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Abstract
A resumption of climate warming in maritime Antarctica, arising from continued greenhouse gas emissions to the atmosphere, is
predicted to lead to further expansions of plant populations across the region, with consequent increases in nutrient inputs to soils.
Here, we test the main and interactive effects of warming, applied with open top chambers (OTCs), and nutrient amendment with
tryptic soy broth (TSB), an artificial growth substrate, on bacterial community composition and diversity using Illumina se-
quencing of 16S rRNA genes in soil from a field experiment in the southern maritime Antarctic. Substantial effects of TSB
application on bacterial communities were identified after 49 months, including reduced diversity, altered phylogenetic commu-
nity assembly processes, increased Proteobacteria-to-Acidobacteria ratios and significant divergence in community composi-
tion, notably increases in the relative abundances of the gram-positive genera Arthrobacter, Paeniglutamicibacter and
Planococcus. Contrary to previous observations from other maritime Antarctic field warming experiments, we recorded no
effects of warming with OTCs, or interactive effects of OTCs and TSB application, on bacterial community composition or
diversity. Based on these findings, we conclude that further warming of the maritime Antarctic is unlikely to influence soil
bacterial community composition or diversity directly, but that increased nutrient inputs arising from enhanced plant growth
across the region may affect the composition of soil bacterial communities, with possible effects on ecosystem productivity.
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Introduction

Surface air temperatures in the maritime Antarctic during
the latter half of the twentieth-century rose at a faster rate
than in any other region of the Southern Hemisphere (0.2–
0.5 °C per decade) [1]. Although a recent analysis of tem-
perature records indicates that warming of the region
slowed in the late 1990s [2], climate change models forced
with only moderate greenhouse gas emission scenarios pre-
dict rises in surface air temperatures in maritime Antarctica
of 2–4 °C before the end of the twenty-first century [3, 4].
Based on observations made between the 1950s and late
1990s, further rises in air temperature in the region can be
expected to lead to substantial impacts in the physical envi-
ronment, including glacial retreat and ice shelf disintegra-
tion [5, 6]. However, it is apparent that climate warming will
also influence the ecology of maritime Antarctic terrestrial
ecosystems, with accelerated plant growth rates, expansions
in native plant populations and increases in soil microbial
diversity being predicted as the region warms [7–9].

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00248-019-01373-z) contains supplementary
material, which is available to authorized users.

* Kevin K. Newsham
kne@bas.ac.uk

1 NERC British Antarctic Survey, Madingley Road, Cambridge CB3
0ET, UK

2 Korea Polar Research Institute, Incheon 21990, Republic of Korea
3 Department of Life Science, College of Natural Sciences, Kyonggi

University, Suwon, Gyeonggi-do 16227, Republic of Korea
4 Department of Environmental Health Sciences, Seoul National

University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of
Korea

5 Institute of Soil Science, Chinese Academy of Sciences,
Nanjing, China

6 Scotland’s Rural College, Peter Wilson Building, West Mains Road,
Edinburgh EH9 3JG, UK

Microbial Ecology (2019) 78:974–984
https://doi.org/10.1007/s00248-019-01373-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-019-01373-z&domain=pdf
http://orcid.org/0000-0002-9108-0936
https://doi.org/10.1007/s00248-019-01373-z
mailto:kne@bas.ac.uk


One consequence of expanding plant populations in a warm-
er maritime Antarctic will be that nutrient inputs to the soils of
the region will increase [10]. Previous studies have simulated
these increased nutrient inputs by applying artificial growth
substrates, such as glucose, glycine, ammonium chloride and
tryptic soy broth (TSB), to Antarctic soils [11, 12]. The appli-
cation of these substrates consistently results in increased con-
centrations of total ester-linked fatty acid (ELFA) markers in
soil, indicative of a larger microbial community [12, 13].
However, despite a larger biomass of microbes in nutrient-
amended soils, it is less clear how substrate amendment influ-
ences soil microbial community composition and diversity. For
example, in a study using ELFAmarkers, reductions in richness
(measured by the Shannon diversity index) were reported for
Continental Antarctic Dry Valleys soils to which glucose and
ammonium chloride had been added [12], but no effects of the
same substrates were found on soil microbial community com-
position in another study in the same region [11].

