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Land-use change can have significant impacts on soil conditions and microbial communities are likely to
respond to these changes. However, such responses are poorly characterized as few studies have ex-
amined how specific changes in edaphic characteristics do, or do not, influence the composition of soil
bacterial and fungal communities across land-use types. Soil samples were collected from four replicated
(n¼ 3) land-use types (hardwood and pine forests, cultivated and livestock pasture lands) in the
southeastern US to assess the effects of land-use change on microbial community structure and distri-
bution. We used quantitative PCR to estimate bacterial–fungal ratios and clone libraries targeting small-
subunit rRNA genes to independently characterize the bacterial and fungal communities. Although some
soil properties (soil texture and nutrient status) did significantly differ across land-use types, other
edaphic factors (e.g., pH) did not vary consistently with land-use. Bacterial–fungal ratios were not sig-
nificantly different across the land-uses and distinct land-use types did not necessarily harbor distinct
soil fungal or bacterial communities. Rather, the composition of bacterial and fungal communities was
most strongly correlated with specific soil properties. Soil pH was the best predictor of bacterial
community composition across this landscape while fungal community composition was most closely
associated with changes in soil nutrient status. Together these results suggest that specific changes in
edaphic properties, not necessarily land-use type itself, may best predict shifts in microbial community
composition across a given landscape. In addition, our results demonstrate the utility of using sequence-
based approaches to concurrently analyze bacterial and fungal communities as such analyses provide
detailed phylogenetic information on individual communities and permit the robust assessment of the
biogeographical patterns exhibited by soil microbial communities.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Land-use change, particularly the conversion of forests to pas-
ture or cultivated fields and vice versa, is a common occurrence in
many landscapes and is one of the dominant factors affecting the
biodiversity and functioning of terrestrial ecosystems (Sala et al.,
2000). The effects of alteration in land-use on the physical and
chemical properties of soils have been well studied. We know that
land-use change can have significant and long-lasting effects on soil
carbon and nutrient contents, soil texture, and pH (Post and Mann,
1990; Murty et al., 2002), effects that largely arise from changes in
plant species composition and associated management practices
across land-use types.
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Although numerous studies have shown that changes in land-
use also have a significant effect on microbial communities (Bossio
et al., 1998; Johnson et al., 2003; Ovreas and Torsvik, 1998; Steen-
werth et al., 2002; Zelles et al., 1992), we have a poor understanding
of how land-use (and the associated changes in plant and soil
properties) may affect the abundance of specific taxonomic groups.
For instance, culture-independent techniques such as PLFA and
FAME have proven useful in identifying edaphic properties which
influence microbial community structure (Bååth and Anderson,
2003; Bååth et al., 1995; Frostegård et al., 1993) and how shifts from
forest to agriculture may influence litter decomposers (Carlile et al.,
2001). However, few studies have simultaneously examined both
bacterial and fungal biogeographical patterns across multiple land-
use types in a given landscape. Moreover, most molecular surveys
of microbial communities are often based on an individual sample
collected from a given land-use type and this strategy does not
allow for a statistical assessment of the specific effects of land-use
or edaphic properties on microbial biogeography.
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We expect that any shifts in bacterial and fungal communities
associated with land-use differences will be directly related to the
effects of that land-use change on edaphic properties. Previous
studies have shown that shifts in the structure of bacterial and
fungal communities can be associated with changes in a number of
soil properties including soil texture (Girvan et al., 2003), soil pH
(Blagodatskaya and Anderson, 1998; Fierer and Jackson, 2006) and
soil nitrogen availability (Frey et al., 2004). All of these edaphic
factors may be altered by changes in land-use type, but it is not
clear which of these factors has the dominant influence on the
biogeographical patterns exhibited by soil microbial communities.
As a result, we cannot currently use information on soil environ-
mental characteristics to predict how soil microbial communities
may change across multiple land-use types.

Fundamental differences in bacterial and fungal physiology and
ecology would suggest that the biogeography of each group would
be controlled by separate edaphic factors which may vary among
land-uses (van der Wal et al., 2006). For example, fungi may be
more sensitive to shifts in vegetation type than soil bacteria, par-
ticularly mycorrhizal fungi that form symbiotic associations with
specific plant types (Heinemeyer et al., 2004) or Basidiomycota
which are involved in decomposing lignified plant detritus (Bard-
gett and McAlister, 1999). Likewise, bacteria and fungi may not
mineralize the same types of carbon substrates in soil, and there-
fore, shifts in carbon pools may have different effects on these two
groups of microorganisms (Bossuyt et al., 2001; Six et al., 2006). The
tendency of edaphic factors to shift with land-use would suggest
that similar land-uses would have similar edaphic characteristics
and thus, similar microbial communities. However, within land-use
variation of edaphic factors may obscure the more obvious differ-
ences between land-uses and limit our ability to predict the bio-
geography of microbes based on a straightforward visual
assessment of the environment. As bacteria and fungi are likely to
have distinct functional roles in soil (Hendrix et al., 1986), a more
robust understanding of the specific effects of land-use and edaphic
factors on these two microbial groups will improve our ability to
predict the specific effects of land-use change on soil biotic
processes.

