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Abstract The community ecology, abundance, and diversity
patterns of soil archaea are poorly understood—despite the
fact that they are a major branch of life that is ubiquitous
and important in nitrogen cycling in terrestrial ecosystems.
We set out to investigate the elevational patterns of archaeal
ecology, and how these compare with other groups of organ-
isms. Many studies of different groups of organisms (plants,
birds, etc.) have shown a series of distinct communities with
elevation, and often a diversity maximum in mid-elevations.
We investigated the soil archaeal communities on Mt.
Norikura, Japan, using 454 pyrosequencing of the 16S ribo-
somal RNA (rRNA) gene. There was a strong mid-elevation
maximum in diversity, and a mid-elevation maximum in
abundance of soil archaea 16S rRNA and amoA genes. These
diversity and abundance maximums could not be correlated
with any identifiable soil parameter, nor plant diversity. Dis-
crete, predictable communities of archaea occurred at each
elevational level, also not explicable in terms of pH or major

nutrients. When we compared the archaeal community and
diversity patterns with those found in an earlier study of Mt
Fuji, both mountains showed mid-elevation maximums in di-
versity and abundance of archaea, possibly a result of some
common environmental factor such as soil disturbance fre-
quency. However, they showed distinct sets of archaeal com-
munities at similar elevational sampling points. Presumably,
the difference reflects their distinct geology (Norikura being
andesitic, while Fuji is basaltic) and the resulting combina-
tions of soil chemistry and environmental conditions, although
no explanatory variable was found. Clearly, many soil archaea
have strongly defined niches and will only occur in a narrow
subset of the range of possible climate and soil conditions. The
findings of a mid-elevation diversity maximum on Norikura
provides a further instance of how widespread this unexplained
pattern is in nature, in a wide variety of groups of organisms.
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Introduction

Archaea [1] are now known to be ubiquitous in terrestrial
environments [2–5]. It is remarkable that, as one of the three
main branches of life on Earth, Archaea are so poorly under-
stood in terms of their biology and ecology [6,7]. Partly, this is
due to the difficulty of culturing them, as only a relative hand-
ful of archaeal species have been successfully grown in isola-
tion [6,7]. Diversity and community composition of Archaea
in nature can be studied using molecular methods, but there
has been relatively little effort so far devoted to studying them.
Hence, the nature of the niche, and the factors structuring
communities, geographic distributions, and diversity of Ar-
chaea are still very poorly known. Despite being poorly
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understood in terms of their community ecology, there are
indications that Archaea play a major role in terms of biogeo-
chemical processes. In soil, Archaea are now thought to plant
a major role in oxidizing ammonia to forms that make soil
nitrogen more available to plants [8]. Hence, most work on
soil Archaea to date has concentrated on their role as ammonia
oxidizers [9–14]. There is strong evidence that most Archaea
in mesic soils [15,16] are ammonia oxidizing archaea (AOA)
belonging to the phylum Thaumarchaeota [17].

Here, we chose to study soil archaeal community variation
for the following reasons:

– Archaea are a major and ubiquitous branch of life whose
community ecology, niche structuring, diversity, and bio-
geography is still poorly understood. Curiosity about the
natural world leads us to explore these patterns.

– It is interesting to understand whether soil Archaea follow
the same general rules of community structure and diver-
sity as other groups of organisms such as plants, animals,
bacteria, and fungi. Essentially, this is a search for univer-
sality in patterns and general rules in ecology.

– Understanding patterns in community structure and abun-
dance of Archaea may give clues to patterns in their rel-
ative importance as a source of oxidized nitrogen in land
ecosystems, and the extent to which this may be suscep-
tible to environmental changes.

This particular study concentrated on a comparison of two
mountain systems, one previously studied [24], the other
newly sampled and studied, and offering a comparison and
investigation of whether there are consistent general patterns
in soil archaeal ecology. Mountain systems and their
elevational gradients offer a promising study system for dis-
secting the components of community ecology and diversity
[18–25]. Elevational gradients offer a more accessible substi-
tute for geographical gradients, because their climate zones
are so Bcompressed,^ into a few kilometers vertically rather
than thousands of kilometers horizontally; nevertheless, they
may well give clues to the underlying factors which influence
geographical-scale gradients.

Ecological studies on mountains around the world so far
have mostly focused on eukaryotes, which have frequently
been found to show mid-elevational diversity maxima [8].
The causes of such mid-elevational diversity maxima remain
debatable but the most commonly invoked explanations are
the mid-domain hypothesis [26,27], the intermediate distur-
bance hypothesis [28], and the intersecting effects of climate
and ecosystem productivity [29–31]. It is also clear from
many studies of how community composition varies with el-
evation [32,33], that niches are quite finely divided with re-
spect to the climate or soil factors that vary with elevation—
emphasizing the precision of environmental adaptation. Even
if individual taxa occur across several elevational zones, their

relative abundances clearly vary in predictable ways, con-
structing distinctive communities.

Most previous research on elevational diversity gradients
in microbes has focused almost exclusively on bacterial taxa
or particular functional groups of bacteria and archaea
[14,34–40]. To our knowledge, there are no studies of archaeal
elevational diversity that have thoroughly surveyed whole ar-
chaeal communities with replicated sets of samples across a
wide elevational gradient, with the exception of our earlier
study of Mt. Fuji [18]. Given the few existing studies of mi-
crobial communities in montane systems (and especially Ar-
chaea) it is important to add new work, to approach a better
understanding of underlying mechanisms behind microbial
patterns,. It is only when more observations of actual patterns
of soil Archaea have been made (including extra mountain
studies to test the generality of patterns), that a theoretical
framework for archaeal richness/diversity on mountains can
be formulated and discussed in broader ecological terms.