Nutrient amendment combined with warming has been
shown to influence the composition of maritime Antarctic soil
bacterial communities. In a study at Mars Oasis on Alexander
Island in the southern maritime Antarctic, Dennis et al. [13]
added glucose, glycine and TSB to soil in factorial combina-
tion with warming, applied using open top chambers (OTCs).
After 1 year, TSB and glycine application in combination with
warming reduced the concentrations in soil of the fatty acids
a15:0 and a17:0, which are frequent in gram-positive
Actinobacteria such as Arthrobacter [14], and consequently
halved the ratio of gram-positive to gram-negative bacteria,
relative to soils that had been amended with the substrates but
had not been warmed [13]. The composition of Antarctic soil
bacterial communities has also been reported to be affected by
warming alone. A study using 454 pyrosequencing of 16S
rRNA genes indicated that warming with OTCs for 3 years
alters soil bacterial communities at two locations in the mari-
time Antarctic and one in the cool southern temperate zone,
with consistent increases across all three locations in
Alphaproteobacteria-to-Acidobacteria ratios [15]. Given that
increases in the abundances of Proteobacteria are associated
with enhanced rates of C mineralisation [16], these higher
Alphaproteobacteria-to-Acidobacteria ratios were posited to
lead to enhanced C turnover in warmer Antarctic soils [15].

With the exception of two studies [15, 17], previous research
into the effects of warming and nutrient application on soil
bacteria in the maritime Antarctic has assessed changes to com-
munities by measuring ELFA concentrations in soil [11–13].
Owing to the inability of ELFAs to distinguish between any
microbial groups other than the gram-positive bacteria, gram-
negative bacteria and fungi, it remains unclear from these pre-
vious studies precisely how nutrient amendment or warming
influences the taxonomic composition of bacterial communities
in maritime Antarctic soils. Here, we therefore report a study
that used Illumina sequencing of bacterial 16S rRNA genes,

which provides a more precise assessment of changes to soil
bacterial community composition than the use of ELFA
markers, to determine the effects of TSB application and
warming on the taxonomic composition of soil bacterial com-
munities at the same experiment studied by Dennis et al. [13].

Materials and Methods

Field Experiment and Sampling

The soil warming experiment was located at Mars Oasis (71°
52′ 42″ S, 68° 15′ 00″ W) on the south-eastern coast of
Alexander Island in the southern maritime Antarctic (see [13]
for map). The oasis consists of an upper and lower terrace, with
the lower site, where the experiment was established, consisting
of a level expanse of soil composed of till, fluvial and lacustrine
sediments [18]. The soil has a mean pH (H2O) value of 8.0 and
mean total C and N concentrations of 0.30% and 0.02%, re-
spectively [13]. The extensive, homogeneous expanse of soil
onwhich the warming experiment was deployed enabled a high
number of replicates of each treatment to be applied, reducing
heterogeneity between replicate soils (cf. [15]). Vegetation is
absent from the soil on which the experiment was deployed,
enabling the effects of treatments on microbial communities to
be tested without the confounding influence of plants (cf. [19]).
Microarthopods are only present in soil close to pools or under
rocks [20], and higher animals, including seals and nesting
birds, are absent from the oasis. Access to Mars Oasis was by
fixed-wing aircraft, fitted with skis, from Rothera Research
Station on Adelaide Island.

In late November 2007, 64 plots of 1-m diameter were
established in an area measuring 17 m × 17 m, with 32 of
the plots being covered with fibreglass conical polycarbonate
OTCs of 1-m diameter (see Fig. 1b in [21]). OTCs were used
to affect increases in soil temperatures, recorded at c. 10–50-
mm depth using Tinytag Plus 2 loggers (Gemini Data Loggers
Ltd., Chichester, UK). The experiment was designed to test
the effects of warming and its interactions with TSB, glycine,
glucose and water application on soil microbial communities
[13]. However, the analyses here are restricted to soils that
received a factorial combination of warming and TSB. On
27 November 2007, 10 December 2009 and 21 December
2010, powdered TSB (Becton Dickinson, Franklin Lakes,
NJ, USA)wasmixed into soil in eight plots with sterile spoons
to c. 50-mm depth, raising soil C and N concentrations to
2.3 mg g−1 dwt soil and c. 0.22 mg g−1 dwt soil, respectively
[22]. Unamended soil, to which substrates were not added,
was also mixed with sterile spoons to c. 50-mm depth, again
in eight plots. Twelve of the 28 soils for the present study were
sampled on 26 November 2007, shortly before the com-
mencement of the treatments, and 16 were sampled on 21
December 2011, after 49months of treatment. Those collected
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in 2011 consisted of eight unamended soils, from four cham-
bered and four unchambered plots, and eight TSB-amended
soils, again from four chambered and four unchambered plots.
Those from 2007 were a sub-set of soils from the same plots
that were sampled in 2011, with three, rather than four, repli-
cate plots per treatment. Sampling took place, prior to the
application of substrates in both years, by filling clean 50-ml
capacity plastic tubes with soil (depth c. 0–50 mm). The
soils were kept at c. − 3 °C for 24 h before being
returned to Rothera Research Station, where moisture
concentrations in sub-samples were determined gravi-
metrically (105 °C for 3 h) and the remaining soils
were frozen at − 20 °C, prior to transport to the UK
and subsequent storage at the same temperature.