In this study, we examined differences in bacterial and fungal
communities across a series of replicated land-use types in and
around the Calhoun experimental forest in South Carolina, USA. We
used a sequence-based approach to quantify phylogenetic differ-
ences in the bacterial and fungal communities across four land-use
types and related these differences to measured edaphic properties.
Our objective was to use these land-use types to examine how soil
bacteria and fungi may respond to land-use change and, more
specifically, to examine how shifts in the abundance and compo-
sition of soil bacterial and fungal communities correspond to
changes in specific edaphic properties.

2. Materials and methods

2.1. Site description

Soils were collected from a series of plots (12 total) in and
around the Calhoun Experimental Forest (CEF), which is managed
by the US Department of Agriculture and located in the Piedmont
region (approximately 34.5�N, 82�W) of northwestern South Car-
olina (Callaham et al., 2006; Gaudinski et al., 2001). The CEF was
established in 1947 to study soil and watershed dynamics typical of
the Piedmont region of the southeastern US and the history of land-
use change in this landscape is well-documented (Richter and
Markewitz, 2001).

In September 2006, we sampled from three plots per land-use
type (Table 1). The four land-use types (cultivated fields, pasture
land, pine forest plantation, and mixed hardwood forest) are
common in the coastal plain and Piedmont regions of the south-
eastern US (Callaham et al., 2006) and the land-management
practices at these plots reflect current practices used in the region.
The cultivated plots are managed by the South Carolina De-
partment of Natural Resources to support wildlife populations with
annual crop rotation between corn, millet, wheat, sorghum, sun-
flowers and fallow using conventional tillage practices (Callaham
et al., 2006). Pasture sites are continuously grazed and dominated
by rye grass. The cultivated and pasture land-uses have been under
their respective management regimes for at least 40 years (Calla-
ham et al., 2006). Pine forest sites 1 and 3 consist of loblolly pine
(Pinus taeda) with varying amounts of oak and hickory species in
the understory (Quercus spp., Carya spp.), while the pine plot 2 is
a loblolly pine monoculture. Pine plots 1 and 3 are approximately
50 years old, while plot 2 is 10 years in age (Callaham et al., 2006).
The hardwood sites are mature oak–hickory stands at least 75 years
of age. Plot 2 of the hardwood land-use is grazed by cattle and has
minimal understory.

Our goal was to select plots representative of the landscape and
land-use types in this region. As a result, the plots within a given
land-use type are not necessarily identical with respect to land-
management practices and soil characteristics. The plots are lo-
cated within 30 km of each other and the soils are classified as fine,
kaolinitic, thermic Typic Kanhapludults of the Appling, Cecil,
Hiwassee, and Madison series (Callaham et al., 2006), except for
hardwood plot 1 which is an active, thermic, shallow Typic
Hapludalf of the Wilkes series (Callaham, M., personal communi-
cation). The region receives an average of 1250 mm of rainfall
annually with a mean annual temperature of 15.9 �C (Fierer and
Jackson, 2006). Detailed site and soil characteristics for all of the
plots are provided in Supplementary material Tables 1 and 2.

2.2. Soil collection and DNA extraction

We used a stratified random sampling approach to collect 10
individual A horizon soil cores (8 cm diameter, 0–7.5 cm depth)
from a 100 m2 plot within each land-use replicate; sampling loca-
tions were marked to avoid re-sampling from the same exact lo-
cation. Soils were sieved on-site through 4 mm mesh and then all
10 of the cores from a given plot were homogenized by hand into
a single bulked sample per plot. The bulked samples were then
divided into two sub-samples, one of which was transported to the
laboratory on ice for chemical analysis and the other on dry-ice for
DNA extraction. Soils transported on dry-ice were then stored
at�80 �C until DNA extraction; the other soils were stored atþ5 �C
until chemical analysis.

DNA was isolated from soil using the MOBIO Power Soil DNA
Extraction kit (MOBIO Laboratories, Carlsbad, CA, USA) with mod-
ifications. Specifically, soil samples (3 g) were ground in a mortar
with pestle in liquid nitrogen and then sub-samples of 0.3–0.5 g of
soil were placed into a bead tube for extraction. Bead tubes were
heated to 65 �C for 10 min, and then shaken horizontally for 2 min
at maximum speed with the MOBIO vortex adapter. The remaining
steps were performed as directed by the manufacturer. DNA was
extracted from three replicate sub-samples per plot and all DNA
samples were stored at �20 �C until needed.

2.3. Edaphic soil properties

Nutrient pools, pH, soil texture, bulk density and moisture were
calculated from three analytical replicates per homogenized soil
sample from each plot. Following air-drying and then ball-milling,
total carbon (C) and nitrogen (N) concentrations were quantified on
a Carlo Erba NA1500 C/H/N Analyzer. Extractable phosphorus (P)
was quantified using the method described by Kuo (1998) with
Mehlich I extract (0.05 M HClþ 0.0125 M H2SO4) and run on an



Table 1
Land-use edaphic properties

Land-use pH %Silt*þ clay %Soil moisture Bulk density, g cm�3 C:N C*, kg�1 N*, g kg�1 P*, mg kg�1

Cultivated 4.7 (0.8) 39 (2.9) 13 (1.0) 1.2 (0.1) 15 (1.2) 12 (1.7) 0.8 (0.1) 17 (0.6)
Pasture 4.2 (0.2) 21 (4.2) 10 (0.7) 1.7 (0.1) 14 (0.4) 10 (0.7) 0.7 (0.04) 16 (3.0)
Hardwood 4.4 (0.5) 30 (3.2) 14 (2.3) 1.2 (0.2) 22 (2.9) 18 (3.4) 0.8 (0.04) 1.8 (0.9)
Pine 3.6 (0.4) 18 (3.1) 8 (1.6) 1.3 (0.1) 24 (5.0) 9 (0.4) 0.4 (0.1) 5.4 (3.9)

