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a b s t r a c t

Microorganisms exist throughout the soil profile and those microorganisms living in sub-surface
horizons likely play key roles in nutrient cycling and soil formation. However, the distributions of
microbes through the soil profile remain poorly understood, as most studies focus only on those
communities found in near-surface horizons. Here we examined how microbial community structure
changes within soil profiles, whether these changes are similar across soils from different landscape
positions, and how the community-level variation within individual soil depth profiles compares to the
variation across surface soils from a wide range of biomes. We characterized changes in bacterial and
archaeal community composition and diversity with depth through nine soil profiles located in a forested
montane watershed in Colorado, USA. Microbial community composition was determined by
barcoded pyrosequencing of the 16S rRNA gene employing a primer set that captures both bacteria and
archaea. Relative microbial biomass and soil carbon concentrations decreased exponentially with depth
while soil pH increased in nearly all of the profiles examined. Bacterial diversity was typically highest in
the top 10 cm of the profile; diversity typically dropped by 20e40% from the surface horizons to the
deepest horizons sampled. Community composition was significantly affected by soil depth in all profiles,
driven primarily by a decline in the relative abundance of Bacteroidetes with depth and the peak in the
relative abundance of Verrucomicrobia between 10 and 50 cm. Microbial community composition across
the nine pits was most variable in the surface horizons; communities at deeper soil depths were
relatively similar regardless of landscape position. When compared to the microbial communities from
54 previously-analyzed surface soils collected across a wide range of biome types, we found that there
was as much variation within individual soil pits as across surface soils from different biomes,
emphasizing the importance of soil depth as an environmental gradient structuring soil microbial
communities.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Although soil microbes influence biogeochemical processes
throughout the soil profile, our understanding of the structure and
diversity of soil microbial communities is predominantly limited to
surface horizons, with the vast majority of studies focusing solely
on the top 15 cm of the soil column. As a result, microbial
communities that exist at deeper soil depths have not been well

characterized and the spatial variability exhibited by these
communities remains poorly understood.

While microbial biomass often exhibits exponential decreases
with depth (Blume et al., 2002; Fierer et al., 2003; Hartmann et al.,
2009), there are still active cells in deeper soil horizons and in
saprolite (Buss et al., 2005; Richter and Markewitz, 1995). On
a depth-weighted basis, a significant portion of the microbial
biomass contained in soil (35% and 50%, Fierer et al., 2003 and
Schutz et al., 2010; respectively) is located in sub-surface horizons
(defined as below 25 cm in Fierer et al. and below 40 cm in Schutz
et al.). On a per cell basis, these deeper microbes may, arguably,
have a greater influence on soil formation processes than their
counterparts at the surface due to their proximity to parent
material (Buss et al., 2005). Likewise, sub-surface microbes likely
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have a critical influence on longer-term soil carbon sequestration
given that sub-surface horizons can harbor substantial quantities of
organic C with long turnover times (Fierer et al., 2005; Rumpel and
Kogel-Knabner, 2011; Trumbore, 2000).

A wide range of edaphic factors can shape the composition of
soil microbial communities, including: pH, nutrient levels, the
quantity and quality of organic C, moisture availability, and O2
levels. Since nearly all of these edaphic factors typically change
with soil depth, we would expect strong, corresponding shifts in
the structure of microbial communities through soil profiles.
Indeed, previous work has demonstrated significant changes in
microbial communities with soil depth. The diversity of microor-
ganisms typically decreases with depth, whether diversity is
measured by DNA fingerprinting (Agnelli et al., 2004; Goberna
et al., 2005; LaMontagne et al., 2003), phospholipid fatty acid
profiles (Fierer et al., 2003), or 16S rRNA gene sequences (Will et al.,
2010). We also know that the composition of microbial communi-
ties typically changes with soil depth (Ekelund et al., 2001; Fritze
et al., 2000; Hansel et al., 2008; Hartmann et al., 2009; Will et al.,
2010; Zvyagintsev, 1994). However, with a few notable exceptions
(e.g. Hansel et al., 2008; Hartmann et al., 2009; Will et al., 2010),
much of this previous work has lacked the phylogenetic and/or
taxonomic resolution to document which specific microbial taxa
changed in abundance through the soil profiles examined. We still
have only a limited understanding of how depth gradients in
microbial community structure vary across distinct soil profiles and
how landscape position influences the communities found in
deeper soil horizons. Likewise, there is little information available
on whether certain bacterial or archaeal taxa are restricted to
specific soil depths and how the magnitude of variation in micro-
bial communities within a given soil profile compares to the known
variation in surface soil communities across biomes.