Earlier work by the present authors on Mt. Fuji, Japan,
revealed strong elevational gradients in soil archaeal commu-
nity composition, and a Bmaximum^ in diversity in the mid-
elevations [18]. This maximum was suggested as possibly
being the result of intermediate levels of disturbance in this
zone from frost heave and rain wash. The Bintermediate dis-
turbance principle^ is already seen as being of great impor-
tance in the ecology of sedentary organisms such as trees,
meadow plants, and corals [19]. Essentially, it suggests that
a certain amount of disturbance (e.g., from soil or sediment
movement, or fire) randomly knocks back populations of all
organisms in the community, allowing a phase of recovery in
which resources are abundant and competition is not intense.
This allows relief from competitive exclusion by the strongest
competitor species, allowing many species of weaker compet-
itors to persist indefinitely in the community if the disturbance
frequency is about optimum [28]. However, if disturbance
occurs too frequently, or disturbance events are each too se-
vere, very few species have the correct evolutionary pre-
adaptions to maintain their populations in the face of frequent
bottlenecks. Hence, there is lower diversity overall, despite the
relative lack of competitive exclusion. Along a gradient of
disturbance frequency or intensity, the result is a Bhumpback^
diversity curve in the middle part of the gradient. This pattern
has not yet been substantiated for microbes, but we suggested
that it might be the cause of a mid-elevation diversity maxi-
mum on Fuji [18,40].

As an alternate hypothesis, we suggested the mid-elevation
diversity maximum on Fuji could be the result of mixing of
archaeal types from a sparsely vegetated upper zone with
those from a densely vegetated lower zone.

It would certainly be premature to draw general conclu-
sions from our single previous study of Archaea on Fuji
[24]. As with all aspects of ecology, there is a need for repli-
cate studies on separate systems or different locations, which
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might either support or cast doubt upon the generality of the
pattern observed on Fuji.

The present study adds new work on the soil archaeal com-
munities of Mt. Norikura, whose climate is very similar to Mt.
Fuji but which differs strongly in terms of its geology, offering
detailed comparison with Mt. Fuji. We also add the perspec-
tive of quantitative PCR (qPCR) of archaeal 16S and amoA
gene abundance on Fuji as well as Norikura, a factor which
was not studied in the previous paper.

In this study, we set out to test following assumptions based
upon what is already known of archaeal ecology and ecolog-
ical theory in general:

(1) That Mt. Norikura will show consistent differences from
Mt. Fuji in its archaeal communities, due to its differing
geology and resulting overall differences in soil chemis-
try. We anticipated that the effects of soil chemistry
would also result in differences in archaeal community
between the two mountains, even though archaea may be
expected to differ in relation to climate/elevation, given
different geological history on the two mountains.

(2) That on each mountain, there will be characteristic com-
munities that cluster according to elevational zone. In our
earlier study [24], we found that on Fuji, there are rela-
tively discrete, characteristic communities of archaea
which occur repeatedly at each elevational zone. We hy-
pothesized that other mountains, in this latter case,
Norikura, sampled by elevation zone would also show
strong evidence of differentiation of archaeal communi-
ties by elevational zone, emphasizing the generality of
fine adaptation of archaeal niches to climate-related
factors.

(3) That despite differences in overall community composi-
tion, Norikura—like Fuji—will show a similar maxi-
mum in archaeal diversity in its mid-altitudes. We pre-
dicted that, despite differences in archaeal community
composition between the two mountains because of the
expected soil differences, that underlying selective pro-
cesses in community structuring would produce parallel
trends in community composition and diversity. We pre-
dicted that the mid-elevational diversity maximum
would occur on Norikura as it does on Fuji, despite the
differences in soils and history. We anticipate that this
will be due to intermediate levels of disturbance or merg-
ing of upper and lower montane communities. These
factors will result in a maximum in between the upper
and lower regions of the mountain. If so, the common
pattern would be a first step towards revealing general
rules in archaeal ecology.

(4) That archaeal abundance (measured as either 16S or
amoA gene abundance) will also show a correlation with
elevation on both Norikura and Fuji. We expected that
there would be a decline in overall archaeal abundance

with elevation [27], due to lower primary productivity on
higher elevations, resulting in less litter production and
decomposition which ultimately provide the nutrient and
substrate for archaeal mineralization.

Methodology

Site Description

Mt. Norikura—the main site of new data presented in this
paper—is a mountain of volcanic origin in central Japan,
reaching 3026 meters above sea level (masl). Mt Fuji, against
which the new data are contrasted, reaches 3776 masl. Both
mountains have a cool temperate monsoon climate at their
base at 1000 masl, with a mean annual temperature (MAT)
of 9.9 °C for Fuji and 8.5 °C for Norikura, and mean annual
precipitation (MAP) around 2100 mm (Fuji) and 2206 mm
(Norikura), maximizing in summer (Supplementary
Table S1: major climate parameters of Fuji and Norikura)
[23,41]. Meteorological station data at higher elevations are
lacking, but based on a mean lapse rate of 0.6 °C/100 masl
[42], Fuji has a summit MAT of −5.3 °C, while Norikura’s
somewhat lower summit will have a MAT around −3.5 °C.