DNA Extraction, 16S rRNA Gene Amplification
and Sequencing

The 28 soil samples were thawed on ice, and total DNAwas
extracted from 1.1 g (fwt) sub-samples under sterile condi-
tions using a PowerSoil DNA Kit (Qiagen, Manchester,
UK). The DNA extracts were eluted in 50 μl of 10 mM
TRIS-HCl (pH 8.5) and were then dried and subsequently
rehydrated. The hypervariable regions V3 and V4 of 16S
rRNA genes were PCR amplified using the primers 341F
(5 ′-CCTACGGGNGGCWGCAG-3 ′) and 805R (5 ′-
WTTACCGCGGCTGCTGG-3 ′) [23]. The resulting
amplicons were purified and subjected to index PCR using a
Nextera XT Index Kit (Illumina, San Diego, CA, USA). The
index-tagged amplicons were purified, normalised, pooled
and sequenced using the Illumina MiSeq platform (2 ×
300 bp) (Illumina, Inc.) at the Graduate School of Public
Health in Seoul National University.

Sequence Processing

The 2,906,421 paired-end 16S rRNA gene sequences (mean
length 452 bp) that were generated were merged using the
PANDAseq assembler with default settings [24]. The merged
sequences were further processed in mothur [25]. A set of
unique sequences was generated by binning identical se-
quences and was aligned against SILVA version 123 (http://
www.arb-silva.de/). The aligned sequences were preclustered
(2-bp difference) using a mothur implementation of the single-
linkage preclustering algorithm [26]. Chimeric sequences
were checked and removed using the Chimera Uchime algo-
rithm in de novo mode [27]. The quality-filtered bacterial 16S
rRNA gene sequences were taxonomically classified against
an EzTaxon-extended database [28] using the naïve Bayesian
classifier (80% bootstrap cut-off with 1000 iterations) [29].
Sequences were clustered into operational taxonomic units
(OTUs) at 3% dissimilarity using the OptiClust algorithm
[30], with singleton OTUs being removed prior to subsequent

analyses. The sequences were randomly sub-sampled
(rarefied) to 16,870 sequences per sample to standardise se-
quencing depth across samples.

Phylogenetic Community Assembly

A maximum likelihood tree was constructed with sequences
of representative OTUs using the FastTree programme [31].
The phylogenetic assembly within each community was cal-
culated using the standardised effect size of mean nearest tax-
on distance (SES.MNTD) in the Picante R package (null mod-
el ‘taxa.labels’ with 999 randomisations) [32]. The β-nearest
taxon index (βNTI) was also calculated in order to infer the
relative influences of ecological processes governing the phy-
logenetic assembly of communities [33–35]. For this, we cal-
culated between-community mean nearest taxon distance
(βMNTD) in the Picante R package, which is the difference
in standard deviation units between observed βMNTD and
the mean of the null distribution of βMNTD, yielding a mea-
sure of the degree of phylogenetic similarity between closely
related OTUs in two communities.

Statistical Analyses

The effects of TSB application and OTCs on soil bacterial
community composition were determined by Bray-Curtis dis-
similarity matrices [36] calculated from square root trans-
formed OTU abundances in the PRIMER v6 software pack-
age [37]. General linear models (GLMs) in the MINITAB 17
package were used to test for main and interactive effects of
OTCs and TSB application on (i) soil moisture concentration,
(ii) the Shannon diversity index, (iii) SES.MNTD and βNTI,
(iv) the ratio of gram-positive to gram-negative taxa, (v) the
relative abundances of individual phyla and genera and (vi)
the ratios of total Proteobacteria to Acidobacteria and
Alphaproteobacteria to Acidobacteria. Relative abundance
data, which were expressed as percentages, were square root
transformed prior to analyses. Analyses at the genus level
were restricted to the 19 genera present at relative abundances
of ≥ 0.5%. The relative abundances of gram-positive taxa
were calculated by summing the abundances of the
Actinobacteria, Firmicutes and Saccharibacteria_TM7 [38],
whilst those of gram-negative bacteria were calculated by
summing the abundances of all other named phyla.