Here, we used high-throughput, barcoded pyrosequencing to
examine shifts in soil bacterial and archaeal communities with
depth across nine soil pits located within a forested, montane
watershed. Our objective was to document changes in overall
community structure and the relative abundances of individual
taxa within and across soil profiles at a detailed level of spatial,
taxonomic, and phylogenetic resolution. By sub-sampling thick
horizons and sampling as deeply as possible, we were able to gain
a relatively detailed picture of how community composition
changes with depth. We hypothesized that community composi-
tion within each pit would vary depending on landscape position
since soil edaphic factors are heterogeneous across the landscape.
We also hypothesized that the pronounced changes in environ-
mental conditions with soil depth generate differences between
surface and sub-surface microbial communities within individual
profiles that are similar in magnitude to those differences observed
between surface communities from very different soil types.

2. Methods

2.1. Site Description

Sampling was conducted within two regions of the Gordon
Gulch watershed (105.47 W, 40.01 N), part of the Boulder Creek
Critical Zone observatory east of Boulder, Colorado, USA
(Supplementary Fig. 1). Gordon Gulch is an upper montane forest
(average elevation ¼ 2627 m) with clear north/south-facing slopes,
a central meadow in the upper portion of the watershed, and
a forested riparian area in the lower portion. Ponderosa pines (Pinus
ponderosa) dominate south-facing slopes and lodgepole pines
(Pinus contorta) dominate north-facing slopes. Soils are derived
from paleoproterozoic biotite schist and biotite gneiss bedrock
(Cole and Braddock, 2009). The nine sampled pits were located on

south-facing slopes (Pits 1, 4, 5, and 8) and on north-facing slopes
(Pites 3, 7, and 9). Pit 2 is located in a forested riparian area and Pit 6
is located in a meadow in the upper portion of the watershed
(Supplementary Fig. 1).

2.2. Sample collection

Samples were collected from the nine soil pits over a five-day
period in July, 2009 and there were no measurable precipitation
events during the sampling period. Pits were excavated as deeply as
possible (20e180 cm in depth), with all of the pits excavated to the
soil/saprolite boundary except for Pit 6, which was excavated to
the water table without encountering bedrock. Soil pits were
sampled by horizon via horizontal coring of cleaned pit faces,
with multiple samples collected from thicker horizons for a total
of 69 samples (3e12 samples per pit depending on soil depth,
see Supplementary Table 1). Samples for microbial analyses
were collected last (deepest into the face) to minimize cross-
contamination. Soil samples were sieved to 2 mm, stored at 4 �C
and split for analysis within a 2 d of collection. Samples used for soil
microbial community analysis were frozen at�80 �C until DNAwas
extracted.

2.3. Soil characteristics

Relative changes in microbial biomass with depth were deter-
mined using the substrate-induced respiration (SIR) method as
described previously (Fierer et al., 2003). Briefly, 10 mL of yeast
extract solution (3 g in 250 mL of de-ionized water) was added to
5 g of field-moist soil and shaken horizontally for 4 h at 20 �C. CO2
production was measured at 1.5, 3, and 4.5 h with an infrared gas
analyzer (IRGA) (CA-10a, Sable Systems, Inc., Las Vegas, NV, USA).
Soil pH was assessed by mixing soil and water in a 1:2 ratio (by
volume) and then measured with a pH probe (Accumet AB15 basic
pH meter) after 1 h of incubation. Moisture content was calculated
by oven drying soil at 60 �C for 48 h. About l g of the dry soil was
then ground in a ceramic mortar and pestle and concentrations of
soil carbon and nitrogen were measured on a Costech, ECS 4010
CHN Analyzer. Extractable NH4

þ and NO3
� concentrations were

assessed by shaking 5 g of field-moist soil with 40 mL 0.5 M K2SO4
for 1 h. The soil slurries were then filtered through 0.2 mm filters
and frozen at �20 �C until NH4

þ and NO3
� levels were measured on

a Lachat QuikChem 8500 spectrophotometric flow injection
analyzer (Hach, Loveland, CO, USA).

