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Microbial communities in extreme environments often have low diversity and specialized physiologies suggesting a limited re-
sistance to change. The McMurdo Dry Valleys (MDV) are a microbially dominated, extreme ecosystem currently undergoing
climate change-induced disturbances, including the melting of massive buried ice, cutting through of permafrost by streams,
and warming events. These processes are increasing moisture across the landscape, altering conditions for soil communities by
mobilizing nutrients and salts and stimulating autotrophic carbon inputs to soils. The goal of this study was to determine the
effects of resource addition (water/organic matter) on the composition and function of microbial communities in the MDV
along a natural salinity gradient representing an additional gradient of stress in an already extreme environment. Soil respira-
tion and the activity of carbon-acquiring extracellular enzymes increased significantly (P < 0.05) with the addition of resources
at the low- and moderate-salinity sites but not the high-salinity site. The bacterial community composition was altered, with an
increase in Proteobacteria and Firmicutes with water and organic matter additions at the low- and moderate-salinity sites and a
near dominance of Firmicutes at the high-salinity site. Principal coordinate analyses of all samples using a phylogenetically in-
formed distance matrix (UniFrac) demonstrated discrete clustering among sites (analysis of similarity [ANOSIM], P < 0.05 and
R > 0.40) and among most treatments within sites. The results from this experimental work suggest that microbial communities
in this environment will undergo rapid change in response to the altered resources resulting from climate change impacts occur-
ring in this region.

Biodiversity surveys have demonstrated that microorganisms
are ubiquitous, inhabiting even the most extreme environ-

ments (1–3). Microbial communities in these habitats tend to
have low diversity (2, 4, 5) and specialized physiologies (6), sug-
gesting a potentially limited resistance and resilience to change
(7). However, few experiments have been conducted in extreme
environments to assess the susceptibility of these communities to
disturbance. Since extreme environments harbor novel microor-
ganisms with unique adaptations and metabolisms, these com-
munities represent a pool of rare forms of biodiversity likely con-
taining important genomic resources. Understanding how they
respond to environmental change is an important first step in
predicting the vulnerability of this resource to disturbance and
developing conservation strategies.

The McMurdo Dry Valleys (MDV) region comprises the larg-
est ice-free zone in continental Antarctica, represents one of the
harshest environments on Earth, and is an ideal simplified envi-
ronment in which to study the effects of disturbance on soil com-
munities, as microbes are the dominant form of life. Higher plants
and animals are absent, and a limited diversity of protozoans (8, 9)
and invertebrates (10–12) is endemic to the region. Three impor-
tant factors act to constrain biological activity in MDV dry min-
eral soils, in addition to temperature extremes: liquid water, or-
ganic carbon availability, and high salinity. Recent observations
suggest that these factors are subject to climate-induced changes
that are likely to intensify in the near future (13). In spite of a
period of cooling of average air temperatures of 0.7°C per decade
in this region of Antarctica starting in the 1980s (14), during the
past 2 decades, solar radiation has steadily increased, with signif-
icant effects for the MDV landscape (13). Massive buried ice is
melting, causing surface deflation and wetting of previously dried
soils. Streams are laterally and vertically cutting through perma-

frost, liberating sequestered nutrients and salts and expanding
stream margins (13). Episodic warming events and associated per-
mafrost thaw and high flows have caused inundation of previously
dry soils (15). This increase in moisture across the landscape is
likely altering conditions for soil microbial communities by mo-
bilizing nutrients and salts and stimulating primary productivity
and carbon inputs to soils.

Recent lines of evidence suggest that the MDV soils harbor
relatively diverse microbial communities (16, 17) that are active
and responsive to change, with evidence of biologically produced
fluxes of CO2, CH4, and N2O (18, 19), extracellular enzyme activ-
ities indicative of decomposition (20), and ATP associated with
viable cells (21, 22) being detected. Three studies have reported
that altered soil conditions influence microbial communities,
concluding that water additions had little discernible impact on
soil respiration (23) but that nutritional resource addition in var-
ious forms increased soil respiration (24, 25) and altered commu-
nity composition (25). While these studies suggest that soil micro-
bial communities in the MDV are responsive to change, a
multisite study that simultaneously investigates the structural and
functional responses of bacterial communities to disturbance is
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necessary to understand how both ecosystem functioning and
community composition may respond to the environmental
changes occurring and predicted to occur in the near future.