Statement of Data Availability

The 16S rRNA amplicon sequences generated in this study
have been deposited in the NCBI SRA under project accession
number PRJNA492190. Environmental data are available
from the corresponding author upon reasonable request.
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Results

Soil Temperatures and Moisture Concentrations

Mean monthly temperatures at 10–50-mm depth in
unchambered soil at Mars Oasis ranged between 6.7 °C
(December) and − 16.9 °C (August), with the OTCs af-
fecting mean temperature increases at this depth of 2.1–
2.3 °C, relative to control plots, between November and
January (Table 1). The OTCs predominantly affected late
spring and early summer soil temperatures, with smaller
increases (0.3–1.5 °C) being recorded in surface soil tem-
peratures between February and October (Table 1).
Absolute minimum and maximum temperatures recorded
in unchambered soils were − 33.7 °C and 20.3 °C, and
those in chambered soils were − 32.3 °C and 30.4 °C,
respectively. Soil moisture concentration (mean 2.6%)
was unaffected by OTCs in 2007 (F1,8 = 1.63, P > 0.24)
or 2011 (F1,20 = 0.03, P > 0.86). TSB and its interaction
with OTCs also did not influence soil moisture concentra-
tion in 2007 (both F1,8 < 1.11, P > 0.32) or 2011 (both
F1,20 < 0.24, P > 0.63).

Soil Bacterial Community Composition, Diversity
and Phylogenetic Assembly

Nonmetric multiple dimension scaling (NMDS) ordination
based on Bray-Curtis dissimilarity indicated significant ef-
fects of TSB application on soil bacterial community com-
position, with the community composition of the eight TSB-

amended soils sampled in 2011 showing significant diver-
gence from the other 20 soils that were sampled (Fig. 1a).
These analyses showed no apparent effect of OTCs on the
composition of the soil bacterial community (Fig. 1a).
GLMs indicated that there were no main or interactive ef-
fects of either OTCs or TSB amendment on the Shannon
diversity index before the commencement of treatments in
2007 (all F1,8 < 2.60, P > 0.145). However, the same analy-
ses indicated a highly significant main effect of TSB appli-
cation on the Shannon index in 2011 (F1,11 = 20.77, P =
0.001), with TSB amendment resulting in a 22% reduction
in the mean (± SE) value of the index, from 6.78 (± 0.20) to
5.31 (± 0.24) (Fig. 1b). Rarefaction curves similarly showed
lower OTU richness in soils sampled in 2011 to which TSB
had been applied (Online Resource, ESM Fig. 1).
Significant effects of TSB application were also found on
phylogenetic assembly processes: although there were no
main or interactive effects of either treatment on
SES.MNTD or βNTI in 2007 (all F1,8 = 3.63, P > 0.05),
mean (± SE) values of SES.MNTD declined in 2011 from
− 13.08 ± 0.97 in unamended soils to − 20.33 ± 0.99 in
TSB-amended soil (F1,11 = 21.87, P = 0.001; Fig. 1c), and
mean (± SE) values of βNTI fell from 1.70 ± 0.57 in soils
that did not receive TSB to − 3.83 ± 0.89 in amended soils
(F1,17 = 17.54, P = 0.001; Fig. 1d). There were no main ef-
fects of OTCs, or interactive effects of OTCs and TSB ap-
plication, on the Shannon diversity index, SES.MNTD or
βNTI in 2011 (all F1,17 < 1.72, P > 0.20; Fig. 1b–d).

Relative Abundances of Gram-Positive
and Gram-Negative Bacteria

Gram-positive bacterial taxa constituted the majority of OTUs
recorded in soil in 2007 (mean relative abundance ± SE of
70.70 ± 3.71%), with 99% of gram-positive OTUs belonging
to the Actinobacteria. There were no main or interactive ef-
fects of TSB application or OTCs on the ratio of gram-positive
to gram-negative bacteria, either in 2007 (F1,8 < 2.08,
P > 0.187) or in 2011 (F1,12 < 0.84, P > 0.377; Online
Resource, ESM Fig. 2).