2.4. Microbial community analysis

DNA was extracted from each of the 69 collected soils using
a MoBio PowerSoil Kit (MoBio Laboratories, Carlsbad, CA, USA)
following the manufacturer’s instructions. DNA was PCR-amplified
in triplicate using barcoded 16S rRNA gene prokaryotic primers
following theprotocoldescribed inBateset al. (2011). Thisprimer set
(515f, 806r) was designed to amplify the hypervariable V4 region of
the 16S rRNA gene from nearly all bacteria and archaea (Bates et al.,
2011; Bergmann et al., 2011), with the amplified region well-suited
for accurate phylogenetic and taxonomic placement of sequences
(Liu et al., 2007). Amplicons from each sample were pooled in
equimolar concentrations into a single aliquot that was shipped on
dry ice to theEnvironmentalGenomicsCore Facilityat theUniversity
of South Carolina for pyrosequencing on a 454 Life Sciences Genome
Sequencer FLX (Roche) machine running the Titanium chemistry.
Pyrosequencing yielded213,088quality sequences in totalwith read
lengths equal to the full lengths of the amplicons.

Raw sequence data was processed using QIIME (Caporaso et al.,
2010). Sequences shorter than 250 bp or longer than 500 bp and
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with a quality score lower than 25 were eliminated. Sequences
were assigned to samples by the 12-bp barcodes and then grouped
into phylotypes using Cd-hit (Li and Godzik, 2006) with a phylotype
threshold of �97% sequence similarity. Representative sequences
were classified using nucleotide BLAST against the Greengenes core
set (DeSantis et al., 2006). If there were conflicting classifications
the sequence was discarded and only sequences classified as either
bacterial or archaeal were included in downstream analyses.

Shifts in community structure were visualized using a principle
coordinates analysis of the pairwise weighted UniFrac distances
(Lozupone and Knight, 2005, 2008). The Unifrac metric was used to
assess beta diversity patterns, the differences in community
composition between pairs of samples. In particular, Unifrac
assesses the phylogenetic distance between pairs of communities
by quantifying the relative proportion of shared lineages with the
weighted Unifrac algorithm taking the abundances of individual
phylotypes into account. Alpha diversity metrics, including both
the number of observed phylotypes per sample and Faith’s phylo-
genetic diversity (Faith, 1992) were calculated using QIIME by
rarifying all samples to the same sequencing depth (826 sequences
per sample).

To assess changes in community relatedness with depth, we
averaged the pairwise weighted UniFrac distances for soil depth
intervals for the six pits that were deeper than 80 cm. We then
compared the average pairwise UniFrac distance between
samples within each depth interval. To determine if differences in
community composition were significant, we used ANOSIM

analyses and Mantel tests, as implemented in PRIMER (Clarke and
Gorley, 2006), relating pairwise Unifrac distances to depth within
individual profiles.

2.5. Comparison with global soils

We directly compared the microbial communities found in the
collected pit soils to a previously-analyzed set of 54 surface soils
(top 5 cm) collected from a wide range of biomes (forest, desert,
and grassland soils from humid and dry tropical, temperate, and
polar biomes). The microbial communities in these soils were
analyzed in the same manner described above; details on these
samples are provided in Bates et al. (2011) and in Supplementary
Table 3. All sequence data (the 213,088 sequences from the pit
soils plus 69,714 quality sequences from the cross-biome survey of
surface soils) were analyzed together in QIIME using the method
described above with minor modifications. Briefly, new phylotypes
were picked from the combined sequence files using the BLAST
method in QIIME against the GreenGenes core set (DeSantis et al.,
2006) with a phylotype threshold of �90% sequence similarity to
decrease the complexity of the data set. The resulting phylotype
table was then rarified to 800 sequences per sample and the
weighted Unifrac metric was used to calculate pairwise distances
between all 123 communities. We used ANOSIM analyses to
determine if those communities found within individual profiles
are significantly different from the range of communities found
across the 54 surface soils.
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Fig. 1. Key soil profile characteristics in the nine pits. Plots show depth profiles (symbols in legend) of (A) percent soil carbon plotted on log scale, (B) C:N ratio, (C) relative microbial
biomass as measured by substrate-induced respiration, plotted on log scale, and (D) soil pH. Complete soil characteristics are available in Supplementary Table 1.
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3. Results

