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Abstract Microorganisms inhabiting stream sediments
mediate biogeochemical processes of importance to both
aquatic and terrestrial ecosystems. In deserts, the lateral
margins of ephemeral stream channels (parafluvial sediments)
are dried and rewetted, creating periodically wet conditions
that typically enhance microbial activity. However, the
influence of water content on microbial community compo-
sition and diversity in desert stream sediments is unclear. We
sampled stream margins along gradients of wet to dry
sediments, measuring geochemistry and bacterial 16S rRNA
gene composition, at streams in both a cold (McMurdo Dry
Valleys, Antarctica) and hot (Chihuahuan Desert, New
Mexico, USA) desert. Across the gradients, sediment water
content spanned a wide range (1.6–37.9% w/w), and
conductivity was highly variable (12.3–1,380 μS cm−2).
Bacterial diversity (at 97% sequence similarity) was high and

variable, but did not differ significantly between the hot and
cold desert and was not correlated with sediment water content.
Instead, conductivity was most strongly related to diversity.
Water content was strongly related to bacterial 16S rRNA gene
community composition, though samples were distributed in
wet and dry clusters rather than as assemblages shifting along a
gradient. Phylogenetic analyses showed that many taxa from
wet sediments at the hot and cold desert site were related to,
respectively, halotolerant Gammaproteobacteria, and one
family within the Sphingobacteriales (Bacteroidetes), while
dry sediments at both sites contained a high proportion of taxa
related to the Acidobacteria. These results suggest that
bacterial diversity and composition in desert stream sediments
is more strongly affected by hydrology and conductivity than
temperature.

Introduction

Microbes living in stream and riparian sediments drive
many biogeochemical processes and mediate nutrient
exchange between terrestrial and aquatic ecosystems.
Diverse benthic (sediment–water interface) and subsurface
microbial communities have been studied in temperate
streams around the world, with regards to seasonality [26,
41], litter decomposition [34, 66], biofilm formation [10],
and denitrification [45]. However, few such studies have
taken place in desert streams.

Biological activity in deserts is commonly limited by the
availability of water. This is true in both temperate regions
[58, 70] and polar regions [9, 44]. As precipitation events
and stream flows are highly variable in timing and volume,
wetting and drying of stream sediments is common.
Microbial activity responds very quickly to rewetting of
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sediments: for example, cyanobacterial mats inhabiting
streambeds in theMcMurdo Dry Valleys of Antarctica recover
from desiccation rapidly, exhibiting high photosynthetic rates
only minutes after rewetting [50, 76]. Also, sediment nutrient
uptake in Sonoran Desert stream sediments is high during
the first hours of rewetting [33].

The products of microbial activity in stream sediments
are important to the entire landscape [5], particularly in
desert regions [11]. In the McMurdo Dry Valleys, where
vascular plants do not grow, respiration is highest in wetted
sediments at the edges of waterbodies [32], and the
relatively high productivity in these areas supports more
complex food webs [53, 75]. Desiccated mat material is
transported from stream beds by wind, providing a carbon
source to biota in soils with no autotrophic activity [28, 38].
In vegetated deserts, microbial nitrogen (N) mineralization
controls plant available N concentrations in stream riparian
areas [68] and nitrification and denitrification processes in
stream sediments affect the form and concentration of
nutrients transported downstream [36, 37, 43]. In ephemeral
desert streams, the lateral extent of the stream channel
(termed the parafluvial zone), and thus the moist sediments
that support high microbial activity, is highly variable over
time and space. It is currently unclear whether microbial
community composition of desert stream sediments is, like
microbial activity, sensitive to water availability. In desert
soils and cryptoendoliths, there are differences in community
structure relative to soil moisture content or total annual
precipitation [1, 62]. For example, molecular fingerprinting
techniques showed differences in the sediment bacterial
community of an Australian ephemeral stream before and
after sediment rewetting [65], but the identity of the
organisms is still unknown. In general, the microbial
community composition of parafluvial sediments remains
largely unexplored.

The goal of this study was to determine how sediment
microbial (in particular, bacterial) community structure
changes across gradients of sediment moisture content at
both a hot and a cold ephemeral desert stream. While some
evidence indicates increased diversity with higher water
content in both hot and cold desert soils [1, 62], a
mechanism has been proposed for the opposite pattern:
wet soils may have lower spatial heterogeneity which in
turn limits bacterial diversity [85]. It is not clear which of
these patterns will prevail in ephemeral stream sediments,
which regularly experience cycles of wetting and drying.
Also, while macrobiological diversity is strongly and
positively correlated with environmental temperature [2],
temperate soil bacterial diversity appears to vary more with
pH than mean annual temperature [27]. However, the
bacterial diversity of similarly high pH soils with widely
varying mean ambient temperatures has not been examined,
to our knowledge. This cross-site comparative study was

initiated to determine how water content or ambient
temperature was related to bacterial community diversity
and composition in parafluvial stream sediments.