While low temperature limits MDV soil microbial biomass
and productivity, gradients in soil chemistry, moisture content,
and organic matter pose additional stresses on microbial func-
tion and diversity. Soil salinity represents one such gradient, with
high-salinity soils containing reduced metazoan community
abundance and diversity (26). Soil salinity has also been shown to
act as a microbial stressor in other environments. Salinity exerts a
primary limitation on water availability, as total water potential is
the sum of matrix potential, which is determined by soil compo-
sition and texture, and osmotic potential, which is controlled by
total ion concentrations. Soil salinity can also lead to high internal
levels of ions that are toxic to metabolic activities (27) and can
denature the extracellular enzymes necessary for carbon and nu-
trient acquisition. Thus, increased salinity represents a biological
stress that requires evolutionary or energetically expensive solu-
tions, has been shown to be an important determinant of micro-
bial community composition in other systems (28, 29), and cre-
ates additional stress for biological life in MDV soils.

The goal of this study was to determine the responses of soil
microbes in the MDV to altered resources that approximate
changes likely to occur as climate change impacts this region. The
specific objectives of this study were to (i) investigate the activity
and community composition of bacterial communities along a
natural salinity-induced severity gradient, (ii) determine if the
alleviation of primary limitations (water and organic matter)
would alter the composition and function of microbial commu-
nities in dry mineral soils, and (iii) determine how additional
stress in the form of soil salinity alters the responses of bacterial
communities to increased soil moisture and organic matter.

MATERIALS AND METHODS
Site description. The study took place at three plots near the southern
shore of Lake Fryxell (77°37=S, 163°12= to 13=E) in Taylor Valley of MDV,
Antarctica. Annual soil surface temperatures around the lake average
�18.4°C, with only 25.5 days above freezing occurring each year (14). The
amount of precipitation at Lake Fryxell is 20 to 37 mm annually (30);
however, sublimation rates throughout the MDV are significantly greater
than precipitation inputs (31). Liquid water inputs occur during a brief
glacial melt period during the austral summer due to increased tempera-
tures and solar radiation (32).

The soils of the Lake Fryxell basin are Typic Haploturbel glacial tills
and Ross Sea drift deposits (33, 34). Historically, the basin was inundated
by Glacial Lake Washburn in the late Wisconsin period (35), leaving be-
hind legacy organic matter (36). Much of the contemporary inputs are
from the aerial deposition of carbon produced in nearby lakes and streams
during brief summer melt events (32). Thus, concentrations of soil or-
ganic matter (SOM) are low, averaging 0.03% organic carbon (37). Con-
ductivity (as a proxy for soil salinity) in the Lake Fryxell basin averages
549 � 77 �S cm�1 (38), with maximum reported values exceeding 5,000
�S cm�1 in lake margin sediments and fine sediment deposits (26, 39).

The MDV contain complex microbial communities, with bacterial
diversity levels being approximately half as great as those found in other
soils (17, 40). A variety of edaphic characteristics, including soil pH, sa-
linity, and soil organic matter content, are correlated with bacterial diver-
sity and community composition (16, 17); however, these relationships
appear to be complex, with differences being found across sampling loca-
tions (17). The MDV soils also contain fungal communities containing
limited diversity, but their abundance compared to that of bacteria is
unknown (41, 42).

Soil sampling and treatments. Field experiments were conducted
during the austral spring and summer of 2010 and 2011. Three locations
were selected to represent low-salinity (LS), moderate-salinity (MS), and
high-salinity (HS) sites. The conductivity of the plots spanned approxi-
mately 1.5 orders of magnitude, from 105 � 4 �S in the LS plot, 532 � 63
�S in the MS plot, and 4,800 � 470 �S in the HS plot. The soil pH
decreased with increasing salinity (9.0 � 0.1, 8.8 � 0.1, and 7.9 � 0.05 in
the LS, MS, and HS plots, respectively), while percent nitrogen (0.006 �
0.002, 0.007 � 0.002, and 0.014 � 0.002 in the LS, MS, and HS plots,
respectively) and percent organic carbon (0.027 � 0.006, 0.058 � 0.013,
and 0.08 � 0.017 in the LS, MS, and HS plots, respectively) increased with
increasing salinity. Twelve cylindrical mesocosms (10 cm in diameter by
17 cm deep) were installed in a 3-by-4 grid spaced 50 cm apart at each of
the three plots on 23 and 24 November 2010, for a total of 36 samples. At
each plot, soil was removed from each mesocosm location with a sterile
scoop to a depth of �12 cm, homogenized, and used to fill the meso-
cosms, which were then placed in the excavated holes.

