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The Arctic is experiencing rapid vegetation changes, such as shrub and tree line expansion, due to climate warming, as well as
increased wetland variability due to hydrological changes associated with permafrost thawing. These changes are of global concern because changes in vegetation may increase tundra soil biogeochemical processes that would significantly enhance atmospheric CO2 concentrations. Predicting the latter will at least partly depend on knowing the structure, functional activities, and
distributions of soil microbes among the vegetation types across Arctic landscapes. Here we investigated the bacterial and microeukaryotic community structures in soils from the four principal low Arctic tundra vegetation types: wet sedge, birch hummock, tall birch, and dry heath. Sequencing of rRNA gene fragments indicated that the wet sedge and tall birch communities differed significantly from each other and from those associated with the other two dominant vegetation types. Distinct microbial
communities were associated with soil pH, ammonium concentration, carbon/nitrogen (C/N) ratio, and moisture content. In
soils with similar moisture contents and pHs (excluding wet sedge), bacterial, fungal, and total eukaryotic communities were
correlated with the ammonium concentration, dissolved organic nitrogen (DON) content, and C/N ratio. Operational taxonomic unit (OTU) richness, Faith’s phylogenetic diversity, and the Shannon species-level index (H=) were generally lower in the
tall birch soil than in soil from the other vegetation types, with pH being strongly correlated with bacterial richness and Faith’s
phylogenetic diversity. Together, these results suggest that Arctic soil feedback responses to climate change will be vegetation
specific not just because of distinctive substrates and environmental characteristics but also, potentially, because of inherent
differences in microbial community structure.

T

he rate of increase in Arctic surface air temperatures has been
twice as rapid as the average global rate (⬃0.10°C per decade)
(1, 2) over the last few decades (3); this augmented warming has
impacted Arctic species and ecosystems (4). Arctic shrub cover
and density have increased, the tree line has migrated in some
places, and the distribution of wetland vegetation is changing in
association with permafrost thawing (5, 6). Because plants supply
organic matter to soils and impact belowground soil microbial
communities (7, 8), changes in soil vegetation cover could result
in substantial bacterial, fungal, and metazoan community composition changes (9–12). These changes could alter overall biogeochemical functioning, such as the release of carbon via soil decomposition, in these ecosystems (13), which would be expected to
further exacerbate climate change. A better understanding of the
vegetation-associated soil microbial structures could facilitate
predictions of the effects of climate change on tundra ecosystems
and determine if Arctic soil feedback responses to climate change
are vegetation specific.
Bacterial consortia display spatial patterns linked to soil pH
and carbon/nitrogen (C/N) ratios (14–18), soil temperature (19),
soil organic carbon (SOC) (20), moisture content (21), and nutrient availability (22). The diversity and composition of nematode,
testate amoeba, and fungal communities can also be influenced by
soil properties (23–25), including acidity, although this may not
be true of all microbial metazoans (26). Notwithstanding our appreciation that soil characteristics can affect both bacterial and
microeukaryotic communities, the key factors that structure communities of different microbial groups among vegetation types in
Arctic tundra are poorly understood.
The highly heterogeneous soil conditions in the Arctic tundra
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mirror the variation in plant community composition over short
distances (27, 28), and because of this, plant community distributions have proven to be indicators of spatial patterns in underlying
microbial communities. Despite important insights, research to
date has been based on techniques with relatively low taxonomic
resolution and on sampling within rather than between replicate
sites of the selected vegetation types. For example, Wallenstein et
al. (2007) observed different fungal and bacterial communities in
acidic tussock tundra and birch shrub tundra soils using clone
libraries (11). However, the communities associated with birch
hummock and tall birch tundra soils, analogous to those of the
study of Wallenstein and colleagues (11), did not differ when analyzed using denaturing gel gradient electrophoresis (DGGE)
(29). With terminal restriction fragment length polymorphism
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Microbial Distribution across Four Vegetation Types

MATERIALS AND METHODS
The study site was located near the Daring Lake Tundra Ecological Research Station (TERS; 64°52=N, 111°35=W), which is 300 km north of
Yellowknife, NWT, Canada. Briefly, this region is locally referred to as
“the barrens” and is ⬃75 km north of the tree line (Picea mariana). The
site is underlain by continuous permafrost to a depth of ⬎160 m (36) and
has a shallow active layer that develops during seasonal thaws and that
reaches a maximum depth of 0.3 to 1.2 m, depending upon the soil and the
plant cover (37). Detailed vegetation mapping (Ecological Monitoring
and Assessment Network) (9) shows a hydrologically driven mosaic of
tundra vegetation types, including dry heath, dwarf birch hummock, and