We sampled parafluvial sediments across moisture
gradients in stream–soil transition zones adjacent to the
Onyx River, Wright Valley, Antarctica and the Rio Salado,
New Mexico. Both streams have ephemeral flow dependent
on local climatic conditions. The Onyx River flows only
when summer radiation melts glacial ice, and the Rio
Salado flows due to spring-fed base flow and summer
monsoonal thunderstorms. Both streams have visible
moisture gradients in the parafluvial zone, i.e., a strip of
wetted sediment is visible at the margin of each stream.
Despite these similarities, average seasonal temperature
differs by approximately 20–40°C. To elucidate patterns of
microbial diversity and community structure in hot and cold,
wet and dry desert sediments, we measured physicochemical
parameters and bacterial 16S rRNA gene community diversity
and composition at four points along a sediment moisture
gradient adjacent to each study stream.

Materials and Methods

Site Description and Sampling Approach

The Onyx River in Wright Valley (77°30′ S, 163°00′ E) is
the longest river on the Antarctic continent. It is located
within the McMurdo Dry Valleys, a 4,800 km2 area of ice-
free polar desert that receives <100 mm precipitation
annually, most of which sublimates before accumulating
on the surface. The McMurdo Dry Valleys have mean
summer and winter temperatures of −5 in January and −30°C
in July [20]. The Onyx River is fed solely by glacial melt,
with an average flow season of 8–10 weeks and a flow
season daily mean discharge of 490 L/s (range 1–1,900 L/s)
[30]. Two sites were sampled in the McMurdo Dry Valleys:
(1) the Upper Onyx River site (UOX) was approximately
1 km below the river source, glacial Lake Brownsworth, and
(2) the Lower Onyx River site (LOX) was approximately
25 km downstream, 3 km above the river’s outflow into
Lake Vanda. More information on the study sites [57] and on
the region is available online (http://mcmlter.org).

The Rio Salado (33.75° N, 111.51° W), located within the
Sevilleta National Wildlife Refuge in central New Mexico,
USA, lies at the northern extent of the Chihuahuan Desert.
The mean winter and summer temperatures are −4.2°C in
January and 34.5°C in July, and annual precipitation is
approximately 250 mm, about 60% of which falls in episodic
monsoon events during the summer months [31]. The Rio
Salado drains a catchment of ~400 km2 extending from the
northern Datil Mountains in the west to its outflow into the
Rio Grande. A short reach of this river carries perennial flow
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where the near-surface bedrock upthrust of the Ladron
Mountains creates a constriction and strong upwelling of
groundwater [52]. However, the river flows ephemerally
along most of its length, with large storm flow pulses
primarily during the summer. The Rio Salado sampling site
(SAL) was located in an ephemeral spring-fed reach
approximately 10 km below the point of groundwater
upwelling. More information on the site is available online
(http://sev.lternet.edu).

Sediments were sampled from transects established
perpendicular to the direction of stream flow following
the onset of spring discharge, during periods of typical base
flow at each stream. There were no high-flow events (i.e.,
storms) at either site during the flow year prior to the
sampling period, thus we sampled a base-flow microbial
community, not a post-disturbance community. At the Onyx
River, samples were collected in December 2005 at both
sites. At the Rio Salado, samples were collected in April
2006. Sediments from four replicate transects (1–4) across
the gradient were sampled at four points (A–D from wet to
dry) to 10 cm depth for chemical analyses (n=4 total) for
each of the three sampling sites (Fig. 1). Initially, we
performed bacterial 16S rRNA gene denaturing gradient
gel electrophoresis (DGGE) analyses on sediment from
all points along each field replicated transect and at sub-
depths of 0–3 cm, 3–6 cm, and 6–10 cm, but we
observed no significant DGGE pattern dissimilarity in
the longitudinal (between transect) or vertical (by depth)
direction (P>0.1) [14, 83]. Therefore, we proceeded with
one clone library analysis at each of the four points along
one median transect for the combined 0–10 cm sediment
depths.

The sediments utilized for chemical and nutrient analyses
were collected into WhirlPac™ bags and stored at −20°C until
analysis. Sediments for bacterial community analysis were
collected using a flame-sterilized soil corer and preserved
immediately in an equal volume of sucrose lysis buffer (SLB:
20 mM ethylenediaminetetraacetic acid, 400 mMNaCl, 0.7 M
sucrose, and 50 mM tris(hydroxymethyl)aminomethane
(TRIS); pH 9.0). SLB is a high-concentration sugar solution
that lyses cells immediately, preserving nucleic acids present at
the time of sample collection [51]. These sediments were
frozen at −20°C (UOX, LOX) or placed on ice (SAL) and
immediately transported to the laboratory and stored at −80°C
until analysis.