Mean values within land-use for measured soil properties. Variables that were significantly (n¼ 4, P< 0.05) related to land-use are indicated with an asterisk. Standard error of
the means (SEM) are indicated in parentheses. Complete soil and site information for all 12 plots is provided in Supplementary material Tables 1 and 2.
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Alpkem auto-analyzer (OIAnalytical, College Station, TX, USA) using
a 1:4 mass:volume ratio. Soil pH was measured on supernatants of
0.01 M CaCl2 soil slurries, 1:1 (w/v), after soil particles had settled
from 10 min of vigorous shaking (Thomas, 1996). Silt and clay
contents were measured using a simplified version of the hy-
drometer method as described by Gee and Orr (2002). Soil bulk
density was calculated after correcting for the mass and volume of
roots and stones (Culley, 1993). The mean of the analytical repli-
cates was used for data analysis and the calculations of land-use
effects on edaphic properties.

2.4. Amplification, cloning and sequencing of partial 16S and 18S
rRNA genes

Small-subunit ribosomal genes were amplified using universal
515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 1391R (5’-GACGG
GCGGTGWGTRCA-3’) primers for bacterial 16S rRNA genes (Lane,
1991). Fungal 18S rRNA genes were amplified with EF4 (5’-GGA
AGGGRTGTATTTATTAG-3’) and fung5 (5’-GTAAAAGTCCTGG
TTCCCC-3’) (Smit et al., 1999). The PCR reaction contained 1� PCR
Buffer (Invitrogen, Carlsbad, CA, USA), 2.5 mM MgCl2, 0.2 mM of
each primer, 0.2 mM dNTPs, 0.5 U Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA) and 1.0 ml template DNA. Amplification was ac-
complished by initial denaturation at 94 �C for 3 min followed by
25 cycles of 94 �C for 30 s, 50 �C for 30 s and 72 �C for 30 s with
a final extension at 72 �C for 10 min. Each DNA sample was am-
plified in triplicate and the amplicons were pooled by plot (n¼ 12)
and run on a 1.5% agarose gel. The bands were purified using the
Promega Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, WI, USA) followed by ligation of the amplicons into the
pCR4 TOPO TA cloning vector (Invitrogen, Carlsbad, CA, USA) and
transformation into TOP10 chemically competent Escherichia coli
cells according to the manufacturer’s directions. Transformations
were plated onto L-agar (Miller) with 50 mg ml�1 ampicillin and
grown overnight at 37 �C. Fungal 18S rRNA genes were amplified
directly from transformants using M13 forward and reverse
primers (1� PCR Buffer, 1.5 mM Mg-acetate, 0.2 mM dNTPs, 0.4 mM
each primer and 0.75 U Taq DNA polymerase) at 94 �C for 5 min
followed by 35 cycles of 94 �C for 30 s, 50 �C for 30 s and 72 �C for
45 s with a final extension at 72 �C for 10 min. Agar lawns (bacterial
16S rRNA genes) or M13 PCR products (fungal 18S rRNA genes)
were submitted to Agencourt Biosciences (Beverly, MA, USA) for
single pass sequencing using the 515F or EF4-F primers, re-
spectively. The non-redundant sequences from this study have
been deposited in the GenBank database and have accession
numbers EU656144–EU657021 and EU657022–EU657365 for
bacteria and fungi, respectively.

2.5. Taxonomic classification and phylogenetic distance

Bacterial sequences were aligned against the Greengenes data-
base (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) using the
NAST alignment utility (DeSantis et al., 2006a). The sequences were
classified using the RDP taxonomy and chimera-checked using
utilities available on the Greengenes website (DeSantis et al.,
2006b). Sequences which were of poor quality or suspected to be
chimeric were eliminated from the analysis (less than 9% of the
sequences). Fungal sequences were aligned using MUSCLE 3.6
(Edgar, 2004) and compared to an in house database of 100 fungal
18S sequences derived from the AFTOL data set (Lutzoni et al.,
2004) using the BLAST algorithm (Altschul et al., 1990) to determine
taxonomic classification. Sequences with <90% similarity to the in
house database or presumed to be chimeric were discarded (less
than 3% of the fungal sequences were discarded). The number of
unique operational taxonomic units (OTU) in a given library was
determined using Fastgroup II (Yu et al., 2006), with an OTU defined
as those sequences that are 97% similar.

Land-use effects on microbial community composition were
determined using the UniFrac algorithm (Lozupone and Knight,
2005) and the phylogenetic (P) test (Martin, 2002). UniFrac quan-
tifies the fraction of unique branch lengths against the total branch
length between pairs of communities from one phylogenetic den-
dogram, giving an estimate of the phylogenetic distance between
those communities. Separate neighbor-joining phylogenetic trees
containing either all of the bacterial or all of the fungal sequences
were generated with PHYLIP 3.6 (Felsenstein, 2005) and rooted
with partial Sulfolobus acidocaldarius 16S or Arabidopsis thaliana
18S genes, respectively. Phylogenetic distances between the bac-
terial and fungal communities for each plot were generated using
the weighted-normalized option available through UniFrac.