January 2015 Volume 81 Number 2

inundated wet sedge (37). Tall birch vegetation is found in local patches
near seeps and streams or in topographic depressions that are protected
from winds and where snow preferentially accumulates (38).
Soil sampling and biogeochemical analysis. Soil samples were collected (23 to 26 June 2007) at TERS from active layers from four wellseparated replicate patches (300 to 3,000 m apart; minimum patch size,
⬃100 m2) of each vegetation type. This study design avoided pseudoreplication by using replicate patches of similar vegetation across the landscape, rather than replicate plots within a single vegetation patch. We note
that our study represents a snapshot during a time of active vegetative
growth of these communities, which have been found to vary seasonally
(9, 30). However, the purpose of this research was to compare microbial
communities between ecosystems rather than to assess seasonal microbial
community dynamics. In each patch, surface soil samples (⬃10 cm by 10
cm) were collected from the top 5 cm at six representative locations using
a sterile blade and then mixed together to form a single replicate sample
(i.e., four composite replicates for each vegetation type). Soil samples were
transported to the laboratory in insulated boxes fitted with ice packs and
chilled until processed (within 7 days of collection). Plant litter and roots
(diameter, ⬎2 mm) were removed prior to processing. Soil biogeochemical analyses were conducted as described previously (38). Briefly, soil pH
was determined using a fresh soil-to-water ratio of 1:5 (AB15 pH meter;
Accumet; Fisher Scientific), and total soil C and N content was determined by combustion (CNS-2000; LECO, St. Joseph, MI, USA). Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) were
extracted by adding 50 ml of 0.5 M K2SO4 to 10 g fresh soil, shaking for 1
h, and then vacuum filtering through glass fiber filters (pore space, 1.2
m; G4 filters; Fisher). DOC and DTN were determined using a total
organic carbon-total nitrogen (TOC-TN) analyzer (Shimadzu, Kyoto, Japan). The ammonium (NH4⫹) and nitrate (NO3⫺) concentrations in the
extracts were assessed colorimetrically by automated segmented flow
analysis (AAIII; Bran⫹Luebbe, Germany) using the salicylate/dichloroisocyanuric acid and cadmium column/sulfanilamide reduction methods,
respectively. N mineralization potentials were determined after incubation of moist soil samples (i.e., four replicates of samples of 30 g each for
each vegetation type) in 120-ml sampling cups, which were covered by
polyvinyl chloride cling film in the darkness at 22°C for up to 10 weeks.
DNA extraction and pyrosequencing. Soil DNA was extracted and
purified using a PowerSoil DNA kit (MO BIO, Carlsbad, CA, USA), followed by an UltraClean 15 DNA purification kit (MO BIO, Carlsbad, CA,
USA). DNA concentrations were estimated by electrophoresis on 1% agarose gels, and DNA was diluted to 1 to 10 ng l⫺1 before use as the
template in the PCR.
Bacterial 16S rRNA and microeukaryotic 18S rRNA genes were amplified using primer set F519 and R907 and primer set Euk1F and Euk516R,
respectively (39). The forward primer was attached to the Roche 454 B
pyrosequencing adapter and a unique 7-bp bar code; the reverse primer
was modified with the Roche 454 A sequencing adapter. PCR amplifications were conducted with 25 l 2⫻ premix (TaKaRa), 0.5 l 20 mM each
forward and reverse primer, and 50 ng of DNA, and the volume was
completed to 50 l with double-distilled water. Each sample was amplified in triplicate using 30 cycles (94°C for 30 s, 55°C for 30 s, and 72°C for
30 s) with a final extension at 72°C for 10 min for bacterial DNA and 35
cycles (95°C for 45 s, 56°C for 45 s, and 72°C for 1 min) with a final
extension at 72°C for 7 min for eukaryotic DNA. The three reaction products were pooled and purified using a QIAquick PCR purification kit
(Qiagen) and then quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, USA). All bar-coded PCR products were
combined in equal DNA amounts before pyrosequencing using the 454
GS-FLX platform.
Bioinformatics and data deposition. Small-subunit (SSU) rRNA
gene data were processed and analyzed as previously described (40), using
the QIIME software package (41). Poor-quality sequences (i.e., sequences
of ⬍200 bp with an average quality score of ⬍25 and ambiguous characters) were discarded (42). Filtering of the sequences to remove erroneous
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(T-RFLP) analysis, tundra shrub bacterial communities appeared
to differ seasonally, but the same pattern was not found in tussock
soils (30). Further DGGE analysis on each of the principal low
Arctic tundra vegetation types (i.e., wet sedge, birch hummock,
tall birch, and dry heath) revealed that the relative abundance of
dominant bacterial community members changed, but overall
distinct bacterial community compositions were not uniquely associated with each vegetation type (31). DGGE assessments of soil
fungi and archaea from the same vegetation types also did not
appear to show a correlation with plant cover (31). In summary, tundra studies to date have not shown a strong association between plant and soil microbial communities. However,
this conclusion may be constrained by the type of analyses;
high-taxonomic-resolution techniques can provide detailed
phylogenetic-level data.
The influence of vegetation type on soil bacterial communities
is better characterized in other ecosystems, such as the Tibetan
Plateau, where a combination of phospholipid fatty acid analysis,
community-level physiological profiles, and pyrosequencing has
been employed (32–34). In particular, the pyrosequencing profiles of rRNA genes indicated that both bacterial and fungal communities clearly differed in three plateau habitats. In a montane
elevation gradient study, vegetation-type zonations were associated with distinct microeukaryotic, fungal, and protistan microbial communities (26). Microscopic analysis showed that the bacterial and microeukaryotic structure changed with plant species in
Sphagnum peatlands when perturbed by warming (35). Taken together, these reports reinforce the hypothesis that plant communities and belowground microbial communities are highly interdependent, at least at lower latitudes. Because climate change may
have a more substantial initial impact on Arctic ecosystems than
other ecosystems and may lead to changes in ecosystem function,
it is both crucial and timely to determine if this dependency is also
true for tundra soils. This can be achieved only by using highresolution techniques and by sampling soils appropriately (i.e.,
sampling once in replicate independent noncontiguous patches of
each vegetation type, rather than collecting multiple samples
within a single patch of each vegetation type) so that correlations
can be extrapolated to a landscape scale.
We have investigated both soil bacterial and microeukaryotic
communities among the four major tundra vegetation types to
test the following hypotheses: (i) the distributions of bacterial and
microeukaryotic communities, including fungi, protists, and
metazoans, differ among the principal vegetation types of the low
Arctic, (ii) these distinct bacterial and microeukaryotic communities are the result of different environmental factors, and (iii)
under conditions of similar pH, nitrogen-related factors play important roles in bacterial and eukaryotic community composition.

Shi et al.