Sediment Chemical and Nutrient Analyses

Each of 16 sediment samples per site was analyzed for
sediment water content, electrical conductivity (a proxy for
salinity), and KCl-extractable NO3–N and NH4–N. Water
content was measured as mass loss upon drying overnight
at 100°C, conductivity was measured in a 1:5 sediment/

deionized water solution and pH was measured in a 1:1
sediment/deionized water solution. For all samples, inorganic
nitrogen ions were extracted for 1 h in 1 M KCl from 10 g of
sediment; NO3–N concentration was measured on a Dionex
Ion Chromatograph and NH4–N concentration was measured
colorimetrically using a Technicon Autoanalyzer. Organic
matter content was measured via mass loss on ignition of 3–
5 g of sediment on a subset of the samples due to limited
sample volume (n=3 for available Upper and Lower
Onyx River samples; n=4 for each Rio Salado sample).
Biomass C was measured by chloroform fumigation, but
many samples fell below a detectable limit of 10 μg C g−1

dry soil, preventing statistical evaluation of biomass data.

Figure 1 Profiles of sediment moisture gradients and salinity (as
conductivity) by distance from water at each site. Note the differences in
scale on each graph, and the 1/100 transformation of conductivity data at
c Rio Salado, where values ranged from 266 to 1,870 μS/cm
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Bacterial Community Analysis

Whole community genomic DNAwas extracted from 0.2 to
0.3 g of sediment sample from each point along one
transect using a MoBio (Carlsbad, CA, USA) PowerSoil
extraction kit, eluted in 10 mM TRIS and stored at −20°C
during analysis. One step in the MoBio protocol was
modified: instead of vortex bead-beating, the samples were
shaken by hand to prevent excessive DNA shearing.
Bacterial 16S rRNA genes were amplified by PCR with
the domain-specific primer 8F (5′-AGAGTTTGATCCTG
GCTCAG-3′) [3] and universal primers 1391R (5′-GACGG
GCGGTGTGTRCA-3′ for UOX and LOX) or 1492R (5′-
GGTTACCTTGTTACGACTT-3′ for SAL) [46]. Of all
bacterial sequences in the SILVA non-redundant 16S rRNA
database, 63,630 sequences match 1492R and 63,215 of
those match 1391R; none of the 415 sequences which
1391R misses is related to any sequence found in our clone
libraries: thus, results acquired using the different primers
are directly comparable. Each 50 μL reaction included
5.0 μL of 10X buffer, 0.8 μL of 12.5 mM dNTPs, 1 U of Taq
polymerase (Promega, Madison, WI, USA), 2 μL of each
10 mM primer, 2 μL of 2% BSA, and 50 ng of genomic
DNA. PCR conditions for all reactions were as follows:
5 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 50°C, and
90 s at 72°C; final extension at 72°C for 7 min. Full-length
16S rRNA gene PCR products were cloned using the TOPO
TA and TA kits (Invitrogen, Carlsbad, CA, USA) and 96
clones per library were sequenced on an ABI 3730 capillary
sequencer using the 8F primer. We also produced 3,000 200-
bp 454 FLX 16S rRNA gene sequences (V1–V3 region [22])
for amplicons produced using each reverse primer from
genomic DNA from one Lower Onyx River and one Rio
Salado sample to ascertain that data acquired using different
primers were in fact comparable.

Between 52 and 75 high-quality 16S rRNA gene
sequences from the first 500–800 bp of the 5′ end of the
gene (forward sequences) were produced per library
(contained more than 500 bases with PHRED scores >20),
which were then edited, aligned (using CodonCode
Aligner) and used for community composition and diversity
analysis. All 817 forward sequences were grouped into site-
specific OTUs of 97% similarity, and one representative
clone of each OTU (556 in total) was targeted for complete
sequencing using the internal primers 519R (5′-ATTAC
CGCGGCTGCTGG-3′), 515F (5′-GTGCCAGCMGCCG
CGGTAA-3′), 1100R (5′-AGGGTTGCGCTCGTTG-3′),
1114F (5′-GCAACGAGCGCAACCC-3′), and 1492R (5′-
GGTTACCTTGTTACGACTT-3′, just SAL) [46]. Sequences
were edited and assembled to 2X coverage using Codon-
Code, scanned for chimeras using Bellerophon version 3
[39] and aligned using the NAST alignment tool at the
GreenGenes website [18]. Because not every internal primer

sequence was high quality enough to assemble, despite
repeated attempts to sequence, only 257 16S rRNA genes
were assembled to 2X coverage (800–1,000 bp, UOX and
LOX; 1,200–1,400 bp, SAL). These sequences were utilized
for phylogenetic analysis and are accessible at GenBank
(EU869545–EU869802).