One of three treatments was randomly assigned to each mesocosm:
control, water addition, or organic carbon/matter with water addition.
Soil moisture was measured in the field using a HydroSense soil moisture
probe (Campbell Scientific, Australia) calibrated for each salinity plot to
determine the amounts of each treatment (water or leachate) to be added
to mesocosms. For water treatments, sterile deionized (DI) water was
added to the soil to reach a 10% final soil water content by weight. For
organic matter treatments, a leachate (2,800 mg/liter dissolved organic
carbon) was prepared from cyanobacterial mats collected along the lake
edge by steeping in sterile DI water and filter sterilizing. As with the water
treatments, organic matter treatments were added in volumes to bring the
final soil water content to 10% by weight and to increase the soil organic
carbon by 0.005%, an increase of approximately 1/10 of the total soil
organic carbon. In addition to providing information regarding the alle-
viation of water stress on MDV soil communities, the water treatments
also served as a control for the organic matter treatments with respect to
the changes in soil ion solubility with the addition of water. Treatments
were added using a sterile syringe and 10-cm needle by penetrating the soil
at five points within each mesocosm five times over the 30-day incubation
to maintain soil moisture at �10% by weight. After incubation, soils to be
used for molecular analyses were preserved with an equal volume of su-
crose lysis buffer (43), and all samples were immediately stored at �20°C.

Soil chemistry and microbial activity. Soil pH, salinity, total nitro-
gen, and soil organic carbon were determined as described previously
(17). Respiration rates were measured using a LI-COR 8100 closed gas
exchange system with a LI-COR 8100-102 survey chamber (LI-COR Bio-
sciences, Lincoln, NE) to detect CO2 flux. Extracellular enzyme activities
were measured following the microplate methods of Zeglin et al. (20) for
the potential activity of four enzymes, �-glucosidase (AG), �-glucosidase
(BG), alkaline phosphatase (AP), and leucine aminopeptidase (LAP), op-
timized for the low organic matter content.

DNA extraction, sequencing, and sequence analysis. Soils (0.7 g)
from each of the 36 samples were extracted with the cetyltrimethylammo-
nium bromide (CTAB) method adapted by Mitchell and Takacs-Vesbach
(44). Bar-coded amplicon pyrosequencing of 16S rRNA genes was per-
formed as described previously (17, 45, 46) using universal V6 bacterial
primers 939F (5=-TTG ACG GGG GCC CGC ACA AG-3=) and 1492R
(5=-GTT TAC CTT GTT ACG ACT T-3=) on a Roche 454 FLX instrument
using Roche titanium reagents and titanium procedures at the Research
and Testing Laboratory, Lubbock, TX.

The 16S rRNA gene sequences were quality filtered, denoised,
screened for PCR errors, and chimera checked using the AmpliconNoise
and Perseus programs (47). The Quantitative Insights into Microbial
Ecology (QIIME) pipeline was used to analyze the 16S rRNA gene se-
quence data (48). Unique 16S rRNA gene sequences or operational taxo-
nomic units (OTUs) were identified by use of the 97% DNA identity
criterion. A representative sequence was picked from each OTU, aligned
using the PyNAST aligner (49) and the Greengenes core set (50), and
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given taxonomic assignments using the Ribosomal Database Classifier
program (51). The alpha diversity for each sample was assessed using
Chao1 richness estimates of 1,000 randomly selected subsets of 1,421 se-
quences per sample to standardize for various sequencing efforts across
samples. Measures of beta diversity to assess differences in community
composition between sites and treatments were also performed with ran-
domly selected subsets of sequences. Two phylogenetic methods were
used to compare the community composition of the samples: the un-
weighted UniFrac method, which compares the unique branch length
associated with each sample in a phylogenetic tree, and the weighted
UniFrac method, which weights distances on the basis of the number of
sequences associated with each branch (52). Additionally, we also used
two nonphylogenetic distance methods (the Gower and Jaccard methods)
shown to be effective in detecting differences in microbial communities
(53).

