held at 80 1C for
1min, increased at a rate of 20 1Cmin�1–155 1C, and then
increased at 5 1Cmin�1 to a final temperature of 270 1C and
held for 5min. Detection of PLFAs was by flame
ionization at 350 1C. PLFAs were identified by retention
time in comparison to known standards, and quantified
using FAME 19:0 (Matreya Inc, PA) as an internal
standard.

Fatty acid nomenclature is in the form of A:BoC, where
‘A’ is the number of carbon atoms in the chain, ‘B’ is the
number of double bonds, and ‘C’ is the position of the
double bond from the methyl end of the molecule; cis

geometry is indicated by the suffix ‘c’. The prefixes ‘i’, ‘a’,
and ‘me’ refer to iso, anteiso, and midchain methyl
branching, respectively, with ‘cy’ indicating a cyclopropyl
ring structure.

2.4. Data analysis

Individual PLFAs were summed to give a measure of
total microbial biomass in each sample. The composition
of the soil microbial community was assessed on relative
molar abundances of signature PLFAs, by using a principle
components analysis (PCA) to summarize the PLFA
composition of each sample. In PCA, samples representa-
tive of multispecies communities are sorted so that the
distance between samples is related to their similarity. The
axes along which samples are positioned are not necessarily
representative of actual environmental variables but are
artificially created variables that explain the maximum
amount of variation (Lepš and Smilauer, 1999). The data
met the assumptions necessary for using PCA as an
ordination technique.

We used SEM to test a hypothetical mechanistic model
by which environmental variables influence microbial
biomass and community composition (Fig. 1). SEM is a
flexible multivariate statistical technique that is ideally
suited to testing the importance of pathways in hypothe-
sized models, and to compare models to experimental data.
In SEM, a path coefficient (analogous to a standardized
correlation coefficient) is calculated for each connecting
path between variables, and these path coefficients are used
to determine the direct and indirect effects of environ-
mental variables on the dependent variable. These path
coefficients are equivalent to the standardized partial
regression coefficients of multiple regression, and represent
the effect of a one-standard deviation change in an
independent variable on a dependent variable, with all
other variables statistically held constant (Mitchell, 1992).
These path coefficients can then be used to determine the
direct and indirect impacts of environmental variables on
the dependent variable. In addition, there are numerous
indices by which SEM tests how well a theoretical model
fits the data. We present two indices: the w2 and Hoelter N.
The w2 statistic tests the null hypothesis that there is no
significant difference between the data and the proposed
model (Mitchell, 1992). A significant w2 (Pp0.05) indicates
that the null model should be rejected, because the model
and data are significantly different. Thus, a non-significant
P value indicates that the data support the hypothesized
model. However, the w2 statistic is vulnerable to low sample
size, with models more readily accepted when N is small.
As a result, we also present the Hoelter N index: the
number of sampling units required to reject a model. A
high (4100) Hoelter N provides further evidence that the
data fit the model well.
We developed a single SEM model to represent all sites:

although a multi-group analysis with separate model for
each site would be more appropriate (Shipley, 2000), the
number of samples required is prohibitive. After rejecting
our hypothetical model on the grounds of poor fit, we used
SEM as a heuristic device and evaluated additional models.
In an iterative process, we rejected models on the grounds
of poor fit, or the more subjective grounds of lacking a
mechanistic basis, until we arrived at a model giving the
best fit while still maintaining a plausible mechanistic basis.
However, as is always the case with correlative models, we
cannot exclude the possibility that equally well-fitted
models exist.
The SEM was performed in Amos 5 (Arbuckle, 2003),

while PCAs were performed in PC-Ord (McCune and
Mefford, 1999). Correlations were performed in Systat 10
(SPSS, 2000). Data were transformed as necessary (age,
depth, water, root biomass, soil C and N, phosphorus, and
total PLFA) to meet assumptions of normality and
homogeneity of variance, and tests considered significant
at Pp0.05.