Statistical, Diversity, and Phylogenetic Analyses

Analysis of variance (ANOVA) was used to evaluate
differences in biogeochemical characteristics between
points along each gradient, with significant groups identi-
fied based on Bonferroni post-hoc multiple comparisons.
To compare total richness between sites, ANOVA (n=4,
each clone library as one replicate) was used. Correlations
of biogeochemical, diversity, and ordination variables were
evaluated using Pearson’s R statistic and two-tailed signif-
icance values. All data fit the assumptions of normality and
equal variances associated with these statistical analyses.
ANOVA and correlation analyses were performed using
SPSS 11 for Mac. Rarefaction curves, Chao1 richness
estimates, Simpson’s and Shannon’s diversity were calcu-
lated using DOTUR [69]. Good’s coverage statistic, the
proportion of sequences that are represented more than
once in the library, was calculated as (1−n/N)×100, where
n is the number of singletons and N is the total number of
sequences per library [29].

Arlequin (2.000) was used to evaluate the level (Fst) and
significance (P) of differences in 16S rRNA gene sequence
composition among all samples. Taxonomic affiliation of
each 97% similar OTU was derived from each sequence’s
placement in the bacterial 16S rRNA gene tree [40]; this
placement was accomplished using ARB quick add using
parsimony [48]. Using the final bacterial domain topology
and sequence frequency for each clone library, UniFrac was
used to identify clades enriched in sequences from certain
sites and to plot phylogenetic similarity between samples
[47]. UniFrac output reported here includes (1) Martin’s P
Test Significance, for which significant pairwise compar-
isons indicate different phylogenetic distribution between
samples, (2) lineage-specific analysis, which tests whether
certain clades are “enriched” in taxa from certain samples
(i.e., have a greater number of sequences from one sample
than expected from random reshuffling of all terminal taxa
(P<0.05)), and (3) principal coordinates analysis (PCA), an
ordination of phylogenetic distance between samples,
weighted for the relative abundance of each sequence in
each library.

Phylogenetic analysis on all 257 2X sequences (800–
1,200 bp) was performed using PAUP 4.0 [73]. Before
input into PAUP, hypervariable regions of the 16S rRNA
gene were masked using domain and phyla-specific masks
[40]. Trees containing reference isolate and environmental
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sequences and sequences collected in this study were built
using the neighbor-joining algorithm, with the general-time
reversible model of nucleotide evolution (gamma=0.6) as
indicated by running ModelTest [63] on our dataset. Trees
were bootstrapped by resampling 1,000 times using
stepwise addition and tree bisection replacement.

Results and Discussion

Geochemical Characteristics of Sediments Across Moisture
Gradients

Moisture gradients at hot and cold desert sites spanned a range
of sediment water content, conductivity, and extractable nitrate
in a qualitatively similar pattern (Table 1, Fig. 1). Water content
decreased with increasing distance from the shoreline at each
stream (Pearson’s correlation between distance and water
content: Onyx River, R=−0.539, P<0.001; Rio Salado,
R=−0.537, P=0.002). There was no statistically significant
variability in geochemistry between transects. Conductivity
was generally lowest in wet sediments (Fig. 1), and
extractable nitrate was generally highest in dry sediments
(Table 1). These patterns are typical of hydrological margin
gradients across the McMurdo Dry Valleys landscape, where
evapo-concentration can cause solutes to accumulate at the
distal ends of these hydrological gradients [8, 57].

Inorganic nitrogen concentration, organic matter content,
pH, and conductivity in parafluvial sediments varied
significantly between hot and cold desert sites (Table 1).
Sediments from Rio Salado, the hot desert stream, had
statistically significant higher conductivity and ammonium

concentration than Onyx River sediments (ammonium at
Onyx River (0.14 μg g−1 dry sediment)<Rio Salado
(0.93 μg g−1 dry sediment), P<0.05; OM content at Onyx
River (2.3 mg g−1 dry sediment)<Rio Salado (7.7 mg g−1

dry sediment), P<0.01; pH at Onyx River (7.81)<Rio
Salado (7.43), P<0.001; conductivity at Onyx River
(21.3 μS cm−1)<< Rio Salado (787 μS cm−1), P<0.001).
While all sites are very low nutrient habitats, Onyx River
sediments are more nutrient poor and on average 37 times
less saline than Rio Salado sediments. Thus conditions
related to nutrient availability and baseline osmotic status,
in addition to temperature and water content, may affect site
differences in bacterial community composition.