RESULTS

Soil microbial community composition. We obtained between
2,018 and 8,103 high-quality bacterial sequences per sample, and
99.3% were classified into a total of 2,286 distinct OTUs. Acidobacteria and Alphaproteobacteria dominated the assigned bacterial
phyla and accounted for ⬃35% and 23% of all OTU sequences,
respectively (see Tables S1 and S2 in the supplemental material).
The relative abundance of each bacterial taxonomic group varied
among vegetation types and differed the most for the wet sedge
soils compared to the others (Fig. 1A). For example, Acidobacteria
phylotypes were slightly less frequent in the wet sedge and tall
birch sites than in the sites with the two drier vegetation types
(31% versus 36%; see Table S1 in the supplemental material), and
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Gammaproteobacteria were more abundant in tall birch soils than
in soils from the other three vegetation types (13% versus 7%).
A wider range of eukaryotic sequences (1,361 to 10,799 per
sample) than bacterial sequences was recovered from the soils,
with 99.9% being categorized into 1,304 OTUs. These were dominated by fungal sequences (48%; representing 398 to 6,869 fungal
sequences per sample), and within this grouping, the classification
with the largest number of sequences was by far the Basidiomycota,
with over 56% of all fungal sequences consisting of those from
members of the Basidiomycota (see Table S3 in the supplemental
material). Protists constituted 11% of the eukaryotes (128 to 3,052
sequences in each sample; see Table S3 in the supplemental material), and metazoans constituted 17% (162 to 1,935 sequences per
sample; see Table S3 in the supplemental material). Overall, there
were strong differences in the eukaryotic community structure of
wet sedge soils from the structure of soils from the other vegetation types (Fig. 1B). Although fungi were generally well represented in all soils, their relative abundance was less in the wet sedge
samples than in samples of the other vegetation types (Fig. 1B; see
Table S3 in the supplemental material). For example, members of
the Basidiomycota (7%), Chytridiomycota (6%), and Ascomycota
(3%) were less frequent in wet sedge samples, where they represented an average of 26%, 11%, and 9% of the sequences, respectively, than in samples of the other three vegetation types (see
Table S3 in the supplemental material). The wet sedge soils did,
however, contain more than twice as many sequences representing protists (i.e., Alveolata, Rhizaria, and Amoebozoa) than soils
from the three other vegetation types (19% versus 7%) (see Table
S3 in the supplemental material).
OTU richness and diversity. The richness, Faith’s phylogenetic diversity (PD), and the Shannon index (H=) of OTUs followed similar patterns in each vegetation type, with relatively high
values being found for bacteria and low values being found for the
eukaryotic groupings (Table 1). Among the vegetation types, bacterial OTU richness was the highest in wet sedge, protistan OTU
richness was the lowest in tall birch, and there were no significant
effects of vegetation type on the OTU richness of fungi and metazoans or pooled total eukaryotes, except for protists. Faith’s phylogenetic diversity was significantly higher in the wet sedge, birch
hummock, and dry heath bacterial communities. In addition,
similar to the OTU richness and Faith’s phylogenetic diversity, H=
values were significantly lower in the tall birch bacterial communities (Table 1). In general, bacterial OTU richness and Faith’s
phylogenetic diversity were positively correlated with soil pH (Fig.
2) and H= was significantly related to the DOC (see Table S4 in the
supplemental material). Overall, there was no significant correlation between OTU richness, PD, H=, and soil variables for total
eukaryotic microbes and their subgroups. However, if the data
from the wet sedge soil were removed from these analyses, OTU
richness, PD, and H= were negatively correlated with DOC, DON,
NH4⫹, and N mineralization potential across the dry heath, birch
hummock, and tall birch soils (see Table S5 in the supplemental
material). Bacterial OTU richness and the Shannon index correlated positively with the soil C/N ratio, and metazoan OTU richness was negatively correlated with the soil C/N ratio (see Table S5
in the supplemental material).
Influence of biogeochemical properties on soil microbial
communities across all vegetation types. Comparisons of soil
microbial community structures among all soil samples demonstrated robust ordinations for bacteria, total eukaryotes, fungi,
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operational taxonomic units (OTUs) due to sequence errors and chimeras
was conducted using the USEARCH tool in QIIME, version 1.8.0 (43).
Because we relied on filtering rather than denoising of the data, we also
deleted singleton OTUs and set a threshold for a high-quality score (i.e.,
30) when running the command split_libraries.py, similar to practices
from other studies (40, 44, 45). The remaining high-quality sequences
were assigned to OTUs on the basis of 97% similarity with the sequence
determined with the UCLUST algorithm (46). The most highly connected
sequence (i.e., the sequence with the highest similarity to all other sequences in the cluster) was chosen to represent each OTU (40). All selected representative sequences were aligned by use of the PyNAST tool
(47). Each phylotype was classified using the Greengenes database (http:
//greengenes.lbl.gov/), with sequences with no hits designated “unclassified.” A total of 2,000 bacterial sequences were randomly selected from
each sample, and sample dissimilarities were calculated from the derived
OTU table using the Bray-Curtis dissimilarity metric (48). Microeukaryotic sequences were classified into OTUs de novo at a 97% similarity level
using the UCLUST algorithm (46). Taxonomy was assigned to eukaryotic
OTUs of the Silva 104 database (http://www.arb-silva.de/download
/archive/qiime/). Microeukaryotic sequences included those of fungal,
protistan, and metazoan microorganisms. To rarify all the data sets to the
same level of sampling effort, 1,300, 390, 120, and 160 sequences were
randomly selected for total eukaryotes, fungi, protists, and metazoans,
respectively. Nonmetric multidimensional scaling (NMDS) ordinations
were generated using the vegan tool of R, version 2.3.0 (49), on the basis of
Bray-Curtis dissimilarities. In order to describe biodiversity, which incorporates the phylogenetic difference between species, Faith’s index (50),
which has been extensively used in the literature (14, 26), was used to
calculate phylogenetic diversity. Species-level measurement was assessed
by use of the Shannon index (H=). In summary, rarefied OTU collections
were used to calculate richness (i.e., the number of phylotypes), Faith’s
phylogenetic diversity (PD), and the Shannon index of species-level diversity.
In order to identify environmental and biogeochemical factors associated with diversity, correlations between diversity metrics and soil metadata were conducted by use of SPSS software (version 20.0) and Mantel
tests and carried out by comparing the Bray-Curtis distances for the community data and for the associated sample metadata. Permutational multivariate analyses of variance were conducted, using the ADONIS function
within the vegan package (51), to determine whether vegetation type contributed to microbial community composition. Distance-based multivariate analysis for a linear model using forward selection (DISTLM forward)
was applied to evaluate the cumulative effect of each environmental variable on the composition of bacterial, eukaryotic, fungal, protistan, and
metazoan communities (52).
The 454 pyrosequencing data set was deposited in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (http:
//trace.ncbi.nlm.nih.gov/Traces/sra/) under study SRP047020 with accession numbers SRX699300 and SRX699338.