Relative Abundances of Bacterial Phyla

There were no main or interactive effects of either treatment
on the abundances of any bacterial phyla in 2007 (all F1,8 <
2.76, P > 0.135). In 2011, there was a main effect of TSB
application on the abundance of one gram-positive phylum,
the Firmicutes, with a mean (± SE) increase in the relative
abundance of the phylum from 0.03 (± 0.01)% in unamended
soil to 12.82 (± 5.17)% in TSB-amended soil (F1,12 = 17.04,
P = 0.001; Fig. 2a). One gram-negative phylum, the
Bacteroidetes, also increased in abundance in TSB-amended
soil in 2011, with an approximate tripling in its mean (± SE)

Table 1 Mean monthly soil temperatures at 10–50-mm depth in
unchambered plots at Mars Oasis and mean monthly increases in soil
surface temperatures effected by open top chambers. Data were
recorded from December 2007–December 2008 and December 2009–
November 2011. Values are means of three replicates

Month Mean monthly soil
surface temperature (°C)

Mean monthly increase
in soil surface temperature (°C)

Jan 6.09 2.20

Feb 1.64 1.31

Mar − 4.93 0.72

Apr − 12.78 0.32

May − 14.04 1.01

Jun − 12.93 0.26

Jul − 16.54 0.63

Aug − 16.89 1.06

Sep − 14.53 1.04

Oct − 9.08 1.47

Nov − 2.25 2.32

Dec 6.67 2.10
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abundance from 2.97 (± 0.43)% to 9.97 (± 2.77)% in TSB-
amended soil (F1,12 = 7.50, P= 0.018; Fig. 2b). However, the
abundances of the majority of gram-negative phyla declined
in TSB-amended soils: TSB application led to significant re-
ductions in the abundances of seven of these phyla, viz., the
Deltaproteobacteria , Chloroflexi , Acidobacteria ,
Cyanobacteria, Gemmatimonadetes, Planctomycetes and
Verrucomicrobia, with 87–96% reductions in their abun-
dances in soil to which TSB had been applied, relative to
unamended soils (all F1,20 = 9.42–209.36, P = 0.010–<
0.001; Fig. 2c–i). There were no main or interactive effects
of OTCs and TSB application on the abundances of any phyla
in 2011 (Fig. 2a–i; all F1,20 = 2.51, P > 0.139).

Relative Abundances of Bacterial Genera

No main or interactive effects of either treatment were record-
ed on the abundances of any bacterial genera in 2007 (all F1,8

< 3.17, P> 0.11). In contrast, in 2011, there were highly sig-
nificant main effects of TSB application on the abundances of
nine gram-positive genera (Fig. 3a–i). Those of Arthrobacter,
Paeniglutamicibacter, and Planococcus each increased from
0.003–0.025% in unamended soil to 6.15–17.49% in soil to
which TSB had been applied (all F1,12 > 11.43, P < 0.005;
Fig. 3a–c). In contrast, the abundances of the gram-positive
gene r a Conex ibac t e r , Gaie l l a , I l uma tobac t e r ,

Pseudonocardia, Rubrobacter and Modestobacter each de-
creased by 93–98% in TSB-amended soil, relative to un-
amended soil (all F1,12 > 22.68, P < 0.001; Fig. 3d–i). The
abundances of two gram-negative genera, Pedobacter and
Pedobacter_g3, both increased from 0.01–0.07% in un-
amended soil to 2.85–2.86% in soil to which TSB had been
applied (both F1,12 > 11.05, P< 0.006; Fig. 3j, k). In contrast,
the abundances of four other gram-negative genera, viz.,
Nostoc, Blastocatella, Flavisolibacter and Tepidisphaera, each
decreased in soil by 87–98% in response to TSB application
compared with unamended soil (all F1,20 > 9.86, P < 0.009;
Fig. 3l–o). There were no main effects of OTCs, or in-
teractive effects of OTCs and TSB application, on the
abundances of any bacterial genera in 2011 (all F1,12 <
2.31, P < 0.155; Fig. 3a–o). One-way ANOVA similarly
indicated no differences between the relative abundances
of Arthrobacter, Paeniglutamicibacter, Planococcus or
any other gram-positive genera in chambered, TSB-
amended soil and unchambered, amended soil (all F1,6

< 0.89, P > 0.381; Fig. 3a–i).