Bacterial Diversity

16S rRNA gene diversity was high and variable in both hot
and cold desert parafluvial sediments (Table 2), and the
rarefaction curve of only one clone library, Rio Salado B,
approached saturation (data not shown). There was no
difference in Good’s coverage, Shannon’s diversity, and
Simpson’s diversity or Chao1 richness between SAL, UOX,
and LOX (Table 2, ANOVA results, respectively, P=0.64,
P=0.12, P=0.45, and P=0.34); thus the hot desert sediment
habitat did not support a higher diversity bacterial community
than the cold desert. Also, there was no correlation between
sediment water content and bacterial richness. Therefore, the
definitive environmental conditions of our “hot desert” and
“cold desert” sites, ambient temperature and water content, do
not appear to be related to bacterial diversity.

Total diversity was surprisingly high, and can be
attributed to the large number of singletons in all 16S

Table 1 Mean values of geochemical variables for sediments at each gradient position at both sites (SEM)

Distance from
shoreline (m)

Sediment
water
content (%)

Electrical
conductivity
(μS cm−1)

pH OM
content
(mg g−1 dry
sediment)

Extractable
ammonium
(μg g−1 dry
sediment)

Extractable
nitrate
(μg g−1 dry
sediment)

Extractable
inorganic N
(μg g−1 dry
sediment)

Upper Onyx River A 0.2 (0) 37.9a (2.1) 12.3 (2.8) 7.74 (0.15) n/a 0.043 (0.04) 0.109 (0.10) 0.152 (0.12)

B 1.6 (0.15) 11.6b (4.3) 18.4 (6.1) 7.71 (0.09) 1.0 (0.1) 0.039 (0.02) 0.244 (0.37) 0.283 (0.35)

C 3.1 (0.25) 11.7b (8.0) 16.5 (1.2) 7.68 (0.08) n/a 0.023 (0.03) 0.096 (0.14) 0.125 (0.14)

D 4.5 (0.45) 3.42b (1.9) 14.8 (6.2) 7.79 (0.13) 1.0 (0.1) 0.38 (0.04) 0.078 (0.06) 0.115 (0.07)

Lower Onyx River A 0.2 (0) 34.6a (2.1) 18.9a (4.2) 7.71a (0.05) n/a 0.194 (0.22) 0.404 (0.50) 0.598 (0.60)

B 0.6 (0.03) 22.0ab (10) 25.8ab (10) 8.16b (0.07) 4.0 (0.1) 0.180 (0.22) 0.334 (0.31) 0.514 (0.51)

C 1.1 (0.05) 10.5bc (7.7) 22.6ab (10) 7.89ab (0.08) n/a 0.134 (0.17) 0.373 (0.42) 0.507 (0.39)

D 1.7 (0.08) 1.63c (0.66) 40.7b (14) 7.85ab (0.13) 3.0 (2.0) 0.139 (0.12) 0.927 (0.28) 1.07 (0.35)

Rio Salado A 1.1 (0.05) 23.0a (2.6) 646a (270) 7.26 (0.08) 10.9 (1.8) 0.821 (0.17) 0.100a (0.00) 0.921a (0.17)

B 2.4 (0.07) 22.4a (1.5) 1,380b (450) 7.54 (0.08) 6.8 (1.0) 1.09 (0.61) 0.099a (0.00) 1.19a (0.61)

C 3.8 (0.13) 18.0a (3.6) 728a (204) 7.54 (0.06) 6.5 (0.8) 0.945 (0.10) 0.124a (0.05) 1.07a (0.13)

D 5.1 (0.18) 2.40b (1.0) 393a (155) 7.39 (0.08) 6.6 (1.4) 0.847 (0.06) 1.25b (0.47) 2.09b (0.42)

Superscripts denote differences across each gradient within a site, ANOVA with Bonferroni post-hoc

Bacterial Community Shifts Along Desert Stream Moisture Gradients 547



rRNA gene clone libraries (Table 2). The mean Good’s
coverage of our clone libraries was 33%, indicating that on
average only one-third of the OTUs we collected were
found more than once in any sample. This level of diversity
is notable: bacterial communities in these desert stream
sediments have a similar or higher diversity than communities
from comparable extreme environments, such as other
Antarctic Dry Valleys soils, desert soils, and saline desert
waters and sediments (Table 2).

The lowest diversity samples in our study, Rio Salado B
and C, were also geochemical outliers with high conductivity
(1,870 and 935 μS cm−2). While neither nutrient content
nor pH was significantly correlated with any diversity
metric, Shannon’s diversity index (H′) and conductivity
were negatively correlated (Pearson’s R=0.899, P<0.001).
Assuming conductivity is a good proxy for salinity, high
conductivity could negatively affect bacterial sequence
diversity by selecting against organisms that are not
halotolerant. Other studies have documented strong rela-
tionships between conductivity and microbial community

composition in estuarine, wet sediment, and hypersaline
environments that are driven by changes in abundance of
halotolerant and non-halotolerant bacterial clades [12, 13, 77].