Microbial Distribution across Four Vegetation Types

types at Daring Lake, NWT, Canada. Relative abundance is based on the frequencies of those DNA sequences that could be classified to the phylum level. “Others”
represent sequences that were unclassified and sequences which were present in amounts less than 1% of the total. Blue, red, and green typefaces, fungal,
metazoan, and protistan groups, respectively.

protists, and metazoans (Fig. 3). Combined with additional multivariate statistics (ADONIS; see Table S6 in the supplemental
material), we found that taxonomic representations in wet sedge
soil samples were similar among replicate sites across the landscape and clearly distinct from those in soils sampled beneath
other vegetation types. Except for protists, the community compositions of bacteria, total eukaryotes, fungi, and metazoans were
also similar among replicate tall birch sites and distinct from those
at sites with other vegetation types. In contrast, there was relatively
little difference in the community composition between the dry
heath and birch hummock soils for any of the major taxonomic
groups, save for the total eukaryotes and metazoans. Together,
these results show that vegetation type has a strong influence on
the community composition of microorganisms in the underlying
surface soils.
Biogeochemical controls on soil bacterial and eukaryotic
community structure. Correlations between community composition dissimilarities and soil biogeochemical properties across
vegetation types suggested that the soil pH, moisture content,
NH4⫹ concentration, and C/N ratio explained much of the distri-
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bution of the major soil taxonomic groups (Table 2). Bacterial
community composition was most strongly correlated with soil
pH and was correlated to a lesser extent with the C/N ratio, NH4⫹
concentration, moisture content, N mineralization potential, and
DON. Indeed, the highest correlation was with soil pH in every
community except metazoans (Table 2). Additional calculations
of cumulative proportions confirmed that pH and moisture properties consistently contributed to the variation in composition
within each of the major taxonomic groups (Table 3; see Tables S8
to S12 in the supplemental material for details). In particular, soil
pH was the primary explanatory variable in all models (Table 3).
To test if pH remained an important factor in explaining the
bacterial community composition in soils of similar acidity, the
wet sedge soil data were removed and the analysis was repeated.
Soil pH remained significantly correlated with bacterial consortia,
as did DOC, DON, N mineralization potential, NH4⫹ concentration, and the soil C/N ratio; however, the main driver for bacterial
distributions was the C/N ratio (Table 4). Soil pH did not influence the total eukaryotic, fungal, protistan, and metazoan community distributions significantly. When eukaryotes were exam-
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FIG 1 Relative abundance of the dominant bacterial phyla (A) and eukaryotic soil microbial groups (B) in soils from the four principal low Arctic vegetation

For the bacteria, total eukaryotes, fungi, protists, and metazoa, 2,000, 1,300, 390, 120, and 160 sequences were randomly selected, respectively. Values within the same column that do not share the same superscript letter differ
significantly (P ⬍ 0.05). Standard deviations are in parentheses and were calculated for samples taken from the four replicate sites of each vegetation type.

a

Metazoans
Protists

4.5 (0.3)A 5.2 (0.2)A 4.8 (0.2)A
4.9 (0.6)A 5.1 (0.2)A 4.8 (0.2)A
5.8 (1.3)A
6.0 (1.4)A
7.4 (0.2)B
8.0 (0.2)A
38.5 (7.3)A 14.7 (3.6)A 12.4 (0.7)A 8.9 (0.3)A
40.3 (12)A 16.6 (1.9)A 12.7 (0.3)A 8.9 (0.6)A
53.4 (2.2)B
61.8 (3.1)A
72 (17)A
83 (11)A
215 (53)A
230 (75)A
444 (21)B
564 (52)A

55 (5.7)AB 31 (6.4)A
54 (2.4)AB 24 (7.2)A

7.8 (0.2)A 6.3 (0.5)A
7.7 (0.1)AB 5.8 (1.0)A
57.5 (2.4)AB 39.8 (3.9)A 15.8 (1.2)A 11.9 (2.8)A 8.8 (2.0)A
56.7 (3.2)AB 38.0 (5.7)A 15.3 (2.1)A 13.4 (1.3)A 9.0 (1.0)A
23 (3.8)A
25 (6.4)A
81 (7.0)A 49 (6.9)B
75 (8.5)A 60 (4.2)A
502 (29)AB 213 (31)A
492 (32)AB 215 (36)A

Dry heath
Birch
hummock
Tall birch
Wet sedge

Total
eukaryotes Fungi
Metazoans Bacteria
Vegetation
type

Bacteria

Total
eukaryotes Fungi

Protists

Metazoans Bacteria

Total
eukaryotes Fungi

Protists

H=
Faith’s PD
OTU richness

TABLE 1 Richness and diversity of OTUs in the four principal vegetation types of low Arctic tundra near Daring Lake, NWT, Canadaa
aem.asm.org

FIG 2 Relationship between bacterial OTU richness (A) or Faith’s phylogenetic diversity (B) and soil pH. Symbols: circles, dry heath; triangles, birch
hummock; squares, tall birch; stars, wet sedge.

ined as a whole, they were distributed along a soil NH4⫹
concentration gradient in the soils under dry heath, birch hummock, and tall birch (Table 4). In soils from these three vegetation
types, the distributions of fungi were explained by the NH4⫹ concentration, C/N ratio, and DON, with the metazoans being associated with the soil C/N ratio. Additional calculations of cumulative proportions further suggested that NH4⫹ availability was a
consistent and significant control on the variation in composition
within total eukaryotes and fungal groups (see Table S7 in the
supplemental material; see also Tables S13 to S17 in the supplemental material for details).
DISCUSSION

Potential for microbial community changes in low Arctic tundra landscapes. Our high-taxonomic-resolution-pyrosequencing
results, combined with our landscape-level sampling design, demonstrate conclusively that soil bacterial and microeukaryotic communities differed significantly among the principal low Arctic
vegetation types represented in the Daring Lake region. The test of
our first hypothesis showed that there are substantial differences
in the bacterial, total eukaryotic, fungal, protistan, and metazoan
communities at a landscape scale between tall birch sites, birch
hummock sites, and sites with the other two vegetation types.
Although the data have not always been consistent, other studies
suggest that different bacterial or fungal communities associate
with distinct tundra vegetation cover. These have been based on
comparisons of fewer vegetation types than the number compared
in this study and on smaller-scale sampling within vegetation
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four vegetation types for bacterial (A), total eukaryotic (B), fungal (C), protistan (D), and metazoan (E) communities.

patches rather than between separate independent replicate
patches across the landscape, and furthermore, they have employed techniques with lower taxonomic resolution (11, 30, 31).
In contrast, distinct microbial communities were obtained in this
study, and the differences were apparent even within bacterial
phyla or subphyla and within different eukaryotic groups (see
Tables S1 and S3 in the supplemental material). For example, the
relative abundance of Acidobacteria was the lowest in the higher-pH wet sedge soils, consistent with previous observations
that several Acidobacteria groups predominate within acidic
soils (18, 45, 53, 54). Members of the Basidiomycota, a major
group of soil decomposers (33, 55), were very abundant in all
sampled vegetation types, except for the wet sedge soils, where
the lack of oxygen may limit their growth. Protists, on the other
hand, were more numerous in wet sedge soils than in soils from
the other three vegetation types (see Table S3 in the supplemental material), which is consistent with their known aquatic
habitat distribution (56).