Data analysis. The within- and across-plot effects of water and or-
ganic matter additions on soil respiration and extracellular enzyme activ-
ities were assessed for significance using a two-way analysis of variance
with Tukey’s honestly significant difference (HSD) post hoc test in R (54).
Weighted and unweighted UniFrac, Jaccard, and Gower distance matrices
were imported into the Primer program (v6) (55), where the analysis of
similarity (ANOSIM) function, which performs analysis of variance using
similarity matrices, was used to test the overall (global) and pairwise dis-
similarity of the community composition of samples from different plots
(56). Groups were designated significantly different when the global test
was significant (P � 0.05), the pairwise test was significant (P � 0.05), and
the R statistic was greater than 0.40.

Accession numbers. The individual standard flowgram format (.sff)
files from this study were assigned accession numbers SAMN02259435
through SAMN02259470, and raw sequence data from this study are
available through the NCBI Sequence Read Archive (SRA) as accession
numbers SRX378286 through SRX378321 under Bioproject PRJNA
228947.

RESULTS
Effects of water, organic matter, and salinity on microbial activ-
ity. Microbial activity, measured by extracellular enzyme activities
and soil respiration, varied widely among plots and treatments.
Among plots, the soil respiration decreased significantly (P �
0.05) with increasing salinity for the water and organic matter
additions, while significant differences between control samples
were restricted to the moderate- and high-salinity plot compari-
sons (Fig. 1). Within plots, soil respiration varied in response to
water and organic matter additions. In the low-salinity plot, water

addition stimulated a significant (P � 0.05) increase in respira-
tion, with an even greater significant increase being stimulated by
organic matter addition (Fig. 1). In the moderate-salinity plot,
only the organic matter addition significantly stimulated respira-
tion, and in the high-salinity plot, neither organic matter nor wa-
ter addition caused a significant respiration response (Fig. 1).

The responses of carbon-acquiring enzymes (�- and �-gluco-
sidases) to water and organic matter additions were similar to
those of soil respiration. Among plots, the only significant differ-
ence for the treatments was between the high-salinity plot (lower
activity) and the low- and moderate-salinity plots (higher activity)
(Fig. 2A and B). Within-plot comparisons showed no significant
increase in response to water additions and a strong, significant
(P � 0.05) increase in the organic matter addition treatments in
both the low- and moderate-salinity plots. However, there was no
response in the high-salinity plot (Fig. 2A and B).

The responses of nitrogen (LAP)- and phosphorus (AP)-ac-
quiring enzyme activities were varied. Among the three plots, AP
activity in response to the addition of water and organic matter
was significantly (P � 0.05) lower in the high-salinity plot than in
the low- and moderate-salinity plots; however, the activity of the
controls was not significantly different among the plots. Within
plots, the activity of AP was significantly (P � 0.05) stimulated by
organic matter additions in all three plots, while water addition
resulted in a significant activity increase only in the moderate-
salinity plot (Fig. 2C). Among the three plots, the activity of LAP
was significantly different for all of the treatments, with the excep-
tion of the water additions in the low- and high-salinity plots (Fig.
2D). Within plots, LAP activity significantly decreased in response
to both water and organic matter additions in the low-salinity
plot, increased in response to both treatments in the moderate-
salinity plot, and increased in response to only the organic matter
addition in the high-salinity plot (Fig. 2D).

Bacterial community responses. Pyrosequencing resulted in
213,176 high-quality 16S rRNA gene sequences from 34 samples
(2 samples had an insufficient number of DNA sequences) after
denoising and chimera removal. The number of sequences per
sample ranged from 1,421 to 18,703, representing a total of 1,338
operational taxonomic units (OTUs; 97% sequence similarity).
Chao1 richness estimates were used to assess differences in alpha
diversity within and among sites by randomly selecting 1,421 se-
quences 1,000 times. The low-salinity site had the highest diver-
sity, with an average of 296 � 27, 333 � 34, and 240 � 55 OTUs
found in the control, water addition, and organic matter addition
treatments, respectively. The diversity of the control and water
addition samples was significantly higher than that found with the
addition of organic matter (P � 0.05). The moderate-salinity site
had intermediate levels of alpha diversity, with an average of
186 � 23, 191 � 23, and 180 � 30 OTUs in the control, water
addition, and organic matter addition treatments, respectively,
with no significant differences being found among treatments.
The high-salinity site had the lowest diversity, with an average of
40 � 9, 42 � 16, and 18 � 4 OTUs being found in the control,
water addition, and organic matter addition treatments, respec-
tively, and no significant differences being found among treat-
ments. Among the plots, the average Chao1 richness values when
all treatments were included were significantly different (P �
0.05), with dramatically lower diversity being detected at the high-
salinity site (289 � 57, 186 � 29, and 33 � 17 OTUs for the low-,
moderate-, and high-salinity plots, respectively).