Bacterial Community Composition

Bacterial 16S rRNA gene community structure differed
between hot and cold desert sediments, and between wet
and dry sediments. All between-sample Fst comparisons
(Arlequin) were significant (Fst ranged from 0.003 to 0.03,
pairwise P values were all <0.01), indicating that all clone
libraries were distinct in their raw sequence composition.
UniFrac’s phylogenetically explicit analysis showed that
at Rio Salado, dry sediment (gradient position D)
differed from wet sediment (gradient positions A, B,
and C) 16S gene clone library composition (P≤0.01).
Also, Onyx River dry sediments were phylogenetically
distinct from wet sediment samples (differences across all
samples: UOX-D ≠ (LOX-A, B, and C), LOX-D ≠ UOX-C
(P≤0.04)). In fact, the difference between wet and dry

Table 2 Diversity estimates for all sediment 16S rRNA gene communities from clone library sequence data for this and comparable studies

Clones per
library

OTUs (97%
similarity)

Good’s
coverage (%)

Shannon’s
Diversity (H′)

Simpson’s
Diversity (1/D)

Estimated
Chao1 Richness

Upper Onyx River A 60 50 30.0 3.85 148 173

B 72 53 43.1 3.82 69 128

C 64 54 23.4 3.89 119 446

D 60 51 23.3 3.85 126 396

Lower Onyx River A 75 56 42.7 3.90 90 138

B 64 51 32.8 3.82 96 202

C 64 51 32.8 3.82 96 202

D 52 46 11.5 3.78 190 210

Rio Salado A 67 50 38.8 3.73 55 167

B 44 26a 56.8 2.99 21 69

C 66 38 56.1 3.41 36 103

D 66 63 9.1 4.13 715 506

McKelvey Valley, Antarctica [61] 180 48 87 3.3 1 44

Miers Valley, Pennance Pass, Antarctica [71] na na na 1.33–1.60 na na

Luther Vale, Antarctica [55] 67–92 na na 3.32–4.04 na na

Near Lake Vanda, Wright Valley, Antarctica [1]c 113 na 70 3.27 na na

Sevilleta NWR, USA upland soil [67]d 17–27 2–13 70.8–100 0.65–2.39 1.8–9.3 na

Sevilleta NWR, USA upland soil [27]e na 41–43 na 3.5–3.6 na na

Salton Sea, USA sedimentb [19] 109 78 28.4 4.18 51.6 204

Lake Tebenquiche, Salar de Atacama, Chile water [17] 14–53 8–15 16.7–53.3 1.9–2.4 5.4–10.9 na

Cuatros Cienegas, Chihuahuan Desert, Mexico water
and sediment [72]

76 38 28.9 3.22 15.4 na

a Rarefaction curve nearing plateau
b OTUs calculated at 99% similarity
c OTUs calculated at 100% similarity
d OTU defined by restriction fragment length polymorphism (RFLP) type
e OTU defined by terminal-RFLP type
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sediment community composition was greater than the
difference between corresponding gradient positions at
UOX and LOX (i.e., A=A, B=B, C=C, and D=D;
P≥0.49). The PCA of phylogenetic distance between all
samples reflects these patterns visually: Rio Salado A, B,
and C sediments cluster together, Rio Salado and Onyx
River D sediments cluster together, and Onyx River A, B,
and C sediments cluster together (Fig. 2). PC1 separated
the hot from the cold desert sediments and was signifi-
cantly correlated (P≤0.05) with extractable ammonium
(R=−0.933), conductivity (R=−0.871) and pH (R=0.734),
and PC2 separated the dry from the wet sediment samples
and was significantly correlated with extractable nitrate
(R=0.619) and water content (R=−0.569).

Interestingly, there was not a smooth transition of
community composition from wet to dry sediments along
each gradient; instead, bacterial communities from the
driest sediments (position “D”) were clearly distinct from
the moist sediments at each gradient, and were in fact more
similar to dry sediments from the other sites than to moist
sediments at the same site. Two mechanisms could explain
the difference in bacterial community composition in wet
and dry sediments. Because water stimulates microbial
activity [11, 44], wet sediment clone libraries may reflect
primarily active bacterial cells while dry sediment clone
libraries contain a “seed bank” of sequences from dormant
or inactive cells [64]. Alternatively, if there were unique
aquatic and terrestrial source pools of bacterial taxa, and
water provided a dispersal vector for aquatic taxa [85], the
wet and dry sediments might reflect aquatic- and terrestrial-
dominated communities. If the “seed bank” idea was the
sole explanation for the variability in our data, then