Proteobacteria-to-Acidobacteria Ratios

In 2007, there were no main or interactive effects of the two
treatments on the ratios of total Proteobacteria to
Acidobacteria or Alphaproteobacteria to Acidobacteria (all

Fig. 1 a NMDS ordination based
on Bray-Curtis dissimilarities of
bacterial communities in Mars
Oasis soils receiving a factorial
combination of tryptic soy broth
(TSB) and warming, applied with
open top chambers (OTCs). b
Shannon index of bacterial
community diversity. c
Standardised effect size of mean
nearest taxon distance
(SES.MNTD) and d β-nearest
taxon index (βNTI) in TSB-
amended and warmed soils
sampled from Mars Oasis. Note
that data in a are shown for 2007,
prior to treatments being applied
to soils, and 2011. Those in b–d
are for 2011 only. Values in b–d
are means of four replicates ±
SEM.Main and interactive effects
of TSB and OTCs are shown in
each pane. n.s. not significant
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F1,8 < 0.48, P > 0.51). In 2011, TSB application led to a highly
significant (F1,12 = 16.72, P< 0.002) mean increase (± SE) in
the ratio of Proteobacteria to Acidobacteria, from 1.70 (±
0.20) in unamended soil to 114.30 (± 44.60) in soil to which
the substrate had been applied (Online Resource, ESM Fig. 3),
and a similarly highly significant (F1,20 = 46.50, P< 0.001)
increase in the ratio of Alphaproteobacteria to Acidobacteria,
from 1.24 (± 0.16) in unamended soil to 28.48 (± 6.14) in
soil to which TSB has been applied (Online Resource, ESM
Fig. 4). OTCs, or the interaction between OTCs and TSB
appl icat ion, did not inf luence the rat ios of total
Proteobacteria to Acidobacteria or Alphaproteobacteria
to Acidobacteria in 2011 (both F1,12 < 0.66, P > 0.432;
Online Resource, ESM Figs. 3 and 4).

Discussion

The analyses here indicate substantial effects of nutrient amend-
ment on bacterial community composition, diversity and phy-
logenetic assembly processes in a southern maritime Antarctic
soil. In contrast, warming with OTCs, or the interaction be-
tween OTCs and substrate amendment, had no discernible

influences on the community parameters measured here.
These observations are not consistent with previous studies
showing main effects of warming with OTCs, and interactive
effects of warming with OTCs and substrate amendment, on
maritime Antarctic soil bacterial communities [13, 15]. For ex-
ample, in a study of soils from the same experiment as that
sampled here, TSB application to chambered soil led to de-
creases after 1 year in the concentrations of ELFA markers for
gram-positive bacteria such as Actinobacteria, relative to TSB-
amended soil that had not been warmed, and consequently
halved the ratio of gram-positive to gram-negative bacteria
[13]. Here, in TSB-amended soil, we found no evidence of
significant effects of OTCs on the ratio of gram-positive to
gram-negative bacteria after 4 years, suggesting that the previ-
ously reported influence of warming on this parameter [13] is
transient in nature. The analyses here also failed to corroborate a
previous study showing increases in the ratio of
Alphaproteobacteria to Acidobacteria in two maritime
Antarctic and one cool temperate zone soil that had been
warmed with OTCs for 3 years [15]. It is possible that differ-
ences in soil water availability may explain the disparity be-
tween the two studies. Whilst there were no effects of the treat-
ments applied here on soil moisture concentrations, it is

Fig. 2 Relative abundances of
nine bacterial phyla in soil at Mars
Oasis in 2011 that had received a
factorial combination of TSB and
warming (with OTCs). Values are
means of four replicates ± SEM.
Abbreviations and notation as in
Fig. 1. Note that y-axes are not
identically scaled
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plausible that the lower moisture concentrations in soils at Mars
Oasis relative to those studied by Yergeau et al. [15] (see
Table 3 in [39]) may have constrained microbial responses to
warming [40]. Differences in soil chemistry might also explain
the disparity between the studies. In the soils studied by
Yergeau et al. [15], C and N concentrations were substantially
higher (4–36% and 0.4–3.0%, respectively) than in soil at Mars

Oasis, and pH values, which have a strong effect on the abun-
dances of Acidobacteria in soil [41, 42], were also much lower
(4.1–6.1) [39]. However, the Alphaproteobacteria-to-
Acidobacteria ratio of 1.2 recorded here in unamended soil
was the same as that in the soils studied by Yergeau et al.
[15], and in agreement with previous research [16], the ratios
of Proteobacteria to Acidobacteria in soil at Mars Oasis were