2.6. Quantitative PCR analysis

Relative abundances of bacteria and fungi were quantified
according to Fierer et al. (2005). Standard curves to estimate bac-
terial and fungal small-subunit rRNA gene abundances consisted of
a 10-fold serial dilution of a plasmid containing a full-length copy
of either the E. coli 16S rRNA gene or the Saccharomyces cerevisiae
18S rRNA gene. Soil DNA concentrations were normalized to
10 ng ml�1. The 25 ml qPCR reactions contained 12.5 ml ABgene SYBR
Master Mix (ABgene, Rochester, NY, USA), 0.5 ml each 10 mM
forward and reverse primers, and 10.5 ml sterile, DNA free water.
Standard and environmental DNA samples were added at 1.0 ml per
reaction. The reaction was carried out on a Eppendorf Master-
cycler� ep Realplex thermocycler (Eppendorf North America,
Westbury, NY, USA) using the program of 94 �C for 3 min followed
by 40 cycles of 94 �C for 30 s, 50 �C for 45 s and 72 �C for 30 s.
Melting curve and gel electrophoresis analysis were performed to
confirm that the amplified products were the appropriate size.
Ratios of fungal to bacterial gene copy numbers were generated
using a regression equation for each assay relating the cycle
threshold (Ct) value to the known number of copies in the
standards. All qPCR reactions were run in quadruplicate with the
pooled DNA sample from each plot.

2.7. Statistical analyses

Relationships between microbial community phylogenetic
distances, land-use, and edaphic properties were assessed using
Plymouth Routines In Multivariate Ecological Research v5 (Primer
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v5 – Lutton, UK) software. Using land-use as the main factor, an
analysis of similarity (ANOSIM) procedure was used to relate shifts
in the phylogenetic distance of bacterial and fungal communities
between plots to land-use. Non-metric multidimensional scaling
(NMDS) was used to visualize the phylogenetic distance between
the bacterial and fungal communities in each pair of plots as
calculated using UniFrac (see above). The RELATE function (a
Mantel-type test) was used to determine if there were significant
correlations between community-level phylogenetic distances and
measured soil properties. Effects of land-use or correlations
between soil properties and microbial community distances were
considered significant when P< 0.05.

Phylogenetic independent analyses were performed by re-
cording the distribution of taxa for each plot and normalizing the
values to represent the percentage of each taxon within a plot.
Land-use effects on the distribution of taxa, fungi:bacteria ratios as
well as edaphic properties were tested using the Mann–Whitney U
test on untransformed data. Relationships between edaphic prop-
erties were also assessed by correlation analysis. Linear regression
analysis was performed on the three most abundant bacterial or
fungal taxa with soil properties that had significant correlations to
the phylogenetic distances identified through ANOSIM analysis
of the distance matrices, to link changes in the soil environment
with the microbial community. Mann–Whitney U Tests, correla-
tions (between edaphic factors) and regression analyses were
performed with SYSTAT 11.0 (San Jose, CA, USA).

3. Results

3.1. Land-use and edaphic soil properties

Soil texture, total C, total N, and extractable P differed signifi-
cantly between land-use types (P� 0.5 in all cases), while soil pH,
moisture, and bulk density did not vary significantly across the
landscape (P> 0.07 in all cases) (Table 1). Total N in the pine plots
was approximately 50% less than in the hardwood, cultivated or
pasture soils, and total C in the hardwood soils was approximately
twice that of the other soils. The C:N ratio did not vary significantly
between land-uses (P¼ 0.07), but the agricultural (cultivated and
pasture) land-use types tended to have lower soil C:N ratios than
the forest (hardwood and pine) soils (Table 1, Supplementary ma-
terial Table 2). Likewise, extractable P varied between forest and
agricultural soils, with cultivated and pasture land-uses having
approximately 10 times greater phosphorus concentrations than
hardwood and pine soils. Notable exceptions are hardwood plot 2,
which had approximately four times greater P than hardwood 1
and 3, and pine plot 2, which had a phosphorus concentration
similar to that of the agricultural soils (Supplementary material
Table 2). Soil pH was not different between the land-uses and was
fairly consistent (ranging from 3.6 to 4.7) across all plots except
cultivated 3, which had a pH of 6.2. Significant correlations exist
between soil pH, texture, and moisture as well as between ex-
tractable P and the soil C:N ratio (Supplementary material Table 3).

3.2. Taxonomic classification and abundance

At the phylum level there were 11 major bacterial taxa present
within most of the soils and, averaged across all soils, the most
abundant bacterial groups were the Acidobacteria (28%), Actino-
bacteria (16%) and a-Proteobacteria (15%) (Table 2, Supplementary
material Table 4). The relative abundances of the different taxa
varied between and within land-uses, but only acidobacterial
abundances were significantly greater in forest soils than in agri-
cultural (cultivated and pasture) land-use types (P¼ 0.048). Acti-
nobacteria were most abundant in pasture soils, but not
significantly so, whereas a-Proteobacteria were found in roughly
the same proportion across all plots and land-uses (Supplementary
material Table 4). The remaining individual taxa of bacteria repre-
sented less than 8% of the sequences in the data set (Table 2). A
complete description of the bacterial communities in each of the
plots is provided in Supplementary material Table 4.