bacterial taxa in the wet sediments would contain a subset
of the sequences in the dry sediment clone libraries,
following a nested subset pattern [56]. This was not the
case: the nestedness temperature of 74.52° indicates a high
entropy in community assembly [4], suggesting either a
random mechanism for OTU occurrence or a mixing of
bacterial taxa with differing histories [60]. Hypotheses like
these are rarely addressed in microbial communities, and
would be better served with more thorough surveys of
diversity, e.g., 454 “deep sequencing” of the 16S rRNA
gene. However, the “two pool” hypothesis can explain
microbial community composition in at least one other
stream ecosystem: in an Austrian glacial fed stream,
upstream waters contained a higher proportion of subglacial
associated bacterial taxa than downstream waters [10].

Phylogenetic Analysis

Seventeen bacterial phyla were represented in the 16S
rRNA gene clone libraries (Fig. 3). Abundant groups at
both sites included Acidobacteria and Proteobacteria,
which were particularly common at the Rio Salado, and
Bacteroidetes, which were particularly common at the Onyx
River. Onyx River sediments also consistently contained
Actinobacteria, Cyanobacteria, Gemmatimonadetes, and
Verrucomicrobia. Rio Salado sediments also included
Verrucomicrobia in all but one sample, but overall fewer
phyla were consistently represented at this site. UniFrac’s
lineage-specific analysis was used to identify the phylogenetic
groups that contributed to differences in community compo-
sition, i.e., clades with significantly more terminal taxa in one
sample than predicted by randomly sampling taxa from the
total pool of sequences (P<0.05). Clone libraries from wet
sediments at Rio Salado (positions A, B, and C) contained an
over-abundance of sequences from theGammaproteobacteria
subphylum. The Rio Salado dry sediment sample (position
D) had a high proportion of Acidobacteria sequences. In all
Onyx River clone libraries, Bacteroidetes and Acidobacteria
sequences were more numerous than expected.

In addition, a comparison of the bacterial community
composition to other Antarctic Dry Valleys soils, hot desert
soils, water and sediment from desert lakes and springs, and
global composite soil [42] shows that these sediment
communities are distinct from those in comparable environ-
ments (Fig. 3). Interestingly, bacterial community compo-
sition in Onyx River sediments was most similar to a soil
sample collected near Lake Vanda, in the same drainage
basin (Wright Valley, Antarctica) [1], and Rio Salado
sediments were most similar to water and sediment samples
collected at Cuatro Cienegas, in the Chihuahuan Desert
[72]; i.e., there may be some regional similarity in bacterial
community composition even between studies. While the
bacterial composition of Rio Salado sediments appears to

Figure 2 Principal coordinates analysis (UniFrac, weighted) of 16S
rRNA gene OTU (97% DNA sequence similarity) occurrence and
abundance from clone libraries of 8F reads for all samples in the
study. The first two axes explained a total of 51.2% of the variability
in the whole dataset
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be quite different from upland Sevilleta NWR soils, the
only study available for comparison used a very different
method of defining OTUs (RFLP type) [67], so further
comparison is necessary to confirm this difference.

While 16S rRNA gene sequences from the Acidobacteria
phylum were most common in dry sediments at both sites,
there was little phylogenetic overlap between Onyx River
and Rio Salado Acidobacterial representatives (Figs. 3 and

Figure 3 Phylogenetic placement of all 16S rRNA clone library
sequences from all Rio Salado and Onyx River sediment samples, plus
the taxonomic composition of a number of comparable samples (the same

samples as described in Table 2, plus the “average” cosmopolitan soil
bacterial community [42])
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4). Sequences from Rio Salado generally fell into subdivi-
sion 6, and those from Onyx River were commonly found in
subdivision 4. 16S rRNA gene sequences from these two
Acidobacteria subdivisions are abundant [7, 42], but also
two of the least successfully cultured. Because subdivision 6
Acidobacteria are also common in uranium-containing sedi-
ments [6], and desiccation tolerance and radiation tolerance
are related in their necessary DNA repair physiology [49],
subdivision 6 Acidobacteria may have adapted an efficient
method to repair DNA or other essential cellular compo-
nents. There are few cultured representatives of the phylum
Acidobacteria, but the group is generally thought to contain
oligo-heterotrophic organisms that are prevalent in soil
habitats [7, 24, 42], such as the nutrient poor dry sediment
of these desert streams.