3.1. Soil characteristics

Soil characteristics varied with depth and between soil pits
(Fig. 1 and Supplementary Table 1). Briefly, soil carbon and nitrogen
concentrations decreased exponentially with depth. The C:N ratio
decreased with depth (from 16 to 37 at the surface to 10 to 15 in
sub-surface horizons; Fig. 1b) while pH tended to increase with
depth (ranging from 5.0 to 7.2 across all samples, Fig. 1d). Soil
moisture content at the time of sampling was variable throughout
the soil profiles with the deepest sample from Pit 6 having a very
high moisture content as it was taken near the water table
(Supplementary Table 1). Relative microbial biomass decreased
exponentially with depth, decreasing by nearly two orders of
magnitude from the near-surface horizons to the deepest depths
sampled (Fig. 1c); however, even the deepest soils had microbial
biomass levels that were measurable and well above our detection
limits.

3.2. Alpha diversity patterns

Diversity levels typically decreased with soil depth, whether
diversity was measured using phylotype richness (number of
phylotypes per sample, Fig. 2a) or phylogenetic diversity (Faith’s
PD, Fig. 2b). We divided all samples into two categories: shallow
communities (0e10 cm) and deeper communities (those below
11 cm) and found significant differences in diversity regardless of
the diversity metric employed (T-test P values< 0.01 in both cases).
Within individual pits, the relationships between soil depth and
either phylotype richness or phylogenetic diversity were significant
in 7 of the 9 pits (Fig. 2). Likewise, there were significant rela-
tionships between both alpha diversity metrics and two of the
measured soil variables indicated in Supplementary Table 1 (%C and
pH) in the same 7 pits (Spearman’s r > 0.5, P < 0.01 in all 7 cases).

3.3. Beta diversity patterns

There were pronounced changes in microbial community
composition with depth and, across all samples, the shallow hori-
zons (0e10 cm) harbored significantly different communities from
the deeper horizons (>11 cm in depth)(ANOSIM P < 0.001). This
pattern held in nearly every pit examined; the surface communities
were distinct from the sub-surface communities with the transition
from shallow to sub-surface communities generally occurring
between 10 and 25 cm in depth (Fig. 3). Across the 9 pits, the
communities in the near-surface horizons and in the deepest
horizons were most variable and those communities between 20
and 60 cm in depth were relatively similar regardless of the pit
sampled or the landscape position of the pit (Fig. 4). The beta
diversity levels within each pit (i.e. the weighted Unifrac values)
were only correlated with one of the measured soil variables listed
in Supplementary Table 1 (%C) as determined by Mantel tests
(Spearman’s r > 0.4, P < 0.02 in all nine pits). However because %C
is strongly correlated with soil depth, we do not know if the
changes in %C are indeed the sole factor driving the observed beta
diversity patterns.