January 2015 Volume 81 Number 2

Results showing distinct consortia tied to biogeochemical constraints are important because as the climate changes, tall shrub
(often birch) vegetation is increasing in many parts of the low
Arctic, where it is replacing birch hummock and other similar
vegetation types (57). Hydrological changes associated with thawing permafrost have degraded some wet sedge areas and established others (58–60). Because climate warming appears to alter
interactions between the aboveground and belowground communities, it is predicted that a changing microbial food web may
contribute positive feedbacks to global warming by destabilizing
the carbon cycle (35). Our data suggest that vegetation changes
will likely result in substantial perturbations to underlying soil
microbial communities. Future research on the functional traits
associated with these microbes would be particularly useful to
provide an understanding of and predict the potential biogeochemical impacts of these changes.
Moisture and pH as drivers of microbial communities in wet
sedge soils. On a circumpolar basis, wet sedge tundra covers
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FIG 3 Nonmetric multidimensional scaling (NMDS) ordinations of the community compositional dissimilarities among the four replicate sites of each of the

Shi et al.

TABLE 2 Mantel test results for relationships between soil
biogeochemical properties and bacterial, total eukaryotic, fungal,
protistan, and metazoan community compositional dissimilarities
across all four tundra vegetation typesa

TABLE 4 Mantel test correlation coefficients for relationships between
soil biogeochemical properties and microbial community composition
dissimilarities across birch hummock, dry heath, and tall bircha
Mantel test correlation coefficient

Mantel test result
Bacteria

Moisture content
Soil pH
Soil C
Soil N
DOC
DON
NH4⫹ concn
Avail. P
N Mineral.
C/N

0.36
0.64
0
0.19
0
0.21
0.47
0
0.29
0.5

0.23
0.57
0
0.03
0
0.13
0.57
0
0.18
0.36

Fungi

Protists

Metazoans

0.28
0.5
0.06
0.13
0.09
0.32
0.46
0
0.12
0.42

0.3
0.36
0
0.15
0.04
0.19
0.26
0.13
0.21
0.32

0.15
0.28
0
0
0
0.08
0.26
0.01
0.12
0.31

a

Data are for 4 replicate sites. Values in bold indicate statistically significant
correlations (P ⬍ 0.05). DOC, dissolved organic carbon; DON, dissolved organic
nitrogen; Avail. P, available phosphorus; N Mineral., N mineralization potential; C/N,
carbon-to-nitrogen ratio.

880 ⫻ 106 ha (61). Wet sedge soils are characterized by a high soil
carbon and water content and relatively high rates of net primary
production compared to the findings for dry heath and birch
hummock soils (37), despite low rates of decomposition (62, 63).
Compared to the findings for soils from the other vegetation types,
the richness and phylogenetic diversity of bacteria in the wet sedge
soils were high and were correlated with high water saturation and
moderate pH (pH 5.1 to 5.3) (Table 1; see also Tables S4, S5, and
S12 in the supplemental material). Others have reported low levels
of bacterial diversity in this pH range (45) and identified bacterial
OTUs that preferentially associate with intermediate pH (17). As
well, decomposition decreases at high water saturation values
(⬎200% moisture) (64), where low oxygen availability becomes
limiting to many fungi and probably also constrains surviving
anaerobically tolerant fungal populations and their turnover. Indeed, the relative abundance of Basidiomycota, the classic decomTABLE 3 Cumulative relationships between soil biogeochemical
properties and bacterial, total eukaryotic, fungal, protistan, and
metazoan community composition across all four tundra vegetation
typesa
% of variation in each data set attributable to each
variable
Variable

Bacteria

Total
eukaryotes

Fungi

Protists

Metazoans

pH
DOC
Moisture content
DON
NH4⫹ concn
Soil N
Soil C
N Mineral.
C/N
Avail. P

27.6
40.5
53.8
59.5
63.6
67.3
71.2
75.1
78.8
82.6

21.3
31.5
42.4
49.7
54.8
58.5
62.9
67.5
72.7
77.7

21.3
27.9
36.8
52.4
56.9
61.2
65.1
69.5
74.7
78.9

12.9
20
28.3
33.8
39.9
45.9
51.2
60.3
66.2
74.2

5.14
17.4
27.7
33.8
41.3
47.1
51.3
56.1
70.1
75.1

a
Data are for 4 replicate sites. Significant (P ⬍ 0.05) values are shown in bold. DOC,
dissolved organic carbon; DON, dissolved organic nitrogen; N Mineral., N
mineralization potential; C/N, carbon-to-nitrogen ratio; Avail. P, available phosphorus.
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Variable

Bacteria

Total
eukaryotes

Fungi

Protists

Metazoans

Moisture content
pH
C
N
DOC
DON
NH4⫹ concn
Avail. P
N Mineral.
C/N

0
0.24
0.2
0.18
0.29
0.44
0.69
0
0.44
0.75

0.03
0.09
0.14
0
0.17
0.28
0.49
0.12
0
0.31

0.09
0.19
0.16
0.05
0.34
0.44
0.6
0.05
0.07
0.37

0.09
0
0.07
0.2
0.2
0.21
0.07
0.33
0.14
0.27

0
0
0
0
0.01
0.07
0.21
0.12
0.04
0.27

a
Data are for 4 replicate sites. Values in bold indicate statistically significant
correlations (P ⬍ 0.05). DOC, dissolved organic carbon; DON, dissolved organic
nitrogen; Avail. P, available phosphorus; N Mineral., N mineralization potential; C/N,
carbon-to-nitrogen ratio.