Both Fuji and Norikura are of Quaternary age, with a late
Quaternary volcanic cover [43]. Norikura’s volcanic cover is
about 10,000 years old, but its lower parts, around 1000 masl,
consist of Quaternary granite. Fuji’s volcanic cover is mostly
around 15,000 years old, but the upper part, about 2500 masl,
is younger, dating to around 6000 years ago. Fuji is a typical
strato-volcano of entirely basaltic composition, while
Norikura consists of more silica-rich andesitic material
[44,45]. Neither volcano is currently active.

Vegetation

On their lowermost slopes, both Fuji and Norikura are covered
by typical Japanese cool temperate forest, with a mix of most-
ly deciduous angiosperm trees and evergreen conifers
[46–48]. This gives way to boreal-type conifer and birch forest
in mid-elevations, with the forest cover thinning out above
this level. The upper parts of Norikura are open pine scrub
with a variety of small woody shrubs and herbaceous plants
such as grasses occupying open ground. Fuji is similar to
Norikura up to its mid-elevations, but its upper elevations
are open lava fields with a sparse herbaceous vegetation cover,
and no vegetation cover near the summit. Vegetation surveys
have shown that both mountains have a steady decrease in tree
and herbaceous plant species richness with elevation [46,48].
On both mountains, the vegetation cover above 1500 masl is
little disturbed by humans, except in some areas right at the
summit (we avoided sampling these areas). Vegetation below
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1500 masl on both mountains is mostly secondary forests or
plantations [46,48].

Sampling, Soil Analysis and DNA Extraction

Sampling on Norikura, as on Fuji in the earlier study, took
place at the maximum of the summer warm season, during
the last week in July 2010—a time when microbial activity at
all elevations can be expected to be at around its maximum.
Sampling on each mountain, respectively, was completed
within a single day, along a broad transect. On Fuji, this was
a north-eastern transect that paralleled the main Subaru line
road and hiking trail system, whereas Norikura was sampled
on its eastern slope along the Ecoh line and hiking trail. Sam-
pling procedure and the soil analysis and DNA extraction
procedure on Mt. Fuji was carried out as previously described
by [24] and the same methodology was followed for the Mt.
Norikura samples.

Quantitative PCR Analysis

The copy numbers of 16S ribosomal RNA (rRNA) and amoA
gene of archaea were measured using real-time quantitative
PCR (qPCR). Primer sets Arch-967F/Arch-1060R [49] and
Arch-amoAF/Arch-amoAR [17] were used for the amplifica-
tion of 16S rRNA gene and amoA gene fragments, respective-
ly. Real-time qPCR was performed on an Eco Real-time PCR
system (Illumina, San Diego, CA). The 10-μl-reaction volume
contained 1 μl of DNA template (stock of 1 ng/μl), 1 μl of
each primer (0.2 μM), and 5 μl of PerfeCta SYBR Green Fast
Mix (Quanta BioSciences, Inc., Gaithersburg, MD). qPCR
programs were as follows: 94 °C for 5 min, followed by 40
cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for
30 s (for 16S rRNA gene) and at 53 °C for 1 min (for amoA
gene), and extension at 72 °C for 1 min. The amplification was
followed by a melting curve analysis. Plasmids carrying the
targeted gene (16S rRNA and amoA gene) were constructed
by cloning the targeted gene fragments into plasmid pGEM-T
Easy Vector (Promega, USA). Plasmid DNA was extracted
using AxyPrep™ Plasmid Miniprep Kits (Axygen, USA)
and the concentrations were determined on a NanoDrop
ND-2000 spectrophotometer and the copy numbers of target
genes were calculated directly from the concentration of the
extracted plasmid DNA. Tenfold serial dilutions of the linear-
ized plasmid DNAwere applied to real-time PCR in triplicate
to establish a standard curve for each gene. Amplification
efficiencies were 90 and 93 % for 16S rRNA and amoA gene,
respectively. Copy numbers per nanogram DNA were calcu-
lated based on the standard curves, and then transformed into
gene copy numbers per gram of soil using the known DNA
amount retrieved per gram of soil.

PCR Amplification and Pyrosequencing

PCR amplification used bar-coded primers targeting the V1 to
V3 region of the 16S rRNA gene, with PCR conditions and
primers as previously described by Hur et al. [50]. Triplicate
PCR reactions were performed in 50-μl reactions, pooled,
purified, and quantified before sending 50 ng for each sample
combined in a single tube and sent to ChunLab Inc. (Seoul,
Korea) for pyrosequencing using Roche 454 GS FLX Titani-
um platform.

Processing and Pyrosequencing Data and Taxonomic
Analysis

The sequence data obtained after pyrosequencing were proc-
essed followingMothur platform’s 454 SOP analysis example
[51]. To begin with, sff files obtained after pyrosequencing
were used to extract the fasta and quality files. Sequences
shorter than 150 nt with homo-polymers longer than 8 nt
and all reads containing ambiguous base calls were also re-
moved. Next, the sequences were aligned against the EzTaxon
archaeal database [52] and then screened, so that subsequent
analyses were constrained to the same portion of the 16S
rRNA gene (V1–V3 region). The remaining reads were pre-
clustered (http://www.mothur.org/wiki/Pre.cluster) to remove
erroneous sequences derived from sequencing errors and then
chimeric sequences were detected and removed using
UCHIME [53]. Next, we generated a distance matrix (cutoff
of 0.25), before clustering these sequences into operational
taxonomic units (OTUs) using average algorithm. Taxonomic
classification of each OTU (clustered at ≥97 % sequence sim-
ilarity) was obtained by classifying alignments against
EzTaxon reference archaeal taxonomy and non-redundant nu-
cleotide archaeal databases files [52] at 80 % Bayesian boot-
strap cutoff with 1000 iterations. DNA pyrosequences are
available under the following GenBank SRA Accession No.
SRA050374.1 (Mt. Fuji) and SUB452555 (Mt. Norikura)
respectively.