3.4. Shifts in taxon abundances with depth

The microbial communities in the soil profiles were dominated
by the following bacterial phyla: Verrucomicrobia, Proteobacteria,
Acidobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes, and
Planctomycetes (average relative abundances of 28, 18, 16, 13, 5, and
3% across all 69 pit samples analyzed). The relative abundances of
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Fig. 2. Changes in relative alpha diversity levels with depth. Panel A shows average
observed number of phylotypes (OTUs) in each sample while panel B shows differ-
ences in phylogenetic diversity (Faith’s PD). In both cases, the diversity metrics were
calculated using rarefied data (826 total sequences per sample). Asterisks after the pit
names in the legend indicate those pits which exhibited a statistically significant
correlation between depth and diversity levels (P < 0.01).
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individual bacterial taxa were highly variable across the collected
samples (see Supplementary Table 2 for full taxon abundance data)
with a subset of major taxonomic groups largely driving the depth-
related beta diversity patterns evident from Fig. 3. Relative abun-
dances of the phylum Bacteroidetes declined exponentially with
depth while Actinobacteria were most abundant at the surface and
in the deepest regions of the pits (Fig. 5), but this pattern was not
uniform across all of the sampled pits. Likewise, a-Proteobacteria,
decreased in relative abundancewith depth (Fig. 5), particularly the
Caulobacterales, the dominant a-proteobacterial group (1e20% of
all bacterial sequences), which decreased with depth in seven pits
from an average of approximately 15% in the top 10 cm to <5% in
the deeper horizons (see Supplementary Table 2). Members of
the b-Proteobacteria and g-Proteobacteria sub-phyla also decreased
in relative abundance with depth (Fig. 5). The phylum Verrucomi-
crobia peaked in relative abundance between 20 and 40 cm where
they comprised up to 52% of the community in some samples. The
relative abundances of Acidobacteria, Gemmatimonadetes, and
Planctomycetes did not exhibit any clear shifts in relative abun-
dances with depth across the pits (Fig. 5, Supplementary Table 2).

Archaea, represented by only 1% of all sequences analyzed, had
relative abundances in individual samples that ranged from 0 (no
archaeal sequences detected) to 9% (Fig. 5). Although archaeal
sequences were identified from all pits, they were most commonly
found in four pits, including the two deepest pits (Pits 2 and 6)
that were located by a stream and in a meadow (respectively). The
relative abundance of archaea increased with depth in some of
the pits (Fig. 5), although they remained only a small proportion of
the community in all pits. The archaeal community was dominated
by five phylotypes, which comprised 76% of the archaeal sequences,
with nearly all of these sequences (95%) classified as members of
crenarchaeotal group I.1b (also known as the Thaumarchaeota,
Pester et al., 2011).

3.5. Community changes with depth versus changes across a range
of surface soils

To put the overall changes in microbial community composition
with soil depth into context, we compared all soils sampled for this
study to 54 surface soils (0e5 cm) collected from locations
throughout North and South America that were analyzed in the
same manner as the soil profile samples from Gordon Gulch. We
found that the differences in community structure with depth in
Gordon Gulch soils were comparable to differences in community
structure across the collection of surface soils collected from many
different types of ecosystems (Fig. 6). In other words, the magni-
tude of the community changes with depth in the Gordon Gulch
soil profiles (average pairwise Unifrac distances across samples
collected from individual pits ranged from 0.32 to 0.45) was
equivalent to the magnitude of the community changes observed
across surface samples collected from a wide range of soil types,
biomes, and climates (where the average Unifrac distance was
0.39). Although each of the 123 soils included in the Fig. 6
meta-analysis harbored distinct bacterial communities, the soil
microbial communities from the deeper soil horizons analyzed in
this study were most similar to the surface soils collected from
a variety of temperate and tropical forest sites (see Supplementary
Table 3). This pattern is confirmed by the ANOSIM analyses, when
we compared those communities found in individual pits to those
communities found across the 54 surface soils, none of the
individual pits harbored communities distinct from those found
across the range of surface soils sampled from other sites (P> 0.1 in
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all nine cases). What this means is that the depth-related gradients
in community composition were as strong (or stronger) than the
gradients in community composition found across the wide range
of biomes sampled.