FIG 1 Mean soil respiration (CO2 flux in �mol cm�2 s�1) with standard
deviations for the low-salinity (LS), moderate-salinity (MS), and high-salinity
(HS) sites. Within-site significant differences (Tukey’s HSD) are indicated
with different letters. OrgM, organic matter.
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The community composition of the three plots differed in re-
sponse to water and organic matter additions during the 30-day
incubation period (Fig. 3). The taxonomic distribution in the low-
salinity plot for the control treatment was dominated by Acidobac-
teria (26%) and Actinobacteria (47%), with Deinococcus-Thermus
(4%), Gemmatimonadetes (4%), Verrucomicrobia (3%), and Chlo-
roflexi (2%) making up the majority of the remaining taxa (Fig. 3).
With the addition of water, Bacteroidetes (6%) and Proteobacteria

(15%) replaced Actinobacteria (13%), with a further reduction of
Actinobacteria and an increase in Proteobacteria (36%) and Firmi-
cutes (38%) occurring with organic matter addition (Fig. 3). In the
moderate-salinity control and water addition samples, Acidobac-
teria (�20%) and Actinobacteria (�35 to 50%) dominated, but
these taxa decreased dramatically with the addition of organic
matter as members of the Firmicutes (42%) and Bacteroidetes
(26%) became prevalent (Fig. 3). In the high-salinity plot, Firmi-

FIG 2 Mean extracellular enzyme activities (nmol h�1 g�1 dry soil) with standard deviations for the low-salinity (LS), moderate-salinity (MS), and high-salinity
(HS) sites for �-glucosidase (AG) (A), �-glucosidase (BG) (B), alkaline phosphatase (AP) (C), and leucine aminopeptidase (LAP) (D). Within-site significant
differences (Tukey’s HSD) are indicated with different letters, while among-site differences are described in the text.

FIG 3 Average phylum-level taxonomy for each treatment expressed as the percentage of the number of total sequences.
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cutes (�44%), Acidobacteria (�18%), and Actinobacteria (�15%)
were the dominant members of the community in the control
samples, with the frequency of all phyla other than Firmicutes
(99%) decreasing with water and organic matter addition (Fig. 3).
A single organism from the genus Paenisporosarcina found in all
treatments was responsible for the majority of the increase in Fir-
micutes in the high-salinity plot. The ANOSIM analysis of both the
phylogenetic and nonphylogenetic beta-diversity measures found
strong support for global differences among plots and among
treatments within plots; however, not all between-group compar-
isons (plots or treatments within plots) were significantly different
(Fig. 4; see Table S1 and Fig. S2 in the supplemental material).

DISCUSSION
Effects of a severity gradient on microbial communities. The
first objective of this study was to examine the effects of a salinity
gradient on microbial communities in an environment that also
experiences extreme cold and aridity. As salinity increased across
sites, respiration rates and carbohydrate-degrading enzyme activ-
ity declined, findings that are consistent with those of other studies
showing that salinity stress decreases rates of C cycling (57, 58).
Additionally, as in other studies that have shown a salinity-related
decline in hydrolytic and oxidative enzyme activities (59, 60), the
activities of carbon- and nitrogen-acquiring enzymes in the con-
trol treatments were the lowest at the high-salinity site. However,
this result may also be related to the higher SOM and total nitro-
gen found at the moderate- and high-salinity sites, as microbes
regulate the production of enzymes to acquire limiting nutrients
(61). Similar declines in microbial activity have been observed
along natural salinity gradients (62, 63), in field sites that have
experienced anthropogenic salinization (60, 64), and in salt addi-
tions in laboratory experiments (58, 65), suggesting that the neg-
ative impact of salinity on overall microbial community function
is common.