Statistical Processing and Analysis of Results

To assess the relationship between soil archaeal species
richness/diversity and elevation, as well as with edaphic fac-
tors such as pH, and other soil properties, the number of OTUs
and other diversity indices were calculated for samples stan-
dardized to 529 reads (size decided by default, set to the
smallest sample size) as diversity is directly correlated with
the number of sequences collected (Supplementary Table S2).
Two samples from Mt. Norikura (1000 and 2469 masl) and
one from Mt. Fuji (1000 masl) were removed due to low
numbers of reads. Soil archaeal diversity was estimated using
non-parametric Shannon index and Faith’s phylogenetic di-
versity (PD) [54,55]. To assess the relationship of elevation
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with OTU richness, non-parametric Shannon and Faith’s PD
indices of the total archaeal community, we fitted a linear,
cubic, or quadratic regression (Sigma plot v10). Relative
abundances of the four most abundant sub-phyla [i.e., groups
I.1a, I.1b, I.1c (Thaumarchaea) and Thermoplasmata
(Euryarchaea)] were also fitted against elevation, extractable
ammonium (NH4–N), and pH. Similarly, archaeal 16S rRNA
gene and amoA gene abundance (qPCR results) were fitted
against elevation, NH4–H, and pH. Goodness of fit was eval-
uated by means of adjusted R2 and root mean square error
(RMSE).

Community composition (Wisconsin double standardized;
Bray-Curtis distance) was analyzed by non-metric multidi-
mensional scaling (NMDS) using the standard metaMDS
function in the vegan package in R [56]. The envfit function
in the vegan package was then used to fit the environmental
parameters on the NMDS ordination, which produces vectors
that point in the direction a variable is most rapidly changing
and that have lengths proportional to the strength of the cor-
relation between the ordination and a given variable; signifi-
cance was calculated using 999 permutations. Before applying
envfit to the dataset, we looked for redundant edaphic factors
using the Varclus procedure in the Hmisc package [57] in the
R platform. Since MATwas calculated by using a mean lapse
rate of 0.6 °C/100 masl, it showed a complete correlation with
elevation and thus was removed. Similarly, total carbon (TC)
and total nitrogen (TN): (Spearman’s ρ2≥0.86; on both the
mts) were highly correlated with elevation. NH4–N was the
next most correlated (Spearman’s ρ2=0.78) on Fuji and ex-
tractable potassium (K) was the next most correlated
(Spearman’s ρ2=0.79) on Norikura and therefore, we re-
moved MAT, TC, TN, and NH4–N (Fuji only) and K
(Norikura only) from the analysis, and used the remaining
environmental variables for further analysis (elevation, pH,
K, P205, and NO3–N: Fuji; elevation, pH, K, P205, and
NH4–N). Elevation was also plotted as smoothed surfaces
across the ordination using the thin-plate splines in general-
ized additive models (gam) implemented by ordisurf (Vegan)
[56].

Finally, to check how much the different environmental
variables are delimiting the archaeal community, we used a
multiple regression on matrices (MRM) approach [58]. Here,
Bray-Curtis and UniFrac dissimilarity matrices (obtained
using Mothur) were used as a response matrix along with
environmental distance matrices as an explanatory matrix.
Euclidean distance matrix of each environmental variable
were calculated using Primer-6 [59]. Non-significant factors
were removed sequentially and theMRM analysis was repeat-
ed until only significant factors were left in the model. Signif-
icance was tested by permutations (999) and P values of the
two-tailed tests are reported for this analysis.

We performed a non-metric multi dimensional scaling
(NMDS) using Primer v6 [59] with the community

composition data for both the mountains incorporated into a
single file (square root transformed and standardized by total)
to explore patterns in species composition using a Bray-Curtis
similarity matrix.

To assess if the relative abundance of the four most abun-
dant phyla differed significantly between the two mountains,
we performed linear models for normally distributed data
(normal), or generalized linear models for non-normally dis-
tributed data (non-normal), with site, elevation, and their in-
teraction as factors.

To investigate differences in diversity of archaeal commu-
nity in relation to vegetation, we again used linear model
(normal) and generalized linear model (non-normal), respec-
tively; vegetation was entered as a factor in each model. Sub-
alpine coniferous forest was the only type of vegetation which
was common in both the forests. Post hoc Tukey’s HSD test
was used for pairwise comparisons when the effect of vegeta-
tion was significant.

Results

Broad Taxonomic Features of Archaeal Community
on Norikura

A total of 118,345 quality sequences were classified into
850 OTUs at ≥97 % similarity level, distributed across all 23
samples. On average, 39 OTUs (±2.09 SE) were found in each
biological replicate standardized at 529 reads. As expected,
Thaumarchaeota was the most abundant phylum, accounting
for approximately 97.57 % (115,470 seq) of the total se-
quences obtained, followed by Euryarchaeota with around
1.95 % (2302 seq) of the total sequences (Supplementary
Fig. S1 (B), Supplementary Table S3). Crenarchaeota consti-
tuted approximately 0.48% or 565 sequences (Supplementary
Table S3).