3. Results

The ratio of total PLFA per soil C (an indirect measure
of carbon quality) declined with depth, and increased with
age (Fig. 2A). Water availability was greater in the surface
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Fig. 2. Changes in selected environmental variables with site age (yr) and depth (cm) (mean71 SD, n ¼ 3).
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soil of older restored plots and the remnant prairie than
in deeper soil, or in shallow soil of the agricultural or
younger restored plots (Fig. 2B). The pH increased with
soil depth and restoration age (Fig. 2C). Phosphorus
declined with depth (Fig. 2D). Calcium declined somewhat
with depth, and was higher in the remnant than
restored or agricultural plots (Fig. 2E). Magnesium
declined somewhat in the deepest layers, and was
higher in the remnant than agricultural or restored plots
(Fig. 2F). Data on soil C, root biomass, and bulk
density will be presented separately (Matamala et al., in
preparation).
Total PLFA decreased strongly with depth in all except

the soybean field (Fig. 3), where total PLFA was relatively
constant over the first 25 cm, then declined abruptly. Total
PLFA increased with age of restoration, with a maxi-
mum concentration in surface soils in the remnant prairie
(Fig. 3).
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The hypothetical model did not provide a good fit to the
data for total PLFA (results not shown). However, a
component of the proposed model does adequately fit the
data (w2 ¼ 10.468, df ¼ 5, Pp0.063, Hoelter N ¼ 133), and
we were able to explain 94% of the variation in total PLFA
(Fig. 4). As previously explained, P value 40.05, and high
Hoelter N value indicates that the data support the
hypothesized model. Total PLFA increased most strongly
with soil C (or N) (Table 1), although we were unable to
distinguish between the impact of soil C and N because
they were very highly correlated across all depths and
restoration ages (R2

¼ 0.99). The effect of depth was
stronger than restoration age (Table 1). The impacts of
D
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Fig. 3. Impact of site age (yr) and depth (cm) on total PFLA (nmol g�1 of

soil) (mean71 SD, n ¼ 3).
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depth and age on total PLFA were indirect, and mediated
through weak, direct changes in magnesium, root biomass,
and soil C (Fig. 4, Table 1).
Plotting relative abundance of microbial functional

groups by site and depth, we find that bacteria domi-
nate the microbial community through all ages and depths
(Fig. 5). There is a weak pattern of increasing relative
abundances of actinomycetes and sulfate-reducing bacteria
(Sulfobacter) with depth, and of decreasing gram-negative
bacteria (Fig. 5). In addition, the relative abundance of
sulfate-reducing bacteria is higher in the remnant prairie
than either the agricultural or restored sites.
PCA axis 1 explained 56% of the variation in PLFA

composition, while axis 2 explained a further 17% (Fig. 6).
Deeper soils fell to the left of PCA axis 1, as did older
restored soils (Fig. 6). Deeper, and older, samples had
higher relative abundances of 10me16:0, a signature for
sulfate-reducing bacteria and actinomycetes, and some-
what higher relative abundances of the actinomycetes
signature 10Me18:0, while relative abundance of gram-
negative bacterial signature 18:1o7c declined with depth
and restoration age (Table 2). Although both depth and
age had a weak influence on soil microbial community
composition, the longer length of the depth regression line
(Fig. 6) indicates than depth had a stronger impact than
restoration age. Because PCA axis 2 is not strongly related
Carbon

χ2 = 10.468 

df = 5 

p≤ 0.063   

0.94

0.
14

0.76

0.76.17
Microbial
biomass

0.1
5

influence total PLFA (nmol g�1 soil). Arrows connecting environmental

ile environmental variables linked to the independent variable via other

path coefficients (italics), and the proportion of total variance explained

lter N value indicate that the model and data are not significantly different:

Table 1

Standardized direct and indirect effects of age and depth on total PLFA

Direct effects Indirect effects Total effects

Age (yr)a 0.000 0.243 0.243

Depth (cm)a 0.000 �0.823 �0.823

Root biomass (gm�3)a 0.170 0.104 0.274

Magnesium (mg g�1) 0.153 0.110 0.263

Soil C (%)a 0.760 0.000 0.760

aIndicates that ln values were used.
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Table 2

Impact of signature PLFAs on PCA axis 1 position

PLFA Functional group Eigenvalue (PCA axis 1)