posers (55), in wet sedge soils was reduced 4-fold compared to that
in soils from the other vegetation types (Fig. 1; see also Table S3 in
the supplemental material).
The influence of soil pH on bacterial distributions has been
well characterized (14, 33, 45, 52, 53, 65, 66), but the data have
been less compelling for fungi (26, 67, 68). In addition, few investigations have addressed the effect of soil pH on protists and metazoans (24, 26, 69). Here, the protistan and metazoan communities
in the wet sedge soils were clearly distinct from those in the three
other soil types (Fig. 3D and E), where the protistan and metazoan
communities were significantly correlated with soil moisture, pH,
DON, NH4⫹ concentration, N mineralization potential, and C/N
ratio (for protists) and pH, NH4⫹ concentration, and C/N ratio
(for metazoans) (Table 2). These results suggest that soil pH is also
an important factor driving fungal, protistan, and metazoan distributions, in addition to the bacterial distribution. These observations do not support our second hypothesis that bacterial and
microeukaryotic communities are structured on the basis of different factors among vegetation types because pH appears to be an
overriding influence, irrespective of the specific taxa.
Nitrogen and pH influence soil microbial communities in
mesic and dry vegetation types. When data for the wet sedge soils
were removed from the data sets, the specific influences of biogeochemical variables within soils of similar acidity and moisture
content on the community structure could be examined. Correlation coefficients for the three remaining vegetation types showed
that bacterial communities were still significantly influenced by
soil pH (Table 4) but that bacterial, fungal, and metazoan community variability was associated more closely with components
of N availability (Table 4). In addition to soil pH, DOC, DON,
C/N ratio, NH4⫹ concentration, and N mineralization also contributed to bacterial community variability. Strikingly, every other
taxonomic grouping was also influenced by the C/N ratio and
NH4⫹ concentration (except for the protists, where available phosphorus substituted for the C/N ratio as a major driver, and the metazoan community composition, which was related only to the C/N
ratio). These results provide support for our third hypothesis. Together, our results indicate that variables associated with nitrogen
transformations may be important determinants of the microbial
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community structure in soils of broadly similar pH and moisture
content.
Due to low temperatures and limited N availability, organic
matter in Arctic tundra soils decomposes more slowly (70–72).
Nevertheless, the enhanced leaf litter inputs associated with increased deciduous shrub growth and expansion accompanying
Arctic warming may result in more fertile soils that enhance N
availability (29, 38) and result in higher decomposition rates (72).
Significantly, we found that the tall birch soils had microbial communities distinct from those in birch hummock soil samples (Fig.
3; see also Table S6 in the supplemental material) and higher mineral N and DON pool sizes and N mineralization rates than those
in birch hummock soil samples (see Table S12 in the supplemental
material). Because ⬎85% of tundra plant N may be derived from
fungi (73), the interdependence of plant cover and fungal communities is likely reflected by the correlation of fungi and N availability (Table 4). Together, these results suggest that shrub expansion and increased birch litter inputs could result in more rapid
nitrogen transformation in soils, in turn affecting the microbial
community structure in concert with climate change.
In summary, we have successfully addressed three important
questions in tundra landscape ecology. Our results have demonstrated clear differences in the bacterial and microeukaryotic community structure among the four principal vegetation types of low
Arctic tundra. We have also shown that gradients in soil pH and
moisture structure influence bacterial and microeukaryotic distributions among vegetation types, but in soils with similar pHs and
relative moisture contents, variables associated with nitrogen
transformations are important determinants of the microbial
community structure. Together, these results suggest that Arctic
soil feedback responses to climate change will be vegetation specific not just because of distinctive substrate and environmental
characteristics but also, potentially, because of inherent differences in microbial community structures.

Shi et al.

24.
25.

26.

28.
29.
30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

500

aem.asm.org

42.
43.
44.

45.

46.
47.

48.
49.
50.
51.
52.

53.

54.

55.
56.

57.

58.

59.