The most abundant single phylotype belonged to the group
I.1c (Thaumarchaeota) with a total of 24,442 sequences
(20.7 %). The most abundant phylotype which could be clas-
sified up to species level was AOA Nitrososphaera gargensis,
represented by a total of 25 sequences.

Comparison of two Mountains

Pyrosequencing Results

Although the two mountains were quite similar in terms of
community composition of the dominant phyla, their
elevational distribution of these was considerably different
when broken down to sub-phylum level (Fig. 1). On Mt. Fuji,
the thaumarchaeal group I.1b was most abundant at higher
elevations (2500 masl and above, 99.16 % of reads, Fig. 1)
whereas on Mt. Norikura, its abundance was greatest at the
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lowest elevation (1000 masl, 90.73 %, Fig. 1). Especially
noteworthy was that more than half of the archaeal community
onMt. Fuji was composed of group I.1b (56.6 %, 49,126 seq),
whereas it occupied a much smaller portion of the community
on Mt. Norikura (30.03 %, 35,535 seq). Regarding other
thaumarchaeal sub-taxa, group I.1a and I.1c were more abun-
dant on Mt. Norikura (group I.1a ~ 17.9 %, 21,179 seq; group
I.1c ~ 49.7 %, 58,755 seq) as compared toMt. Fuji (group I.1a
∼7.0 %, 6075 seq; group I.1c ∼32.6 %, 28,289 seq).

The most abundant single phylotype on Mt. Fuji was from
group I.1b (Thaumarchaeota) with a total of 33,763 sequences
(around 38.9 %) whereas on Mt. Norikura, the most abundant
phylotype was from group I.1c (Thaumarchaeota). Most
abundant phylotypes which could be classified up to species
level, on both mountains, were AOA from same genus
Nitrososphaera but belonging to different species on the two
different mountains, being Nitrososphaera. viennensis repre-
sented by only 55 sequences in total on Mt. Fuji.

Comparison of the relative abundance for the four most
abundant classes between the two mountains revealed cer-
tain striking and consistent differences (Fig. 1, Supplementary
Table S3). On Mt. Fuji, thaumarchaeal group I.1b was more
abundant (pyrosequencing results) than on the Mt. Norikura
but was explained by elevation as a factor (F4, 46=5.14,
P<0.01) rather than site. The interaction between site
and elevation was also highly significant (F4, 46=22.78,
P<0.0001). Similarly, euryarchaeal class Thermoplasmata

was also more abundant on Mt. Fuji which was significantly
explained by an interaction between site and elevation
(F4, 46=7.55, P<0.001). High abundance of thaumarchaeal
group I.1c on Mt. Norikura was significantly explained by
elevation (F4, 46=5.61, P<0.01). The interaction between
site and elevation was also significant for group I.1c
(F4, 46=33.72, P<0.0001). Finally, for thaumarchaeal group
I.1a the interaction between site and elevation was significant
(F4, 46=8.93, P<0.0001), (See Fig. 1).

The results also show a significant maximum of diversity/
richness with elevation along the elevational gradient on the
two mountains (Fig. 2). On Mt. Fuji, there was a maximum in
richness in mid-elevations at around 1500 masl (27.7 % of
total OTUs, 140/505 OTUs) whereas for Mt. Norikura, this
maximum was observed at 2000 masl (49.1 % of total OTUs,
136/277 OTUs) (Fig. 2).

The results show that the archaeal communities were strik-
ingly different between different elevational zones on each of
the mountains.When we further examined the percent relative
abundance of the four most abundant archaeal phyla individ-
ually, most of them were significantly correlated with eleva-
tion on both mountains. But unlike the consistently similar
trends found earlier for the whole community on both moun-
tains, with prominent maximums at mid-elevations (Fig. 3),
sub-phyla behaved differently along transect. Soil pHwas also
significantly correlated with the relative abundance of three
sub-phyla (thaumarchaeal groups I.1b and I.1c and

Fig. 1 Relative abundance of the
four most abundant archaeal sub-
phyla onMt. Fuji (black bars) and
Mt. Norikura (gray bars) (mean±
SE) in relation to elevation
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euryarchaeal Thermoplasmata) but only onMt. Fuji except for
group I.1b, which correlated with pH on bothmountains (Sup-
plementary Fig. S2).

An NMDS performed on the Bray-Curtis similarity matrix,
calculated from the total community, assesses changes in ar-
chaeal community composition, incorporating both taxon
abundance and identity. The NMDS showed that composition
of the archaeal communities was highly variable between dif-
ferent elevations (Fig. 4, ANOSIM results ∼ Fuji r2=0.85, P=
0.001; Norikura r2=0.82, P=0.001). Both mountains showed
significant variability in community composition along the
elevational gradient; however, the clustering pattern observed
along the two transects was somewhat different. Norikura’s
lower elevational samples were somewhat more clustered into

a single group whereas Fuji’s samples were spread into small
clusters (each representing a single elevational level) that were
spaced out from one another more evenly throughout the
gradient.

MRM was able to explain a significant portion of the
variability in archaeal community composition on both
mountains (Fuji, Bray-Curtis: R2=70 %, P=0.001, UniFrac:
R2=47 %, P=0.001; Norikura, Bray-Curtis: R2=58 %, P=
0.001, UniFrac: R2=59 %, P=0.001) (Fig. 5). Elevation
along with pH explained a significant amount of the varia-
tion on both mountains (Table 1, Fig. 5) whereas K concen-
tration had significant effect on the soil archaeal community
separately on Fuji and NO3–N concentration on Norikura,
respectively (Table 1).