14:0 Bacteriaa �0.0823

a15:0 Bacteriab,c 0.0613

i17:0 Bacteriab,c �0.0026

a17:0 Bacteriab,c �0.0217

cy19:0a Bacteriab,c 0.0846

i15:0 Gram-positiveb,c 0.0610

i16:0 Gram-positiveb,c �0.0048

16:1o7c Gram-positiveb,c 0.1914

cy17 Gram-negativeb,c 0.0156

18:1o7c Gram-negativeb,c 0.4425

10Me16:0 Actinomycetes c/Sulfobacterd �0.8330

10Me18:0 Actinomycetesc �0.1485

16:1o5c AMFe 0.1079

18:2o6,9c Saprophytic fungib,c �0.0047

18:1o9c Saprophytic fungia 0.1333

aZak et al. (1996);
bFrostegard et al. (1993);
cZelles (1999);
dColeman et al. (1993);
eOlsson (1999).
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to age of depth, or to environmental gradients, this axis is
not discussed further.

We tested whether our hypothetical model explained
environmental impacts on microbial community composi-
tion using position on PCA axis 1 as our dependent
variable. The hypothetical model provided an extremely
poor fit to the data (results not shown). However, a subset
of the proposed model did fit the data (w2 ¼ 10.977, df ¼ 8,
pp0.203, Hoelter N ¼ 177), and explained 75% of the
variation in sample position on PCA axis one (Fig. 7).
Again, in SEM, a P value 40.05 and high Hoelter N value
indicate that the data support the hypothesized model.
Depth had a strong, negative direct effect on position on
PCA axis 1, while the effect of age was indirect and
mediated though changes in soil C, water, calcium and
phosphorus (Fig. 7). The impact of carbon is also indirect,
and mediated via positive impacts on calcium and
phosphorus (Fig. 7). Phosphorus has a positive impact
on sample position on PCA axis 1, while calcium and water
have a negative impact (Fig. 7). The direct effect of depth
has the strongest impact on microbial community, with
calcium and phosphorus having stronger impacts than
water or carbon (Table 3).
We cannot rule out the possibility that sampling the

remnant prairie later in the growing season compared to
the rest of the sites affected total PLFA. Surface soils
would be most affected because they respond more rapidly
to fluctuations in air temperature. Since total PLFAs in the
top 20 cm were nearly twice as high in the remnant prairie
than any other site (Fig. 3), the cooler temperature would
only underestimate these values. Soil microbial community
composition would likely be more sensitive to soil moisture
fluctuations. Since total precipitation was 0.6 and 0.7
inches 2 weeks prior to sampling in 1999 and 2001,
respectively, and 0 inches 5 days prior to sampling in both
years, the effect on the soil microbial community composi-
tion is likely to be insignificant.

4. Discussion

Our prediction that soil C would have the greatest direct
influence on microbial biomass was supported by the
model. In contrast, soil C only indirectly affected soil
microbial community composition and in fact, the large
direct influence of depth suggests that the model did not
incorporate a mechanistic control on composition that
varied with depth.
As expected, microbial biomass in the prairie sites

declined strongly with depth, and increased with succes-
sional age (Fig. 3), patterns consistent with higher organic
matter inputs in surface soils and in older prairie sites
(Feng et al., 2003; LaMontagne et al., 2003). The relatively
constant microbial biomass values we measured in the top
25 cm in the soybean field is commonly found in surface
layers of cropped soils (Kaiser and Heinimeyer, 1993;
Dodds et al., 1996; Martens et al., 2003), followed by a
sharp decline in the deeper depths. This pattern is
generated by tilling, which incorporates organic matter
homogeneously through the tilling layer.
The effects of restoration age and depth on microbial

biomass were indirect (Fig. 4), suggesting that we have a
good mechanistic understanding of controls on microbial
biomass along gradients of depth and successional age.
Direct effects of age and depth in the model would mean
that the model did not include mechanistic variables that
control microbial biomass since depth and age themselves
cannot directly influence microbial biomass. The model
revealed that the primary direct controls on microbial
biomass are soil C and/or soil N, together with root
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Table 3