The decline in bacterial richness along the salinity gradient in
this study suggests that, as with soil metazoans in the MDV (26,
66), salinity poses a significant stress for the majority of bacterial
species found there. The effects of salinity on the diversity and
community composition of soil microbial communities are less
well studied than the effects of salinity on microbial activity,
though some data for comparison do exist. In a study of soils and
lake sediments associated with a hypersaline lake in Texas, mod-
erate declines in richness were observed along a salinity gradient
(67). However, increasing salinity has more commonly been
shown to either have no effect on total richness (68, 69) or de-
crease overall phylogenetic diversity while promoting higher di-
versity within a few specific lineages (29, 70, 71). Therefore, our
results are contrary to the results found in most other studies,
suggesting that microbial diversity may be significantly con-
strained by high salinity only when communities also experience
other stressors or resource limitations.

Bacterial community composition was significantly different
among the three sites with various salinities, in spite of numerous
shared attributes: close proximity (within 2 km) and similar aspect
and climate. The phylum-level community composition in the con-
trol treatments at the low- and moderate-salinity sites was similar to
that of other oligotrophic desert communities (72): samples con-
tained a high abundance of Actinobacteria and Acidobacteria, with
contributions from the Proteobacteria and Bacteroidetes. However,
compared to other deserts (72), the Proteobacteria and Bacte-

roidetes were less abundant and the Verrucomicrobia and Deino-
coccus-Thermus phyla were more abundant in the MDV soils. The
composition of the high-salinity site was strikingly different from
that of other desert ecosystems, with Firmicutes largely replacing
Acidobacteria and Actinobacteria. The dominance of Firmicutes
observed here may in part be due to their Gram-positive cell walls
and spore-forming ability, which make them resistant to desicca-
tion stress and harsh environmental conditions (73, 74). In recent
studies in the MDV, Firmicutes were found to be abundant at
high-elevation, low-SOM, and low-soil-moisture sites (17) and
increased in response to resource additions (25).

Effects of resource amendments on microbial activity and
community composition. The second and third goals of this
study were to assess the responsiveness of microbial communities
to the alleviation of two primary limitations, water and organic
matter, and the role of salinity in mediating community re-
sponses. While water is a limiting resource in these soils, rapid
water additions may also cause dilution stress for the microbes in
these soils, as they must rapidly discharge or utilize osmolytes to
avoid cell lysis (74). The effects of resource addition and the asso-
ciated stressors on bacterial activity and community composition
were expected to vary along the salinity gradient, as resistance and
resilience to disturbance decline with decreases in diversity (7, 75)
and along gradients of increasing stress (76, 77).

At the low-salinity site, the addition of water or water plus
dilute native organic matter resulted in a substantial increase in
microbial activity: bulk soil respiration and also extracellular en-
zyme activities increased significantly. Similar responses, particu-
larly responses resulting from organic matter additions, have been
observed in soils from a variety of other temperate/mesic biomes
(78, 79), suggesting that low-salinity soils in the MDV have overall
functions similar to those found in other ecosystems. The muted
respiration and carbon-acquiring enzyme activity responses to
additions at the high-salinity site indicate that these microbial
communities had a reduced capacity to respond to increased re-
source availability. The negative CO2 flux values observed at the
high-salinity site are common in the MDV and are attributed to
abiotic dissolution of CO2 in soil water rather than autotrophy;
negative CO2 fluxes can be considered to reflect soil respiration
below the detection level (19, 23, 80).

The effects of water and organic matter additions on microbial
community composition and structure were rapid. However, as
with the activity response, water addition alone had less of an
effect at the moderate- and high-salinity sites. At the low-salinity
site, water addition resulted in a dramatic decline of Actinobacte-
ria, while Proteobacteria and Bacteroidetes increased to relative
abundances similar to those in other desert soils (72). At all three
sites, the addition of organic matter resulted in a sharp decrease in
the relative abundance of Acidobacteria, as has been reported in
other organic matter addition studies (78, 81, 82) and high-car-
bon environments (83), providing further confirmation of the
oligotrophic designation of this phylum (83). The organic matter-
related increase in Proteobacteria, specifically, the Gammaproteo-
bacteria and Betaproteobacteria subphyla, observed at the low-sa-
linity site also agrees with the copiotrophic classification of these
groups from other organic matter enrichment studies (78, 79, 82),
as does the increase in Bacteroidetes at the moderate-salinity site
(83). The organic matter-related increase in Firmicutes at all sites,
with a nearly complete dominance at the high-salinity site, was
striking, suggesting that the community compositions of the most
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FIG 4 Principal coordinate analyses of the unweighted UniFrac and weighted UniFrac distance matrices created from the OTU table (97% identity) for all
samples combined and for each site individually. Control (Cont), water (Wat), and organic matter (OrgM) additions are represented by gray, blue, and green
symbols, respectively, while low-salinity (LS), moderate-salinity (MS), and high-salinity (HS) sites are represented by circles, squares, and triangles, respectively.
Groupings of samples that are significantly different from those for the other groups (ANOSIM, P � 0.05 and R 	 0.40) are delineated with red ovals (see Table
S1 in the supplemental material for detailed results).
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extreme soil communities in the MDV have limited resistance to
enrichment. The single organism from the genus Paenisporosar-
cina responsible for the majority of this increase in Firmicutes at
the high-salinity site is a close relative of an organism isolated
from a cyanobacterial mat from the MDV (84), indicating that
some MDV bacteria are highly competitive under enriched con-
ditions. Interestingly, a recent multiyear experiment in the MDV
in which a mummified seal was moved from one location to an-
other found that Firmicutes were abundant in soils impacted by
the seal carcass (25), suggesting that organisms from this phylum
respond predictably to resource addition in the MDV.