The Ascomycota and Basidiomycota represented the majority of
the fungal sequences in this study (27% and 70%, respectively)
(Table 3). The remaining taxa included Chytridiomycota (<1%),
Glomeromycota (z1.5%), and the Zygomycota (<1%). Of the Asco-
mycota, the Sordariomycetes were the most abundant (38%), fol-
lowed by the Chaetothyriomycetes (12%), Dothideomycetes (11%)
and the Leotiomycetes (8.2%). The Agaricales (23%) and the
Aphyllophorales (2.9%) were the most abundant groups of Basi-
diomycota. The abundance of Ascomycota (mainly Sordar-
iomycetes) was greater in the cultivated and pasture soils, while
most of the forest soils had greater abundances of the basidiomy-
cete Agaricales. Hardwood 2 and pine 2 plots were exceptions
where Chaetothyriomycetes and Sordariomycetes (both Ascomy-
cota) were particularly abundant and Agaricales were relatively
rare (Table 3). None of the fungal taxa varied significantly between
land-uses (P> 0.09). Taxonomic details on the fungal communities
are provided in Supplementary material Table 4.

The ratio of fungi to bacteria ranged from 0.02 to 0.10 across all
plots (Table 3). These low ratios indicate that fungal rRNA genes
were less abundant than the bacterial rRNA genes in the extracted
samples. There was no significant overall effect of land-use type on
the ratio of fungi to bacteria (P¼ 0.09). However, the ratio of fungi
to bacteria was typically lower in the agricultural soils than in the
hardwood and pine forest soils (Table 3).

3.3. Phylogenetic analysis

The UniFrac distance matrices were tested to determine if land-
use had a significant effect on the bacterial and fungal communi-
ties. Using land-use as the main effect, no significant differences
between the four land-use types were observed for either the
fungal or the bacterial communities. However, bacterial community
phylogenetic distances were significantly correlated with soil pH
(r¼ 0.47) and soil texture (r¼ 0.42) (P< 0.01 in both cases). Anal-
yses of the fungal communities showed that C:N ratio (r¼ 0.73,
P< 0.001) total N (r¼ 0.39, P¼ 0.001), and extractable P (r¼ 0.54,
P< 0.001) were correlated with the phylogenetic distances
between fungal communities (Table 4). NMDS ordination of the
bacterial and fungal phylogenetic distance matrices qualitatively
confirm these correlations; that is, soils with similar pH tend to
have similar bacterial communities and soils with similar extract-
able P concentrations (and C:N ratios, data not shown) harbor
similar fungal communities within this landscape (Fig. 1).

3.4. Linking edaphic properties and taxonomic distribution

The relationships between the relative abundances of specific
microbial taxa and edaphic soil properties were examined by re-
gression analyses of the most abundant bacterial and fungal taxa to
determine which taxa drove the overall patterns described above.
For the most part, only those edaphic soil properties found to be
correlated with the phylogenetic distances had significant re-
gression coefficients with the abundances of specific bacterial and
fungal taxa (Table 4, Figs. 2 and 3). Specifically, the changes in
bacterial community composition with soil pH appear to be largely
driven by the abundances of Acidobacteria and a-Proteobacteria,
which increased and decreased, respectively, with increasing soil
pH. There were no significant correlations between pH and the
relative abundances of any of the other bacterial phyla.

We regressed the relative abundances of the dominant fungal
taxa (Ascomycota, Sordariomycetes and Leotiomycetes, and the



Table 2
Distribution of bacterial phyla

Plot N OTU Acido Actino Bact Chloro Firm Gemma Proteo Verruco Unclass Other

Cultivated 1 72 34 14 29 2.8 9.7 2.8 0.0 25 1.4 9.7 5.6
Cultivated 2 74 51 23 11 4.1 22 9.5 0.0 20 2.7 4.1 4.1
Cultivated 3 84 59 9.5 9.5 13 14 2.4 9.5 25 7.1 2.4 7.1

Pasture 1 83 39 14 41 4.8 1.2 4.8 3.6 12 16 1.2 1.2
Pasture 2 58 30 16 12 1.7 3.4 26 3.4 33 3.4 0.0 1.7
Pasture 3 71 43 24 21 2.8 1.4 13 4.2 24 1.4 7.0 1.4

Hardwood 1 82 45 27 9.8 8.5 2.4 0.0 2.4 24 20 0.0 6.1
Hardwood 2 82 42 35 11 0.0 3.7 3.7 1.2 29 6.1 4.9 4.9
Hardwood 3 77 47 21 17 5.2 10.4 0.0 1.3 27 7.8 3.9 6.5

Pine 1 79 38 35 3.8 2.5 3.8 0.0 2.5 29 14 0.0 8.9
Pine 2 81 32 51 17 0.0 0.0 3.7 0.0 20 3.7 1.2 3.7
Pine 3 79 44 57 5.1 0.0 1.3 2.5 0.0 19 1.3 5.1 8.9

Total 922 28 16 3.9 6.1 5.1 2.4 24 7.3 3.3 5.1

Mean (SEM)
Cultivated 230 15 (4.0) 17 (6.3) 6.6 (3.2) 15 (3.5) 4.9 (2.3) 3.2 (3.2) 23 (1.6) 3.7 (1.7) 5.4 (2.2) 5.6 (0.9)
Pasture 212 18 (3.0) 25 (8.5) 3.1 (0.9) 2.0 (0.7) 15 (6.1) 3.8 (0.2) 23 (6.0) 6.8 (4.5) 2.7 (2.2) 1.4 (0.2)
Hardwood 241 28 (4.2) 13 (2.2) 4.6 (2.5) 5.5 (2.5) 1.2 (1.2) 1.7 (0.4) 27 (1.4) 11 (4.2) 2.9 (1.5) 5.8 (0.5)
Pine 239 48 (6.4) 8.7(4.3) 0.8 (0.8) 1.7 (1.1) 2.1 (1.1) 0.8 (0.8) 23 (3.3) 6.3 (3.9) 2.1 (1.5) 7.1 (1.7)