Standardized direct and indirect effects of age and depth on microbial

community composition, summarized by PCA axis one

Direct effects Indirect effects Total effects

Age (y)a 0.000 �0.275 �0.275

Depth (cm)a �0.695 �0.054 �0.748

Soil C (%)a 0.000 �0.175 �0.175

Calcium (mg g�1) �0.244 �0.150 �0.394

Water (%)a �0.259 0.000 �0.259

Phosphorous (mg g�1)a 0.359 0.000 0.359

aln values used.
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biomass and magnesium (Fig. 4). Although there is
considerable evidence from correlative studies that carbon
controls microbial biomass (Wardle 1992; Yao et al. 2000;
Steenworth et al. 2002), this study provides stronger
causative evidence, by decoupling soil carbon from a
multitude of other correlated variables. We are still unable
to distinguish between soil C and N, as there is little
variation in the C:N ratio with either depth or restoration
age. Relatively constant C:N ratios presumably occur
because the inputs of both are plant derived, and they are
mineralized at similar rates. Carbon quality may also
influence microbial biomass: although not assessed di-
rectly, the ratio of total PLFA to total carbon is higher in
surface soils and in remnant prairie, than in deeper or
younger soils (Fig. 2A), suggesting higher carbon quality in
these high microbial biomass soils. However, the very
strong impact of total carbon (Fig. 4) suggests changes in
quality are of secondary importance. Total soil carbon
provides both an energy source for microbial growth, and a
high surface area substrate for colonization. The relative
importance of these two aspects is unknown.
Root biomass also has a positive direct impact on total
PLFA (Fig. 4), suggesting a rhizosphere effect, with a large
microbial community supported by root exudates and
recently sloughed material. Although the hypothesized
positive effect of root biomass on soil carbon does occur,
the correlation is surprisingly weak (Fig. 4). This may be
due to differences in rates of root decomposition and
carbon turnover with depth (Gill et al., 1999). In addition,
magnesium has a weak positive effect on microbial biomass
(Fig. 4). Although this may be due in part to the promotion
of soil aggregation through cation bridging (Muneer and
Oades, 1987), magnesium cannot be replaced by calcium in
this model, suggesting this effect is not restricted to
promotion of aggregation. An alternative explanation is
that magnesium limits plant growth (Tilman, 1984), and
thus indirectly limits soil C availability.
Relative abundance of bacteria is much higher than that

of fungi in this tallgrass prairie restoration chronose-
quence, and is highest in the older restored sites and
remnant prairie (Fig. 5). Higher relative abundances of
bacteria were also found by McKinley et al. (2005) in
restored Illinois prairie, and by McCulley and Burke (2004)
at the Konza tallgrass prairie. These findings contrast with
previous studies which report increasing fungal dominance
in restored systems relative to agricultural (e.g. Bardgett et
al., 1993; Cambardella and Elliot, 1994; Beare, 1997;
Bardgett and McAlister, 1999; Stahl et al., 1999; Zeller et
al., 2001; Bailey et al., 2002). We suggest that high relative
abundances of bacteria in prairie systems results from the
high surface area offered for colonization in these high
root-biomass, high-carbon, soils.
As previously demonstrated (Joergensen and Scheu,

1999; Feng et al., 2003; Fierer et al., 2003), depth has a
stronger impact on microbial community composition than
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does age (Table 3, Fig. 6). Deeper, and older restored soils
have higher relative abundances of actinomycetes and
sulfate-reducing bacteria (Fig. 6, Table 2), a pattern
consistent with other studies (Zelles and Bai, 1994; Blume
et al., 2002; Jörgensen et al., 2002; Feng et al., 2003; Fierer
et al., 2003). Feng et al. (2003) suggest that high relative
abundances of actinomycetes may reflect the higher
proportion of carbon in recalcitrant forms deeper in the
soil column, while an increase in relative abundances of
sulfate-reducing bacteria indicate developing anaerobic
conditions deeper in the soil column. Similarly, Fierer
et al. (2003) suggest that water is an important variable
structuring microbial community composition with depth
at their semi-arid research site.