4. Discussion

The studied soil profiles represent strong environmental gradi-
ents, with multiple edaphic factors changing with depth (Fig. 1
Supplementary Table 1). One of the most pronounced changes
through the profiles was the nearly exponential decrease in
microbial biomass with depth, a pattern that parallels the decrease
in carbon quantity (Fig. 1) and a presumed decrease in carbon
quality with depth (Rumpel and Kogel-Knabner, 2011). Although
the substrate-induced respiration method we used to estimate
changes in microbial biomass probably overestimates microbial
biomass at shallow depths and underestimates microbial biomass
at deeper depths (Fierer et al., 2003; Wardle and Ghani, 1995), the
observed changes in microbial biomass through the soil profiles are
consistent with other studies (Ekelund et al., 2001; Fierer et al.,
2003; Fritze et al., 2000; Hartmann et al., 2009). We also
observed decreases in microbial diversity in nearly all of the pits
(Fig. 2), a pattern similar to those found in other fingerprinting-
based studies (Agnelli et al., 2004; Fierer et al., 2003; Goberna
et al., 2005; LaMontagne et al., 2003; Will et al., 2010). Together
these results suggest that changes in environmental conditions
with soil depth represent a strong ecological filter, and that many
surface-dwelling microorganisms are less likely to thrive in the
environments of the deeper soil horizons. This hypothesis is sup-
ported by the results presented in Fig. 3; the overall structure of the
microbial communities changed markedly with depth in all
profiles, with the most pronounced changes occurring within the
top 25 cm.

The magnitude of the depth-related changes in microbial
community composition are clearly evident from Fig. 6, where we
directly compared the soil profile communities to communities
from surface soils collected from across the globe (which included
soils from deserts, tropical rainforests, prairies, boreal forests, and
temperate forests). Microbial communities within the same profile,
even communities separated by as little as 10e20 cm in depth, can
be as distinct from one another as soil communities from
completely different biomes separated by thousands of kilometers
(Fig. 6, Supplementary Table 3), highlighting the strength of the

environmental gradient present within the soil profiles. Interest-
ingly, the communities from the deeper soil horizons are most
similar to those surface soils from forested sites in both semi-arid
and more humid regions (Supplementary Table 3), even though
such soils do not have particularly low organic carbon concentra-
tions. This pattern suggests that it may be the type of carbon, not
necessarily the amount of carbon, that is driving the apparent
similarity between the deeper soils in the forested watershed
studied here and the surface soils from other forested sites.

When we compared the microbial communities from the
different pits to one another, we found that the communities in the
near-surface horizons were most variable across the nine pits.
Communities from intermediate depths (approximately 20e60 cm)
were relatively uniform in composition across all pits, regardless of
landscape position or vegetation cover. The greater variability in
the near-surface soil communities across the nine pits is likely
a product of the greater variability in edaphic factors (including pH
and organic C concentrations, Fig. 1) and environmental conditions
(particularly differences in temperature and moisture regimes
between the north and south-facing slopes). In contrast, the
intermediate soil depths are more uniform in edaphic character-
istics and temperature or moisture differences between pits are
likely to be less pronounced Furthermore, the influences of differ-
ences in vegetation types on microbial community structure may
be more apparent in surface horizons where root densities and
litter inputs are highest. Interestingly, the communities at the
deepest soil depths are, like the surface communities, highly vari-
able across the different pits. This may, in part, reflect differences in
parent material across the watershed, the degree of weathering of
the parent material, or differences in hydrologic conditions in the
deeper soil depths. Alternatively, the high variability in community
composition across the deeper soil horizons may be a product of
stochastic processes; alpha diversity levels are lower in the deeper
soil depths (Fig. 2) and, just by chance, the taxa that get dispersed
into the deeper soil horizons vary across the pits sampled.

From Fig. 5 it is apparent which specific microbial taxa were
responsible for the overall community shifts summarized in Figs. 3
and 6. Changes in the relative abundance of Bacteroidetes with
depth were particularly striking, as members of this bacterial
phylum were far more abundant in the near-surface horizons than
in deeper depths (Fig. 5), a pattern also observed by Will et al.
(2010). Although Bacteroidetes is a diverse phylum, there is some
evidence to suggest that soil Bacteroidetes are typically copiotrophic

Fig. 6. Comparison of the Gordon Gulch pit samples to previously-analyzed global surface soils based on principle coordinates analysis of pairwise weighted UniFrac distances. For
further details on the soils included in this analysis, see Supplementary Table 3.
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and aremost abundant in soils that have relatively large amounts of
labile organic carbon, including rhizosphere soils (Fierer et al.,
2007). Thus, the higher abundances of Bacteroidetes in the surface
horizons may, in part, reflect increased organic C availability. This
hypothesis may also explain decreases in the abundances of the
proteobacterial taxa with depth that were observed here (Fig. 5)
and in other studies (Hansel et al., 2008; Will et al., 2010), as
a variety of soil proteobacterial taxa are also considered to be
copiotrophic (Eilers et al., 2010; Goldfarb et al., 2011; Nemergut
et al., 2010).