The relative abundance of bacterial phyla in each of the plots. Values represent the percentage of each group in the respective library of size ‘N’. OTU, or ‘operational taxonomic
unit’, describes the number of unique groups at the 97% sequence similarity level. ‘‘Other’’ includes Aquifex, Chlamydiae, Chlorobi, Genera incertae sedis WS3, Nitrospira, OP10,
OP3, Planctomycetes, SPAM, and TM6. Means were calculated for each land-use with 1 SEM in parentheses. Abbreviations: Acido, Acidobacteria; Actino, Actinobacteria; Bact,
Bacteroides; Chloro, Chloroflexi; Firm, Firmicutes; Gemma, Gemmatimonadetes; Proteo, Proteobacteria; Verruco, Verrucomicrobia; Unclass, unclassified.
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Basidiomycete, Agaricales), against those edaphic factors (soil C:N
ratio and extractable P) that were significantly correlated with the
phylogenetic distance between fungal communities. The abun-
dances of the Sordariomycetes and Agaricales were significantly
correlated with both the soil C:N ratio and extractable P concen-
trations (Fig. 3). The abundance of Agaricales was positively asso-
ciated with C:N but decreased as extractable P increased, while
Sordariomycetes were most prevalent in low C:N plots with high
extractable P. The abundances of the other dominant fungal group,
the Leotiomycetes, was not linked with either soil C:N (r2¼ 0.0038,
P> 0.1) or extractable P (r2¼ 0.053, P> 0.1). This suggests that the
correlations between nutrient availabilities and fungal community
Table 3
Distribution of fungal taxa

N OTU Agaricales Aphyllo Dothideo

Cultivated 1 20 10 0 0 15
Cultivated 2 32 12 0 3 34
Cultivated 3 29 10 0 0 0

Pasture 1 26 16 27 12 4
Pasture 2 30 14 0 0 3
Pasture 3 31 12 0 0 0

Hardwood 1 32 21 44 6 9
Hardwood 2 31 14 35 0 45
Hardwood 3 24 13 17 4 0

Pine 1 27 10 63 0 0
Pine 2 31 10 0 10 10
Pine 3 31 6 84 0 3

Total 344 23 2.9 11

Mean (SEM)
Cultivated 81 0 (0) 1.0 (1.0) 16 (10)
Pasture 88 9.0 (9.0) 3.8 (3.8) 2.4 (1.2)
Hardwood 86 32 (8.0) 3.5 (1.8) 18 (14)
Pine 89 49 (25) 3.2 (3.2) 4.3 (2.8)

Distribution of fungal taxa across the plots. Values represent the percentage of each group
groups at the 97% sequence similarity level. ‘Other’ includes Boletales, Chytridiomycota, E
Means were calculated for each land-use with 1 SEM in parentheses. Fungal:bacterial rati
determined by quantitative PCR with four replicate reactions per assay. Abbreviations: A
tothyrio, Chaetothyriomycetes; Sordario, Sordariomycetes.
composition are largely driven by shifts in the relative abundances
of the Sordariomycetes and the Agaricales.

4. Discussion

4.1. Land-use effects on edaphic properties

Edaphic properties are often shown to be consistent among
similar land-use types where management practices have appre-
ciable effects on nutrient concentrations and soil texture (Girvan
et al., 2003; Johnson et al., 2003; Murty et al., 2002). Though we
observed significant differences in nutrient concentrations (C, N
Leotio Chaetothyrio Sordario Other Fungi:bacteria

10 0 70 5 0.0417
16 3 38 6 0.0216
41 0 55 3 0.0381

0 15 38 4 0.0355
7 27 60 3 0.0238
19 3 74 3 0.0395

0 13 13 16 0.0611
0 6 3 10 0.0461
4 21 42 13 0.0352

0 26 4 7 0.0692
0 19 58 3 0.0562
0 10 3 0 0.1018

8.2 12 38 6.2

22 (9.7) 1.0 (1.0) 54 (9.4) 4.9 (0.8) 0.034 (0.01)
8.7 (5.7) 15 (6.8) 58 (10) 3.5 (0.2) 0.030 (0.00)
1.4 (1.4) 13 (4.1) 19 (12) 13 (1.7) 0.047 (0.01)
0 (0) 18 (4.7) 22 (18) 3.5 (2.1) 0.076 (0.01)

in each library. OTU, or ‘operational taxonomic unit’, describes the number of unique
urotiomycetes, Glomeromycota, Hymenochaetales, Pezizomycetes, and Zygomycota.
os represent ratios of fungal and bacterial small-subunit rRNA gene copy numbers as
phyllo, Aphyllophorales; Dothideo, Dothideomycetes; Leotio, Leotiomycetes; Chae-



Table 4
Land-use effects on edaphic properties and correlations between microbial com-
munities and edaphic properties