Fig. 3 Relative abundances of 15
bacterial genera in soil at Mars
Oasis in 2011 that had received a
factorial combination of TSB and
warming (with OTCs). Values are
means of four replicates ± SEM.
Abbreviations and notation as in
Fig. 1. Note that y-axes are not
identically scaled
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responsive to nutrient amendment, with one to two orders of
magnitude increases in these parameters in response to TSB
application. We hence cannot fully explain the absence of an
effect of OTCs on the Alphaproteobacteria-to-Acidobacteria
ratio in the present study. Further research is therefore needed
to confirm, as suggested previously [15], that elevated
Alphaproteobacteria-to-Acidobacteria ratios are consistent fea-
tures of warmed maritime Antarctic soils. Warming with OTCs
in the current study also had no effect on the relative abundance
of Cyanobacteria in soil, or on that of Nostoc, a frequent genus
in this phylum. These observations suggest that the previously
reported changes to the morphology of Cyanobacterial cells,
including those of Nostoc, at the surfaces of warmed
Antarctic soils arise from treatment-induced changes to the
morphology of cells [17], rather than alterations to soil micro-
bial community composition.

The findings here indicate that OTCs, which increase mean
monthly surface soil temperature at Mars Oasis by up to
2.3 °C, and, as previously reported fromAntarctica [43], result
in absolute maximum soil surface temperatures rising to c.
30 °C, have nomeasurable effects on soil bacterial community
composition, assembly processes or diversity after 4 years of
treatment. Whilst other studies have identified significant ef-
fects of long-term warming on Low Arctic soils [44], our
observations broadly support those from sub-Arctic soil
warming experiments showing no effects of 1 °C increases
in mean soil temperature [45], applied with OTCs, on the ratio
of gram-positive to gram-negative bacteria or the phylogenetic
composition of soil bacterial communities [19, 46]. Recent
data further support the view that the increases in soil temper-
ature elicited by OTCs may be insufficient to change soil
microbial community composition, with transects through
geothermal habitats in Iceland showing that increases in soil
temperature of c. 7–19 °C are necessary to force detectable
changes in soil bacterial community composition [47].
Similarly, previous studies along a latitudinal transect between
Mars Oasis and Signy Island in the South Orkney Islands (60
°S), at which mean annual temperatures (MATs) are − 11 °C
and − 4 °C, respectively, show MAT to be the best predictor
for soil microbial alpha and beta diversity, with significant
increases in diversity in warmer habitats [9]. Along an even
wider climatic gradient, between the Ellsworth Mountains
(MAT − 25 °C) [48] in the continental Antarctic and the
Falkland Islands (MAT 7.5 °C) [49], increased soil bacterial
diversity has been recorded in more northerly habitats [42],
with MAT having recently been identified as the main driver
of this pattern in diversity [50].

Despite warming with OTCs failing to elicit a response in soil
bacterial community composition and diversity after 49 months,
the application of TSB to soil at Mars Oasis led to significant
divergence in bacterial community structure from that in un-
amended soil and significant reductions in community diversity.
Although it is possible that these responses may have been partly

owing to the removal prior to diversity analyses of singleton
OTUs of rare taxa (some of which may have been oligotrophs),
our observations corroborate previous studies showing that al-
tered bacterial community structure and lower diversity, which
might affect functional stability and resilience to perturbations
[51], are consistent features of soils to which nutrients are ap-
plied. For example, the annual application of 10 g m−2 N and
5 g m−2 P (as NH4-NO3 and P2O5, respectively) [52] to Low
Arctic soils for > 20 years leads to declines in the Shannon index
[53, 54]. However, the analyses reported here also show that
changes to phylogenetic community assembly processes occur
in nutrient-amended soils, with SES.MNTD declining from − 13
in unamended soils to − 20 in soils to which TSB had been
applied. The more negative values in amended soil indicate that
the bacterial taxaweremore closely related than expected under a
random model of community assembly, i.e., that they were phy-
logenetically more clustered [55], with the clustering likely asso-
ciated with environmental filtering imposed by nutrient applica-
tion. Similarly, βNTI declined from 1.7 in unamended soil to −
3.8 in soil to which TSB had been applied. In unamended soil,
the mean proportion of pairwise βNTI comparisons fell within
the null distribution (|βNTI| < 2), indicating that phylogenetic
community composition was attributable to stochastic assembly,
with random ecological drift governing bacterial community dy-
namics. In contrast, in amended soil, the mean βNTI value of <
− 2 indicated significantly less than expected phylogenetic turn-
over, i.e., homogeneous selection [35], showing that nutrient
addition imposed a strong homogeneous selective pressure on
bacterial community assembly.