Fig. 2 Relationship between elevation and phylotype richness (a),
phylogenetic diversity (b), and phylotype diversity (c) for the whole
archaeal community on Mt. Fuji (top) and Mt. Norikura (bottom). We
tested three models (linear, quadratic, and cubic) to describe the

relationships and model selection was carried out based on adjusted R2

and RMSE (root mean square error; value not shown). Significance level
is shown at ***P<0.001; **P<0.01; and *P<0.05

Fig. 3 Relative abundance of the four most dominant archaeal taxa on two mountains in relation to elevation [Fuji (a); Norikura (b)]. Significance level
is shown at ***P<0.001, **P<0.01, and *P<0.05
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qPCR Results

Quantification of Archaeal 16S rRNA and amoA Genes
Quantification of 16S rRNA and amoA genes revealed high
copy numbers; higher 16S rRNA gene copies were found at
mid-elevations for both mountains (Fuji 1.02E+04 to 1.05E+
08 copies g−1 soil; Norikura 8.86E+05 to 2.19E+
08 copies g−1 soil). A statistically significant humpbacked
trend in abundance was seen when archaeal abundance was
plotted against the elevation on both Fuji (r2=0.42, P<0.001)
and Norikura (r2=0.70, P<0.001; Fig. 6, top). For archaeal
amoA gene, higher abundance was found at mid-elevations
for Mt. Fuji only (0 to 9.39E+05 copies g−1 soil) with three

out of five biological replicates at 1000 masl giving negative
amplification (Fig. 6, bottom). On Mt. Norikura for archaeal
amoA gene, higher abundances were instead found at lowest
and higher elevation samples (3.90E+04 to 3.06E+
06 copies g−1 soil). It appeared that archaeal amoA gene abun-
dance was loosely following the abundance of thaumarchaeal
group I.1b (Supplementary Fig. S3).

Effect of Vegetation

Our results (Fig. 7) showed that irrespective of elevation, veg-
etation type had a significant effect on phylogenetic diversity

Fig. 4 NMDS of Bray-Curtis
similarity of overall community
composition in relation to
elevation

Fig. 5 NMDS ordination illustrating dissimilarity of community
composition between samples of different elevational gradients overlaid
with a smooth fitted vectors of significant environmental variables and

contours showing the elevational gradient fitted using a generalized
additive model to the ordination plot using function ordisurf in R. Fuji
(a); Norikura (b)
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(F7, 52=4.39, P<0.001), Shannon index (F7, 52=10.58,
P<0.0001), and number of OTUs (F7, 52=3.08, P<0.05).

Discussion

Differences Between the two Mountains, Norikura
and Fuji

The two mountains showed distinct sets of archaeal commu-
nities (Figs. 1 and 4), even at similar elevations. This is despite
the fact that these two mountains have very similar climates
[46,47]. Such between-mountain differences in archaeal com-
munities thus likely reflect the different geology and the
resulting distinct combinations of soil conditions (Supplemen-
tary Fig. S4, Ordination of soil variables). Various soil factors
differ between the two mountains, along with elevation
(which was highly correlated to TC and TN on both moun-
tains, see VARCLUS results; Materials and Methods section)
were able to explain a significant proportion of the variation
(Table 1). Soil pH, which is apparently the major factor con-
trolling community composition of soil bacteria and fungi on
a broader geographical scale [60,61], also explained a portion
of variation on these two mountains, especially on Mt.
Norikura (Table 1). We discuss the correlation between soil
archaeal abundance patterns and pH inmore details in the next
section.

What is clear from these between-mountain differences is
that soil archaeal niches are sensitive to the overall soil envi-
ronment beyond pH, such that different geological substrate
types will produce different communities under similar cli-
mate and pH levels.

Distinct Communities at Each Elevational Level

Both Norikura and Fuji conform to a pattern of distinctive
clustered communities of soil archaea being present at each
elevational level, even though those communities are different
between similar elevations on the two mountains (Fig. 1).
Phylum Crenarchaea was found only on Mt. Norikura, and
was mostly composed of unclassified and distinctive se-
quences from the miscellaneous crenarchaeal group (MCG),
which are normally abundant in marine environments rather
than terrestrial environments [62].

A notable difference between the two mountains could be
seen in the distribution of group I.1c (Fig. 1). Thaumarchaeal
group I.1c generally has an overwhelming presence in acidic
forest soils [4,63] and a previous study [64] observed a mas-
sive decline of the abundance of group I.1c with increased pH
(between pH 4.5 and 6.0). OnMt. Fuji, this group became less
abundant with increasing pH, but on Mt. Norikura, it was
more abundant at mid and higher elevations despite the in-
crease in pH (see Fig. 1; on both the mountains, pH and
vegetative richness linearly increase and decrease with
elevation, respectively; see Supplementary Table S1). This
inconsistent response to pH along the elevational gradient
could be due to the fact that group I.1c appear to be associated
with mycorrhizal hyphae and roots [65], so their distribution
might actually be controlled by biotic vegetation factors rather
than just soil pH. Also, a recent study by Weber, Lehtovirta,
Prosser and Gubry-Rangin [66] reported that there is no
evidence of ammonia oxidation by group I.1c while suggest-
ing a heterotrophic lifestyle for the group. Group I.1c could
possibly be playing different ecosystem functions unlike other
thaumarchaeal groups and their distribution along the
elevational transects here is not being simply dictated by a
couple of factors like pH and ammonia.