Land-use Correlation coefficients

Main effect Bacteria Fungi

pH 2.2 0.47 0.15
%Siltþ clay 8.2 0.42 0.00
%Soil moisture 6.9 0.18 0.00
Bulk density, g cm�3 6.7 0.00 0.00
C:N 6.9 0.16 0.73
C, kg�1 8.2 0.00 0.07
N, g kg�1 8.1 0.13 0.39
P, mg kg�1 7.7 0.33 0.54

Significant effects of land-use on soil properties were determined using the
Mann–Whitney U test for non-parametric data with land-use as the main factor.
The Mann–Whitney U test statistic is reported. Pearson correlation coefficients re-
late the calculated UniFrac community distance between each pair of bacterial and
fungal communities to the measured soil properties. Significant land-use effects and
correlation coefficients are noted as bold text where P< 0.05. pH
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Fig. 2. Linear regression showing the relationship between acidobacterial abundances
and soil pH across the 12 sampled plots.
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and P) and soil texture between land-use types (Table 1), we also
saw a high degree of spatial variability within land-use types for
a number of edaphic factors including soil pH (Supplementary
material Table 2) (Table 1). Since the land-use types are clearly
distinct with regards to vegetation type and the land-use histories
are well-established, the lack of a consistent land-use effect on soil
edaphic factors is most likely to be a result of the variability in land-
management practices (e.g., fertilization and liming) within a given
land-use or an inherent variability in soil types across the land-
scape. Regardless of the causes, it is clear that different land-use
types in this landscape are not necessarily distinct with regards to
Cu2 (17)

Ps1 (10)
Ps3 (19)
Ps2 (19)

Pi2 (13)

Cu3 (19)

Cul1 (17)

Ha1 (1.1)Ha3 (0.8)
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Pi1(4.3)
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Ha1 (4.9)

Cu3 (6.2) Ha3 (4.9)

A

B

Fig. 1. NMDS ordination of bacterial and fungal community phylogenetic distances.
Panel A: bacterial community phylogenetic distance between plots with soil pH in
parentheses. Panel B: fungal community phylogenetic distances between plots with
extractable P (mg kg�1 soil) in parentheses. The axes on these types of plots are
unitless. The stress values for both plots were <0.11 which indicate that these data
were well-represented by the two-dimensional representation (Clarke and Warwick,
2001). C Cu, cultivated; - Ps, pasture; A Ha, hardwood; : Pi, pine.
their soil characteristics. Since the composition of soil microbial
communities should be closely associated with soil characteristics,
information on land-use type alone cannot be used to predict
bacterial and fungal community composition across this landscape
given that the edaphic properties are not necessarily consistent
within individual land-use types.
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abundance, and (B) extractable P concentration and Sordariomycete abundance across
the 12 sampled plots.
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4.2. Bacterial community response to edaphic factors

The importance of edaphic factors in shaping microbial com-
munities has been established by a number of studies (Bååth and
Anderson, 2003; Buckley et al., 2006; Singh et al., 2006). Across this
landscape, we found that the phylogenetic distance between bac-
terial communities was significantly correlated with soil pH and
soil texture (Table 4). Our observations are concomitant with other
studies which have demonstrated that soil pH is often correlated
with bacterial community composition at multiple scales of geo-
graphic resolution (Högberg et al., 2007; Singh et al., 2008). A
number of mechanisms may account for this association between
pH and bacterial community composition. Soil pH may impose
a direct stress on bacterial cells with certain pH levels selecting for
some bacterial taxa over others (Kowalchuk et al., 1997; McCaig
et al., 1999), a pattern demonstrated by the apparent changes in
acidobacterial abundances with soil pH across this landscape
(Fig. 2). Differences in soil pH can arise from many factors, including
vegetation type, soil type, and management regime. Thus, pH may
serve as a convenient integrating variable representing the physio-
chemical characteristics of a particular soil. Regardless of the
mechanism, our results demonstrate that, just as pH is a reasonably
good predictor of soil bacterial community composition at the
continental scale (Fierer and Jackson, 2006), it is also a good pre-
dictor of the phylogenetic distance between bacterial communities
across a much narrower range of soil types and land-uses in this
landscape.

Soil texture was also correlated with bacterial community
composition (Table 4) (Supplementary material Table 3), a pattern
consistent with previous studies (Girvan et al., 2003; Johnson et al.,
2003). More specifically, our results are broadly consistent with
work by Girvan et al. (2003) which indicated that spatially diverse
soils with the same soil texture had nearly identical bacterial
communities based on DNA fingerprinting analyses. In our study,
we cannot determine which factor, pH or texture, has a more im-
portant influence on bacterial community composition. While pH
may represent the cumulative effects of many chemical species, soil
texture is important in determining soil moisture and nutrient
status, both of which may have a significant impact on bacterial
communities.

4.3. Fungal community response to edaphic factors

While bacterial community distances were correlated with tex-
ture and pH, the phylogenetic distance between fungal communities
was correlated with soil nutrient pools, namely extractable P con-
centrations and the soil C:N ratio. For instance, soils with similar
extractable P concentrations (pasture and cultivated) tended to
cluster together when compared to the more broadly dispersed low
P soils in the NMDS ordination of phylogenetic distance (Fig. 1B).
Analyses of the relative abundances of specific fungal taxa indicated
that these differences are largely attributable to the relatively P-rich
soils containing more Ascomycota (mainly Sordariomycetes) and
fewer Basidiomycota (mainly Agaricales) than the soils with lower P
concentrations (Tables 1 and 3). Although extractable P concentra-
tions were significantly different among land-uses, the changes in
fungal communities were more closely associated with P concen-
trations than land-use type. For example, the P concentration in pine
plot 2 was comparable to that of the cultivated and pasture soils and
had a similar percentage of Sordariomycete sequences (Fig. 1B,
Supplementary material Table 5). This suggests that extractable soil
P may be an important regulator of the biogeographical patterns
exhibited by fungal communities in this landscape.