In contrast, the Verrucomicrobia exhibited a very different
pattern with soil depth. There was a clear, mid-profile peak in the
relative abundances of Verrucomicrobia that was fairly consistent
across all of the profiles with Verrucomicrobia representing >40%
of the sequences from individual samples at these depths (Fig. 5).
We do not know why this mid-profile peak in verrucomicrobial
abundances exists, but it has also been observed in other profiles
(Hansel et al., 2008). Although Verrucomicrobia are likely to be far
more abundant in soil than previous studies would suggest (as
most of the commonly-used ‘universal’ bacterial primers are biased
against Verrucomicrobia, (Bergmann et al., 2011)) the ecological
niches inhabited by soil Verrucomicrobia remain largely undeter-
mined and there are few cultured isolates representing those ver-
rucomicrobial taxa most commonly found in soil, (Bergmann et al.,
2011). However, it has been suggested that many soil Verrucomi-
crobia are oligotrophic and able to grow under conditions of low C
availability, which may, in part, explain their distributions through
the profiles examined here. Clearly more work is needed to
understand the ecology of this bacterial phylum which appears to
be dominant in the sub-surface soil horizons examined here.

Previously published studies have shown that other bacterial
phyla including Actinobacteria and Acidobacteria change in relative
abundance with soil depth (Hansel et al., 2008; Hartmann et al.,
2009; Will et al., 2010), yet these taxa did not exhibit consistent
shifts in relative abundance with depth through the profiles
examined here. This inconsistency suggests that changes in
bacterial community composition with depth are, to some degree,
site specific and dependent on specific characteristics of the profiles
being studied.

Although relatively rare in nearly all profile samples, members
of the archaeal domain did appear to be most abundant in the
deepest soil depths (Fig. 5). Most of these archaea were classified as
members of crenarchaeotal group I.1b (Thaumarchaeota), the
dominant archaeal taxon in soils (Bates et al., 2011). Previous work
has also shown that members of ‘group 1’ Crenarchaeota can be
found in deeper soil depths (Hansel et al., 2008; Hartmann et al.,
2009) and that ratios of archaeal:bacterial ratios increase with
soil depth (Kemnitz et al., 2007). Although the ecology of this taxon
remains unclear, there is widespread speculation that they are
ammonia oxidizers and may be driving autotrophic nitrification in
the deeper soil depths (Leininger et al., 2006), but this cannot be
confirmed with this study.

5. Conclusions

We found pronounced shifts in microbial community structure
with depth through the nine soil profiles with the observed
changes in microbial communities within individual profiles
exceeding the changes in surface soil communities observed across
biomes. Finding soils with very distinct microbial communities
may be as simple as digging down half a meter instead of traveling
thousands of kilometers to sample across distinct ecosystem types.
These strong depth-related gradients should be carefully consid-
ered when designing surveys of soil microbial diversity as even
small differences in sampling depth across sites could make it

difficult to resolve cross-site differences in microbial diversity or
composition. Landscape position had the largest effect on the
composition of microbial communities in the near-surface horizons
and in the deepest horizons; those communities found at inter-
mediate depths were relatively similar across the pits suggesting
that edaphic factors are more homogeneous at these depths.
Although we could clearly identify a number of microbial taxa that
exhibited pronounced changes in relative abundance with depth, it
was difficult to identify the specific factors driving these taxon
distributions because multiple environmental factors change with
soil depth (including carbon quantity, quality, nutrient availability,
and the moisture regime) and the basic ecology of many of these
taxa remains largely undetermined. As those microbes living
throughout the soil profile, not just those living in near-surface
horizons, are likely to have important effects on carbon seques-
tration, nutrient cycling, and weathering processes, a more inte-
grated and comprehensive understanding of the microbial ecology
of the soil profile is clearly needed.
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