Vegetation cover on the two mountains has a different dis-
tribution; on upper elevations of Fuji, there is open lava and
ash fields with a sparse herbaceous vegetation cover and no
vegetation cover at all near the summit. By contrast, the upper
parts of Norikura are open pine scrub with a variety of small
woody shrubs and herbaceous plants such as grasses. Our
ANOVA results showed that the archaeal OTU richness and
diversity differed substantially and consistently among vege-
tation types on both the mountains irrespective of elevation
(Fig. 7).

Another notable difference between the two mountains
was the group I.1b composition at different elevations
(Fig. 1). Thaumarchaeal groups I.1a and I.1b are usually
rare in acidic soils rich in organic matter [4,64,67].
Groups I.1a and I.1b followed this expected pattern along
the elevational gradient on both mountains except for
group I.1b on Mt. Norikura (Fig. 1; on both mountains,
pH and vegetative richness linearly increase and decrease
with elevation simultaneously, see Supplementary

Table 1 Multiple regression on matrices (MRM) for the archaeal
community

Fuji Norikura

Bray-Curtis UniFrac Bray-Curtis UniFrac
R2=0.70a R2=0.47a R2=0.58a R2=0.59a

Elevation −15.62*** 0.07*** −8.63*** 0.04***

pH 2.71** −0.03** 4.70** −0.03**
NO3 – – −10.45*** 0.05***

K −6.57*** 0.03** – –

The variation in community composition (both R2 values are significant
at P≤0.001) explained by only significant variables. Other non-
significant variables included in the model, were P2O5 (Fuji) and NH4-N
(Norikura). Redundant variables were removed from the analysis (see
materials and methods; Varclus analysis)
a Partial regression coefficients of the final models are reported for only
significant values (values based on 999 permutations)

***0.001; **0.01;*0.05
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Table S1). Group I.1b was unusually abundant (>90 % of
total archaeal abundance) at the 1000 masl level on Mt.
Norikura, which is quite the opposite of what would be
expected on an acidic soil rich in organic matter. Due to
this inconsistency, we hypothesized that the OTUs shared
between this elevational sampling area (N10) and other
elevations on both the mountains might be quite different.
Indeed, out of the total 68 OTUs at N10, only 25 were
shared (2.82 %) with the remaining 843 OTUs from all
other samples taken together. Although, these shared
OTUs made up for around 86.92 % of total sequences
belonging to group I.1b (see supplementary Fig. S5).

The finding of such varied and distinctive soil com-
munities, which nevertheless cluster consistently strongly
by elevation on the same mountain, suggests that the

niches of many soil archaea may be quite specialized
relative to the overall range of soil environments. In
the same set of conditions (same elevation, on the same
geological substrate), the community is strongly predict-
able and distinct from communities found elsewhere. Ex-
actly what it is that determines the limits of these niches,
whether temperature, moisture content, or some aspect of
soil chemistry, is unknown. Even the fundamental mode
of living of most soil Thaumarchaea (whether autotro-
phic, heterotrophic, or a mixed) is little understood, al-
though those successfully cultured so far have all proven
to be autotrophic ammonia oxidizers [28,29]. Despite the
huge unknowns, such investigation of the ecology of this
unexplored group is a necessary step towards under-
standing them.

Fig. 6 Archaeal 16S rRNA (top) and amoA gene (bottom) copy numbers against elevation (a), pH (b), and ammonia (c) on Mt. Fuji and Mt. Norikura.
Significance level is shown at ***P<0.001; **P<0.01; and *P<0.05
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Similar Patterns in Overall Diversity Between the two
Mountains

Despite the strong differences in community composition, it is
intriguing that overall richness at the OTU level, and the di-
versity (both Shannon and Faith’s PD), is so similar between
Norikura and Fuji (Fig. 2).

The strong elevational trend in diversity on each mountain,
with a mid-elevational diversity maximum, did not relate to
any single identifiable soil parameter but instead to a set of
different soil and climatic parameters (Table 1), as well as a
proportion that was explained by the plant diversity (see
BEffect of Vegetation^ section, Fig. 7). Most important, as a
predictor of diversity along with pHwas temperature, which is
highly correlated with the elevation on both mountains. The
importance of this factor is not particularly surprising since
declining temperatures with increasing elevation can directly

influence community properties through limiting metabolism
and process rates for soil microbes [68]. Elevational gradients
represent natural experiments, which provide information on
community responses to variation in temperature at the
landscape-scale when most other abiotic factors remain rela-
tively constant [69,70].

It is intriguing that many mountain systems around the
world, for many different taxa (plants, birds, etc.), have been
found to show a similar mid-elevational diversity maximum
[35]. The mid-elevational diversity and abundance maximum
for Archaea might reflect intermediate disturbance levels be-
tween the less vegetated upper slopes more subject to frost
heave and rain wash, and the more stable and densely vegetated
lower slopes. BHumpbacked^ curves have been observed along
disturbance intensity gradients [25]; however, no ready mea-
sure of disturbance frequency on these mountains is available,
so the role of disturbance as a cause of this trend is conjectural.