Fluctuations in the abundance of Ascomycota and Basidiomy-
cota could not be wholly ascribed to extractable P as soil C:N
ratio was also significantly correlated with phylogenetic distance
(Table 2). Shifts in substrate quality (high vs low C:N) and avail-
ability (nitrogen fertilization) have previously been linked to shifts
in fungal abundance (Allison et al., 2007; Bossuyt et al., 2001;
Christensen, 1989; Frey et al., 2004). Likewise, some basidiomycete
groups, particularly white rot fungi, mediate the decomposition of
low quality (high C:N) lignified, and aromatic substrates commonly
found in coniferous and deciduous litters (Bardgett and McAlister,
1999; Six et al., 2006; Swift, 1982) and this may explain why those
soils with higher C:N ratios (e.g., hardwood and pine forest soils)
may also have a higher prevalence of basidiomycetes than those
soils with lower C:N ratios (e.g., the cultivated and pasture soils).

4.4. Fungal to bacterial ratios

The relative abundances of fungi and bacteria across the plots
were estimated by quantitative PCR of ribosomal genes (Table 3).
Quantitative PCR does not provide an estimate of biomass ratios
because ribosomal gene copy number and cellular nucleic acid
concentrations can vary between taxa. However, it does provide
a reproducible metric to track shifts in the relative abundances of
bacteria and fungi across a landscape (Fierer et al., 2005). In ac-
cordance with multiple surveys of fungal to bacterial biomass, we
observed that fungal:bacterial ratios were greater in forest soils
than in agricultural or grassland soils (Bailey et al., 2002; Bossuyt
et al., 2001; Högberg et al., 2007; Treseder, 2004). This is likely to be
related to shifts in nutrient concentration and quality as the forest
land-uses receive litter which is relatively more recalcitrant than
the plant detritus in the cultivated and grassland soils. Moreover,
these data correspond to shifts in the overall distribution of fungi
across these land-uses, suggesting there may be significant
differences in fungal community function between the land-uses
(van der Wal et al., 2006).

4.5. Using sequence-based approaches for microbial
community analyses

In recent years, the analysis of microbial communities using
sequence-based methods has greatly advanced our knowledge of
soil microbial ecology (Pace, 1997). However, a number of chal-
lenges associated with sequence-based surveys of microbial com-
munities have hindered their widespread use. For instance, the cost
associated with generating sequence data has limited the number
of sequences which can be analyzed. As sequence costs continue to
drop, replicated surveys of microbial communities will become the
norm, and studies that simultaneously assess the composition of
both bacterial and fungal communities will become more common.
A second difficulty associated with sequence-based approaches is
deciding on the appropriate level of phylogenetic resolution for
comparing microbial communities. Many studies use arbitrarily
high sequence similarities (e.g., 97% or above) to compare microbial
communities at the ‘species’ level. However, a single clone library,
even a very large library, is not likely to capture all the ‘species’-
level diversity in a given soil sample, which may contain many
thousands of ‘species’ per gram of soil (Roesch et al., 2007). For this
study, we chose to analyze the microbial communities at a fairly
coarse level of taxonomic resolution to minimize biases against
individual species and focus on the overall shifts in the phyloge-
netic composition of bacterial and fungal communities across the
landscape. Using this ‘phylogenetic’ approach across replicated
land-uses, we were able to show that shifts in the dominant bac-
terial and fungal taxa could be linked with shifts in specific edaphic
characteristics.

The last and perhaps most significant challenge associated with
sequence-based approaches pertain to how sequence data are
interpreted. Currently, most studies compare community compo-
sition qualitatively (as demonstrated in Tables 2 and 3) or they
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compare communities by estimating diversity at a specific level of
taxonomic resolution (e.g., rarefaction curves, Chao I estimates)
(Hughes et al., 2001). Such approaches invariably ignore much of
the phylogenetic information contained within the sequences. We
used the web-based program UniFrac (Lozupone and Knight, 2005)
to estimate the phylogenetic distance between each pair of samples
based on the fraction of unique branch lengths between each
sample. UniFrac has a number of distinct advantages over more
traditional analytical approaches including the fact that entire
phylogenies can be compared, generating data that can be used to
quantify the phylogenetic variation between microbial communi-
ties and link the phylogenetic variation to specific edaphic factors.

4.6. Conclusions

Many studies have examined the distribution and diversity of
microorganisms in soil, but often such studies do not directly link the
microbial information with information on edaphic properties even
though such properties are increasingly being shown to have an
important influence on the biogeographical patterns exhibited by
soil bacteria and fungi (Fierer and Jackson, 2006). Here we have
shown that variability in edaphic factors within and across land-use
types can have a significant effect on microbial community structure
and should not be ignored. Although land-use provides a conve-
nient, broad description of a field site, our findings suggest that more
detailed analyses of soil properties will enable identification of sig-
nificant predictors of soil microbial distribution. Across this land-
scape, bacterial community composition was largely driven by
changes in pH and soil texture, while fungal community composi-
tion was most strongly related to changes in soil nutrient availability.
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