Both depth and restoration age indirectly affect micro-
bial community composition via changes in phosphorus,
calcium and water, with calcium and phosphorus regulated
in part by soil carbon (Fig. 7). An impact of calcium on the
microbial community (Grayston et al., 2004), and also on
earthworms (Reich et al., 2005), has been suggested to
occur via changes in pH. However, we find only weak
relationships between calcium and pH in this system
(R2
¼ 0.13). Alternatively, calcium influences soil aggrega-

tion by promoting bridging between charged clay particles
and humic acids (Muneer and Oades, 1989), and conse-
quently, aggregation may influences microbial community
composition by supplying habitable microsites. There is
some support for this supposition: Väisänen et al. (2005)
found that the bacterial community differed among
different aggregate size classes, while the fungal community
was relatively unresponsive. Phosphorus has also been
demonstrated to influence the bacterial community in
comparisons of improved and unimproved grasslands
(Grayston et al., 2004), while Bünemann et al. (2004)
found that as phosphorus increased, relative abundance of
10me16:0, 10me17:0, and 10me18:0 declined. Although the
mechanism is not known, this finding does corroborate our
observation of higher relative abundances of 10me16:0 and
10me18:0 in deeper soils with lower levels of available
phosphorus.

There was a strong direct effect of depth on microbial
community composition (Fig. 7), suggesting that we have
not assessed an important, depth-dependent environmental
variable controlling microbial community composition.
This variable may be anoxia: high relative abundance of
the PLFA signature for sulfate-reducing bacteria occurs in
deeper soils (Table 2), indicating reducing conditions. Low
oxygen may occur in deeper samples, with air-filled pore
space strongly related to depth (Barber et al., 2004). We
suggest that changes in carbon quality are not responsible
for this depth effect on microbial community composition:
deeper and older soils fall to the left on axis 1 (Table 1),
and while deeper soils have lower carbon quality (as
assessed by the ratio of total PLFA to soil C), older soils
have higher carbon quality (Fig. 2A).

Several components of our hypothesized model (Fig. 1)
were found to be of limited value in explaining variation in
microbial community composition at this site. Most
notably, texture had no significant effect (results not
shown), although predicted to be important in determining
soil carbon, calcium, and water availability. A probable
explanation is that when establishing this chronosequence,
plots were intentionally restricted to a single soil type in an
attempt to isolate changes due to successional time. As a
result, differences in soil texture are minimized. This
variable may prove to be of great importance when
broader gradients are considered.
A potential weakness of this two dimensional gradient

analysis is that it can obscure relationships, particularly in
a non-equilibrium system such as a chronosequence. Most
notably, the relationship between age and soil C is weak in
the whole soil column model (Fig. 7), whereas in the
surface soil there is a strong pattern of carbon accumula-
tion with successional time (results not shown). Changes in
soil carbon early in succession are restricted to the surface
soils, an area where the majority of microbial biomass is
concentrated (Fig. 3). As such, while two-dimensional
gradient analysis is useful in developing mechanistic
models, they should be interpreted cautiously when
drawing conclusions about compartments within the
model.
We had previously suggested soil carbon was the

primary control on microbial community composition
(Allison et al., 2005), and predicted that low-carbon, deep
soils would be more similar to low-carbon agricultural soils
than to high-carbon remnant prairie soils. Instead, we find
the opposite, increasing site age and depth have similar
affects on microbial community composition. Although in
surface layers soil C, bulk density and water are highly
correlated, these correlations break down as depth
increases. By simultaneously using environmental gradients
generated by restoration age and depth, we have decoupled
these correlations, revealing that the role of carbon in
structuring community composition is indirect. Carbon
may instead influence microbial community composition
by providing binding sites for charged particles such as
calcium, as well as promoting water retention in surface
soils. The similarity between deep soils and older restored
soils is due to different factors: the depth effect is largely
direct, while the effect of age is indirect and mediated via
changes in calcium and water. Overall, we demonstrate
that simultaneously examining composition shifts in two
dimensions enabled us to tease apart the impact of
otherwise correlated environmental variables, revealing
underlying controls on the composition of the microbial
community.
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