The analyses here indicated substantial increases in the
relative abundances in TSB-amended soil of the gram-
positive phylum Firmicutes and the gram-positive genera
Paeniglutamicibacter, Planococcus and Arthrobacter, taxa
previously shown to be frequent in soil at Mars Oasis [42,
56, 57]. In contrast, TSB application led to consistent de-
creases in the relative abundances of gram-negative
Bacteroidetes, and seven other gram-negative phyla, includ-
ing Deltaproteobacteria, in soil to which TSB had been
added. These observations are strikingly different to those
from experiments on Low Arctic soils, where the annual ap-
plication of N and P increases the abundances of gram-
n e g a t i v e p h y l a , t y p i c a l l y m em b e r s o f t h e
A lphapro t e obac t e r i a , Be tap ro t eobac t e r i a and
Gammaproteobacteria, and decreases those of gram-positive
Actinobacteria [53, 54]. At present, it is unclear why Low
Arctic and southern maritime Antarctic soils should respond
so differently to nutrient application. It is possible that differ-
ences in the concentrations and elemental compositions of the
nutrients applied to the soils in the two regions account for
these disparities. However, it is also plausible that differences
in the environmental conditions between the two regions
might account for the different responses of soil bacterial com-
munities to nutrient additions. In the less extreme, vegetated
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soils of Alaska, in which temperatures fall to − 14 °C at c. 100-
mm depth during midwinter [58], it is possible that gram-
negative bacterial taxa are able to take advantage of nutrient
inputs. In contrast, in the harsher environment of soils at Mars
Oasis, the midwinter temperatures of which approach − 34 °C
at 10–50-mm depth, gram-positive bacteria, which possess
thick, peptidoglycan-rich cell walls, enabling their survival
in extreme habitats, including high-altitude, hyperarid soils
in the Chilean Andes and soils of the continental Antarctic
McMurdo Dry Valleys [59–62], may have a competitive ad-
vantage over gram-negative taxa and might hence be respon-
sive to nutrient inputs.

Studies in the sub-Arctic and Low Arctic have found
lengthy response times to nutrient amendments, with yearly
treatments, which lead to approximate increases of 0.4 mg C
and 0.03 mg N g−1 soil, not eliciting responses in soil bacterial
community composition until 15–24 years after nutrient ap-
plications begin [19, 53, 54].Whilst it is possible that the rapid
responses to nutrient amendments recorded here in bacterial
community composition and diversity are caused by the five
to seven times higher increases in C and N concentrations in
soil at Mars Oasis (2 mg C and c. 0.2 mg N g−1 dwt soil,
respectively) [22], the findings here support the view that the
decadal changes to soil microbial communities recorded in
Arctic soils in response to nutrient amendment may indeed
be secondary effects caused by gradual changes to plant bio-
mass and community composition [19]. We hence advocate
further studies in barren soils at high latitudes, where the ef-
fects of nutrient inputs from expanding plant populations are
most likely to be amplified, to identifywhether or not the same
increases in soil C and N concentrations recorded in sub-
Arctic and Low Arctic soils [19, 53, 54] elicit similar rapid
changes to soil microbial communities.

Conclusions

Contrary to previous research [13, 15], the current study indi-
cates no effects of increases of up to 2.3 °C in mean monthly
soil temperatures on the bacterial community composition of a
maritime Antarctic soil. From the analyses here, it thus seems
unlikely that further warming in the region, predicted to occur
before the end of the twenty-first century under moderate
greenhouse gas emission scenarios [3, 4], will have primary
effects on soil bacterial community composition. However,
we cannot discount the possibility that warming may have
secondary effects on soil bacterial communities of the region
via its positive effects on plant growth [7, 8] and subsequent
increases in nutrient inputs to soils [10]. Such increases have
the capacity to alter soil microbial community composition,
such as Proteobacteria-to-Acidobacteria ratios and the
mineralisation of limiting nutrients [16], which, coupled with

increases in soil microbial biomass [12, 13], may ultimately
lead to increased productivity at the ecosystem level.
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