A large proportion of Rio Salado 16S rRNA sequences,
but no Onyx River sequences, fell within the Gammapro-
teobacteria subphylum (Figs. 3 and 5). The hot desert
bacterial sequences grouped with three distinct genera
(Rheinheimera, Idiomarina, and Saccharospirillum). Type
species from these clades are halotolerant marine organisms
like Idiomarina sp., Rheinheimeria sp., and Oceanospiral-

lales sp. [15, 81]. At least one other Chihuahuan Desert
stream system fed by saline groundwaters, Cuatro Cienegas,
has a high diversity of marine-related bacterial sequences
[72]. There is evidence to suggest that Cuatro Cienegas
source waters have an ancient marine origin [72]. However,
high conductivity at the Rio Salado is more likely related to
deep groundwater interactions with sedimentary brines [35]
and tectonic activity in the Rio Grande Rift [54]. The
bacteria represented by these sequences may have descended
from relict marine bacterial populations in the subsurface or
from cells transported via summer monsoonal precipitation
systems that originate over the Gulf of California and Gulf of
Mexico. In either case, the phylogenetic data suggest that the
high conductivity of Rio Salado stream sediments has
promoted a unique diversification of halotolerant bacteria.

Finally, 16S rRNA gene sequences from the Bacteroidetes
phylum were most common in wet sediments at the Onyx
River. Bacteroidetes is a diverse phylum, and phylogenetic
analysis was restricted to the Sphingobacteriales order. A
very high number of sequences from Onyx River clone
libraries fell in this clade (Figs. 3 and 6): in fact,
approximately one-sixth (88/554, or 16%) of all Onyx River

Figure 4 Bootstrapped neighbor joining tree of the 16S rRNA gene,
Acidobacteria phylum (Bacteria, Acidobacteria), including full
sequences from this study and type and reference sequences from

GenBank (clone or isolate name, accession number). The abundance
of sequences from each Rio Salado and Onyx River sample in each
bootstrapped clade is noted
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sequences grouped within the Chitinophagaceae family. The
characterized isolates from this group are aerobic hetero-
trophs with versatile metabolic capabilities [79, 82]. As
many uncultured sequences from various habitats appear to
group within this genus, these bacteria may be generalist
heterotrophs that can thrive in numerous soil habitats. At the
least, the high microdiversity of this group in Onyx River and
other nearby sediments (sequences from this clade comprise
25% of a clone library collected near Lake Vanda [1]),
suggests that “Chitinophagacae” bacteria have successfully
colonized and diversified in Antarctic sediments.

Conclusion

Diverse bacterial communities exist in the parafluvial sediments
of hot and cold desert streams. This high diversity was
particularly surprising in Antarctic sediments, since cold
Antarctic soils are traditionally viewed as low in diversity [71].
However, several modern surveys using molecular methods

have shown that Antarctic Dry Valleys microbial communities
are diverse [55, 61], not simply composed of easily cultivable,
cosmopolitan microbes, and thus possibly endemic to the
continent [16, 74]. The uncultured taxa represented by
sequences within the “Chitinophagacae” and Acidobacteria
subdivision 4 clades in our clone libraries may be candidates
for locally adapted Antarctic bacterial types. Similarly, the
prevalence of novel diversity at the hot desert site, Rio Salado,
in the subdivision 6 Acidobacteria and halotolerant clades of
the Gammaproteobacteria suggests that local adaptation may
be important in the hot desert ecosystem as well. Physical
isolation and allopatric speciation can drive patterns of
microbial biogeography [59, 78]. Our data suggest that wetted
stream sediments in desert environments may be habitats that
promote distinct, unique patterns of microbial diversity.

Liquid water strongly affected bacterial 16S rRNA gene
community composition in parafluvial sediments of these
desert streams, as in other arid ecosystems [23, 44, 62].
However, the relationship was binary (wet/dry) rather than
gradient-driven, suggesting a mechanism based on dispersal

Figure 5 Bootstrapped neighbor joining tree of the 16S rRNA gene,
Gammaproteobacteria subphylum (Bacteria, Proteobacteria, Gam-
maproteobacteria), including full sequences from this study and type

and reference sequences from GenBank (clone or isolate name,
accession number). The abundance of sequences from each Rio
Salado and Onyx River sample in each bootstrapped clade is noted
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or release from dormancy. Conductivity, which is linked to
evaporative processes in these parafluvial stream sediments,
was more strongly related to bacterial diversity than
temperature or water content. It remains to be seen whether
the conclusions of this study, conducted at a single time
point and a limited sampling resolution, will be applicable
to patterns of bacterial diversity across greater ranges of
spatial and temporal variability. However, it is clear that
microbial community structure and diversity in cold and hot
desert environments are not influenced solely by temperature
[80]; hydrologic patterns and geochemical characteristics can

also play key roles. It may be interesting to consider the
mechanisms driving these patterns of microbial biodiversity
in the context of a changing climate, as desert stream
microbial activity [84] and biotic diversity [25, 65] are linked
to hydrologic variability, which in turn is particularly
sensitive to temperature and precipitation regime [21, 52].
[17, 19]
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