Fig. 7 a Archaeal Richness (OTUs). b Diversity (Shannon Index). c
Phylogenetic diversity (Faith’s PD) for the main vegetation types
sampled at both mountains. Mean±SD. A temperate mixed deciduous,
B Montane forest, C subalpine coniferous forest*, D alpine zone, E

volcanic desert, F montane deciduous broadleaved forest, G subalpine
coniferous forest with dwarf bamboo, H scrub-type forest with alpine
dwarf pine. *It was the only vegetation type which was common
between both the mountains

438 D. Singh et al.



Alternatively, the humpbacked trend might relate to
elevational trends in ammonia supply in soil. There is evi-
dence that AOA are less abundant in conditions of abundant
NH4 supply, due to out-competition by ammonia oxidizing
bacteria (AOB) [26]. The low diversity of Archaea at lower
elevations on both mountains could relate to a more active
ecosystem (higher primary productivity supplying more ma-
terial for decomposition) which supplies more NH4 to soil,
resulting in fewer niches open to AOA. The effect could be
similar to the humpback diversity observed within many plant
communities along resource gradients (Huston 1994): at the
highest levels of nutrients or of growth rate, competition in-
tensifies and fewer species can coexist. In this case, the com-
petition may come from outside the group (AOB).

On both Norikura and Fuji, there was also a mid-elevation
maximum in abundance of soil Archaea, as determined by
qPCR for the archaeal 16S rRNA. Archaeal 16S abundance
was highly predictable by elevational zone, and the maximum
of archaeal abundance, as assessed by this criterion, occurred
at approximately the same elevation on both mountains. This
was despite the quite different communities of Archaea that
occur at similar elevations on the two mountains. There was a
consistently higher abundance of archaeal 16S rRNA copies
compared to amoA gene copy numbers across the elevational
gradient.

Although similar to the 16S result, the amoA gene abun-
dance did not follow exactly the same pattern on both the
mountains (Fig. 6). Also, unlike 16S, amoA gene abundance
did not correlate with ammonium and pH values on both
mountains (Fig. 6), except for Fuji, where there was a signif-
icant pH relationship. This was contradictory to previous find-
ings where AOA have been proposed to make up the majority
of soil archaea [11] and seem relatively more abundant at low
pH [15,16] and ammonium concentrations. Although AOA
seem to make majority of the soil archaea, another noticeable
pattern in our results is that amoA gene abundance with ele-
vation most closely follows the abundance of group I.1b (Sup-
plementary Fig S3) on both the mountains—suggesting that
this particular subgroup made up most of the AOA present on
these mountains. However, it is necessary to bear in mind that
the high abundance of amoA genes at specific elevations does
not conclusively prove that there is high AOA activity [8].

Essentially, then, the exact cause of the mid-elevation ar-
chaeal abundance maximum on these two mountains is un-
known. It is necessary to emphasize again the possibility that
the archaeal abundance trend with elevation is produced by a
complex combination of environmental gradients working si-
multaneously on both mountains, including pH, ammonia/
ammonium ion concentrations, and other soil nutrients and
climate parameters, and also biotic factors such as vegetation.
A decrease in soil pH is generally correlated with exponential
reduction in ammonia availability, through ionization to am-
monium ion [71], which in effect, reduces the growth and

activity of ammonia oxidizers at low pH as it decreases NH3

diffusion and increases the requirement for energy-dependent
transport of ammonium ion. Acidophilic and near neutrophilic
archaeal ammonia oxidizers have been reported as more abun-
dant than AOB under acidic conditions which have a much
higher affinity for ammonia as compared to AOB [28,72,73].
This indicates that AOA may be physiologically adapted to
ammonia oxidation in environments with low concentrations
of ammonia [26,74]. This phenomenon might be at work here
as the pH linearly increases on the both the mountains with
elevation while making optimal ammonia/ammonium ion
concentration at near mid-elevations for the ammonia oxidiz-
ing archaeal sub populations, suggesting that the archaeal am-
monia oxidizer subgroups have distinct physiological charac-
teristics and ecological niches, with consequences for nitrifi-
cation in acidic soils.

There also needs to be further work to assess how archaeal
abundance, diversity and community composition varies with
elevation on different mountains located in a range of geo-
graphical regions and climates. As Bnatural laboratories^ of
archaeal ecology in relation to environment, understanding
mountain systems will offer broader clues to the nature of
the archaeal niche and community structure in land systems
in general.

General Conclusions

Both the parallels and differences between the archaeal com-
munities of Norikura and Fuji are intriguing. There are many
unknowns in soil archaeal ecology, and this study represents
an initial exploratory phase. It is however clear that: (1) soil
archaeal communities differ between substrate types, in ways
that relate to underlying geology. Although pH (which is usu-
ally seen as dominating soil archaeal community composition)
is a contributing factor, it cannot wholly explain the differ-
ences between these two mountains. (2) In each broad set of
substrate conditions (i.e., within each mountain), archaeal
communities differ between elevational zones, indicating an
additional dimension to soil archaeal community ecology. It
appears that the niches of many soil Archaea must be finely
adjusted to the prevailing conditions, although we cannot at
present know what underlying environmental parameters are
important.

Equally intriguing is the mid-elevational diversity and
abundance maximum, almost identical on both mountains.
This suggests some common cause, perhaps intermediate dis-
turbance rate. Finding this same diversity pattern on two dif-
ferent mountains, even when their archaeal communities are
quite distinct, implies that this might be widespread among
archaeal communities on mountains. It adds to the large num-
ber of observations of mid-elevational diversity maxima in
different groups of organisms around the world.
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