The community composition and function of the MDV soil
microbial communities will likely be altered by the landscape-
scale change currently occurring in this region (13) due to the
apparent responsiveness of these bacterial communities to altered
resources; however, these responses are expected to be complex.
Increased water availability from the melting of massive buried
ice, permafrost thaw, and increased stream flow will alleviate wa-
ter stress in some areas and is likely to stimulate the in situ primary
production which has been observed in MDV soils with consistent
soil moisture inputs (17, 85). If increased moisture is persistent,
organic matter inputs will further stimulate microbial activity and
result in a shift in community composition to copiotrophic organ-
isms. However, these responses will likely vary across the MDV
habitats, which demonstrate significant heterogeneity. For exam-
ple, transient increases in soil moisture in high-salinity areas may
act to dilute and mobilize salts, increasing diversity and shifting
the community from a dominance by Firmicutes toward a typical
desert soil community.

Implications for the resistance and function of microbial
communities in extreme environments. Soil microbial commu-
nities in even the most hospitable MDV soils have alpha-diversity
values one-third to half (17) of those found in other soil ecosys-
tems (40). Other studies and reviews have demonstrated that the
species composition of microbial communities is sensitive to
change (86, 87). However, the response of the communities to
environmental change (over a 30-day period) was more rapid
than that which has been shown to occur in other soil communi-
ties (86). Additionally, the high-salinity site, which had the lowest
initial diversity, was the most responsive to organic matter addi-
tion, resulting in a nearly complete dominance by a single organ-
ism. The speed with which these changes took place suggests that
the microbial community composition in low-diversity and envi-
ronmentally extreme ecosystems such as soils in the MDV has
limited resistance to environmental change. These results are sup-
ported by previous studies of longer duration in the MDV which
have also found that soil communities are responsive to altered
conditions: soil nematodes responded dramatically to a discrete
flood event, with changes persisting for multiple years (88), and a
multiyear study involving the transplant of a mummified seal car-
cass showed a shift in the bacterial community composition and
an increase in bacterial biomass after 3 years in the new location
(25).

The high diversity in soil microbial communities (89) has
promoted the view that while community composition may
shift in response to disturbances or altered conditions, these
shifts may be of limited functional importance due to redun-
dancy between species. While this may be accurate for very
broad level processes, such as soil respiration, other more spe-
cialized functions are likely more susceptible to shifts in com-

munity composition (90, but see reference 91). The shift in
the broad, phylum-level community composition observed in
this study may significantly impact the functioning of these
communities, given recent lines of evidence suggesting that
many microbial functions, including carbon utilization and
nutrient processing, are phylogenetically linked (81, 83, 92–
95). In fact, altered function in the form of respiration and
enzyme activity was observed to change very rapidly in this
study. More detailed metagenomic and metatranscriptomic
studies are needed to determine the specific functions that have
been affected.

Conclusions. The MDV are experiencing climate-induced
changes, including increased moisture and organic matter
availability, which are likely to intensify in the near future. The
results from this experimental work suggest that the microbial
communities in this cold, arid, and oligotrophic environment
may change in response to altered resources, with an altered
bacterial community composition and increased carbon and
nutrient cycling occurring. Investigating these effects along a
gradient of habitat severity induced by salinity demonstrated
the differential responses of communities under various levels
of stress and suggests that the communities in the harshest
habitats are the least resistant to disturbance.
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