WA, Widmann J, Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME
allows analysis of high-throughput community sequencing data. Nat
Methods 7:335–336. http://dx.doi.org/10.1038/nmeth.f.303.
Huse SM, Huber JA, Morrison HG, Sogin ML, Welch DM. 2007.
Accuracy and quality of massively parallel DNA pyrosequencing. Genome
Biol 8:R143. http://dx.doi.org/10.1186/gb-2007-8-7-r143.
Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics 27:
2194 –2200. http://dx.doi.org/10.1093/bioinformatics/btr381.
Jones RT, Robeson MS, Lauber CL, Hamady M, Knight R, Fierer N.
2009. A comprehensive survey of soil acidobacterial diversity using pyrosequencing and clone library analyses. ISME J 3:442– 453. http://dx.doi
.org/10.1038/ismej.2008.127.
Lauber CL, Hamady M, Knight R, Fierer N. 2009. Pyrosequencingbased assessment of soil pH as a predictor of soil bacterial community
structure at the continental scale. Appl Environ Microbiol 75:5111–5120.
http://dx.doi.org/10.1128/AEM.00335-09.
Edgar RC. 2010. Search and clustering orders of magnitude faster
than BLAST. Bioinformatics 26:2460 –2461. http://dx.doi.org/10.1093
/bioinformatics/btq461.
DeSantis TZ, Hugenholtz P, Keller K, Brodie EL, Larsen N, Piceno YM,
Phan R, Andersen GL. 2006. NAST: a multiple sequence alignment server
for comparative analysis of 16S rRNA genes. Nucleic Acids Res 34:W394 –
W399. http://dx.doi.org/10.1093/nar/gkl244.
Bray JR, Curtis JT. 1957. An ordination of the upland forest communities
of southern Wisconsin. Ecol Monogr 27:326 –349.
R Development Core Team. 2006. R, a language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria.
Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biol
Conservation 61:1–10. http://dx.doi.org/10.1016/0006-3207(92)91201-3.
Dixon P. 2003. VEGAN, a package of R functions for community ecology. J
Veg Sci 14:927–930. http://dx.doi.org/10.1111/j.1654-1103.2003.tb02228.x.
Anderson MJ, Ford RB, Feary DA, Honeywill C. 2004. Quantitative
measures of sedimentation in an estuarine system and its relationship with
intertidal soft-sediment in fauna. Mar Ecol Prog Ser 272:33– 48. http://dx
.doi.org/10.3354/meps272033.
Chu HY, Fierer N, Lauber CL, Caporaso JG, Knight R, Grogan P. 2010.
Soil bacterial diversity in the Arctic is not fundamentally different from
that found in other biomes. Environ Microbiol 12:2998 –3006. http://dx
.doi.org/10.1111/j.1462-2920.2010.02277.x.
Shen CC, Xiong JB, Zhang HY, Feng YZ, Lin XG, Li XY, Liang WJ, Chu
HY. 2013. Soil pH drives the spatial distribution of bacterial communities
along elevation on Changbai Mountain. Soil Biol Biochem 57:204 –211.
http://dx.doi.org/10.1016/j.soilbio.2012.07.013.
Ludley KE, Robinson CH. 2008. ‘Decomposer’ Basidiomycota in Arctic
and Antarctic ecosystems. Soil Biol Biochem 40:11–29. http://dx.doi.org
/10.1016/j.soilbio.2007.07.023.
Coolen MJ, van de Giessen J, Zhu EY, Wuchter C. 2011. Bioavailability
of soil organic matter and microbial community dynamics upon permafrost thaw. Environ Microbiol 13:2299 –2314. http://dx.doi.org/10.1111/j
.1462-2920.2011.02489.x.
Myers-Smith IH, Forbes BC, Wilmking M, Hallinger M, Lantz T,
Blok D, Tape KD, Macias-Fauria M, Sass-Klaassen U, Levesque E,
Boudreau S, Ropars P, Hermanutz L, Trant A, Collier LS, Weijers S,
Rozema J, Rayback SA, Schmidt NM, Schaepman-Strub G, Wipf S,
Rixen C, Menard CB, Venn S, Goetz S, Andreu-Hayles L, Elmendorf
S, Ravolainen V, Welker J, Grogan P, Epstein HE, Hik DS. 2011.
Shrub expansion in tundra ecosystems: dynamics, impacts and research priorities. Environ Res Lett 6:045509. http://dx.doi.org/10.1088
/1748-9326/6/4/045509.
Serreze MC, Walsh JE, Chapin FS, Osterkamp T, Dyurgerov M,
Romanovsky V, Oechel WC, Morison J, Zhang T, Barry RG. 2000.
Observational evidence of recent change in the northern high-latitude
environment. Climatic Change 46:159 –207. http://dx.doi.org/10.1023
/A:1005504031923.
Hinzman LD, Bettez ND, Bolton WR, Chapin FS, Dyurgerov MB,
Fastie CL, Griffith B, Hollister RD, Hope A, Huntington HP, Jensen
AM, Jia GJ, Jorgenson T, Kane DL, Klein DR, Kofinas G, Lynch AH,
Lloyd AH, McGuire AD, Nelson FE, Oechel WC, Osterkamp TE, Racine
CH, Romanovsky VE, Stone RS, Stow DA, Sturm M, Tweedie CE,
Vourlitis GL, Walker MD, Walker DA, Webber PJ, Welker JM, Winker
K, Yoshikawa K. 2005. Evidence and implications of recent climate

Applied and Environmental Microbiology

January 2015 Volume 81 Number 2

Downloaded from http://aem.asm.org/ on January 8, 2015 by QUEENS UNIV BRACKEN LIB

27.

across land-use types. Soil Biol Biochem 40:2407–2415. http://dx.doi.org
/10.1016/j.soilbio.2008.05.021.
Wu TH, Ayres E, Bardgett RD, Wall DH, Garey JR. 2011. Molecular study
of worldwide distribution and diversity of soil animals. Proc Natl Acad Sci U
S A 108:17720 –17725. http://dx.doi.org/10.1073/pnas.1103824108.
Tsyganov AN, Milbau A, Beyens L. 2013. Environmental factors influencing soil testate amoebae in herbaceous and shrubby vegetation along
an altitudinal gradient in subarctic tundra (Abisko, Sweden). Eur J Protistol 49:238 –248. http://dx.doi.org/10.1016/j.ejop.2012.08.004.
Shen CC, Liang WJ, Shi Y, Lin XG, Zhang HY, Wu X, Xie G, Chain P,
Grogan P, Chu HY. 21 May 2014. Contrasting elevational diversity patterns between eukaryotic soil microbes and plants. Ecology. http://dx.doi
.org/10.1890/14-0310.1.
Bjork RG, Klemedtsson L, Molau U, Harndorf J, Odman A, Giesler R.
2007. Linkages between N turnover and plant community structure in a tundra landscape. Plant Soil 294:247–261. http://dx.doi.org/10.1007/s11104-007
-9250-4.
Walker DA. 2000. Hierarchical subdivision of Arctic tundra based on vegetation response to climate, parent material and topography. Glob Change Biol
6:19 –34. http://dx.doi.org/10.1046/j.1365-2486.2000.06010.x.
Buckeridge KM, Zufelt E, Chu HY, Grogan P. 2010. Soil nitrogen cycling
rates in low Arctic shrub tundra are enhanced by litter feedbacks. Plant
Soil 330:407– 421. http://dx.doi.org/10.1007/s11104-009-0214-8.
McMahon SK, Wallenstein MD, Schimel JP. 2011. A cross-seasonal
comparison of active and total bacterial community composition in Arctic
tundra soil using bromodeoxyuridine labeling. Soil Biol Biochem 43:287–
295. http://dx.doi.org/10.1016/j.soilbio.2010.10.013.
Chu HY, Neufeld JD, Walker VK, Grogan P. 2011. The influence of
vegetation type on the dominant soil bacteria, archaea, and fungi in a low
Arctic tundra landscape. Soil Sci Soc Am J 75:1756 –1765. http://dx.doi
.org/10.2136/sssaj2011.0057.
Xu M, Cai XB, Gai JP, Li XL, Christie P, Zhang JL. 2014. Soil microbial
community structure and activity along a montane elevational gradient on
the Tibetan Plateau. Eur J Soil Biol 64:6 –14. http://dx.doi.org/10.1016/j
.ejsobi.2014.06.002.
Zhang XF, Zhao L, Xu SJ, Jr, Liu YZ, Liu HY, Cheng GD. 2013. Soil
moisture effect on bacterial and fungal community in Beilu River (Tibetan
Plateau) permafrost soils with different vegetation types. J Appl Microbiol
114:1054 –1065. http://dx.doi.org/10.1111/jam.12106.
Zhang XF, Xu SJ, Li CM, Zhao L, Feng HY, Yue GY, Ren ZW, Cheng
GD. 2014. The soil carbon/nitrogen ratio and moisture affect microbial
community structures in alkaline permafrost-affected soils with different
vegetation types on the Tibetan Plateau. Res Microbiol 165:128 –139. http:
//dx.doi.org/10.1016/j.resmic.2014.01.002.
Jassey VEJ, Chiapusio G, Binet P, Buttler A, Laggoun-Defarge F, Delarue F, Bernard N, Mitchell EAD, Toussaint ML, Francez AJ, Gilbert
D. 2013. Above- and belowground linkages in sphagnum peatland: climate warming affects plant-microbial interactions. Glob Change Biol 19:
811– 823. http://dx.doi.org/10.1111/gcb.12075.
Dredge L, Kerr D, Wolfe S. 1999. Surficial materials and related ground
ice conditions, Slave Province, NWT, Canada. Can J Earth Sci 36:1227–
1238. http://dx.doi.org/10.1139/e98-087.
Nobrega S, Grogan P. 2008. Landscape and ecosystem-level controls on
net carbon dioxide exchange along a natural moisture gradient in Canadian low Arctic tundra. Ecosystems 11:377–396. http://dx.doi.org/10.1007
/s10021-008-9128-1.
Chu HY, Grogan P. 2010. Soil microbial biomass, nutrient availability
and nitrogen mineralization potential among vegetation-types in a low
Arctic tundra landscape. Plant Soil 329:411– 420. http://dx.doi.org/10
.1007/s11104-009-0167-y.
Diez B, Pedros-Alio C, Marsh TL, Massana R. 2001. Application of
denaturing gradient gel electrophoresis (DGGE) to study the diversity of
marine picoeukaryotic assemblages and comparison of DGGE with other
molecular techniques. Appl Environ Microbiol 67:2942–2951. http://dx
.doi.org/10.1128/AEM.67.7.2942-2951.2001.
Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R. 2008. Errorcorrecting barcoded primers for pyrosequencing hundreds of samples in multiplex. Nat Methods 5:235–237. http://dx.doi.org/10.1038
/nmeth.1184.
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley GA,
Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D,
Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters

Microbial Distribution across Four Vegetation Types

60.
61.

62.

64.
65.
66.
67.

January 2015 Volume 81 Number 2

68.

69.

70.

71.

72.

73.

Knight R, Fierer N. 2010. Soil bacterial and fungal communities across a
pH gradient in an arable soil. ISME J 4:1340 –1351. http://dx.doi.org/10
.1038/ismej.2010.58.
Fujimura KE, Egger KN. 2012. Host plant and environment influence
community assembly of high Arctic root-associated fungal communities.
Fungal Ecol 5:409 – 418. http://dx.doi.org/10.1016/j.funeco.2011.12.010.
Bates ST, Clemente JC, Flores GE, Walters WA, Parfrey LW, Knight
R, Fierer N. 2013. Global biogeography of highly diverse protistan
communities in soil. ISME J 7:652– 659. http://dx.doi.org/10.1038
/ismej.2012.147.
Mack MC, Schuur EAG, Bret-Harte MS, Shaver GR, Chapin FS. 2004.
Ecosystem carbon storage in Arctic tundra reduced by long-term nutrient
fertilization. Nature 43:440 – 443. http://dx.doi.org/10.1038/nature02887.
Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der Putten
WH, Wall DH. 2004. Ecological linkages between aboveground and
belowground biota. Science 304:1629 –1633. http://dx.doi.org/10.1126
/science.1094875.
Wallenstein MD, McMahon SK, Schimel JP. 2009. Seasonal variation in
enzyme activities and temperature sensitivities in Arctic tundra soils. Glob
Change Biol 15:1631–1639. http://dx.doi.org/10.1111/j.1365-2486.2008
.01819.x.
Hobbie JE, Hobbie EA. 2006. 15N in symbiotic fungi and plants estimates
nitrogen and carbon flux rates in Arctic tundra. Ecology 87:816 – 822. http:
//dx.doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2.

Applied and Environmental Microbiology

aem.asm.org

501

Downloaded from http://aem.asm.org/ on January 8, 2015 by QUEENS UNIV BRACKEN LIB

63.

change in northern Alaska and other Arctic regions. Climatic Change
72:251–298. http://dx.doi.org/10.1007/s10584-005-5352-2.
Hinzman LD, Destouni G, Woo MK. 2013. Preface: hydrogeology of
cold regions. Hydrogeol J 21:1– 4. http://dx.doi.org/10.1007/s10040-012
-0943-2.
Bliss LC, Matveyeva NV. 1992. Circumpolar arctic vegetation, p 59 – 68.
In Chapin FS, Jefferies RL, Reynolds JF, Shaver GR, Svodboda J (ed),
Arctic ecosystems in a changing environment: an ecophysiological perspective. Academic Press, New York, NY.
Oechel WC. 1989. Nutrient and water flux in a small arctic watershed: an
overview. Holararctic Ecol 12:229 –237.
Chapin FS, Miller PC, Billings WD, Coyne PI. 1980. Carbon and nutrient budgets and their control in coastal tundra, p 458 – 482. In Brown J,
Miller PC, Tieszen LL, Bunnell FL (ed), An Arctic tundra ecosystem. The
coastal tundra at Barrow, Alaska. Dowden, Hutchinson and Ross,
Stroudsburg, PA.
Heal GR, Mcewen IJ. 1981. The effect of water on the characteristics of the
flow micro-calorimeter. Powder Technol 30:243–254. http://dx.doi.org
/10.1016/0032-5910(81)80018-6.
Davis TH. 2004. Biography of David Tilman. Proc Natl Acad Sci U S A
101:10851–10853. http://dx.doi.org/10.1073/pnas.0404605101.
Griffiths RI, Thomson BC, James P, Bell T, Bailey M, Whiteley AS.
2011. The bacterial biogeography of British soils. Environ Microbiol 13:
1642–1654. http://dx.doi.org/10.1111/j.1462-2920.2011.02480.x.
Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG,

