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Abstract The exploration of spatial patterns of abundance
and diversity patterns along precipitation gradients has
focused for centuries on plants and animals; microbial profiles
along such gradients are largely unknown. We studied the
effects of soil pH, nutrient concentration, salinity, and water
content on bacterial abundance and diversity in soils collected

from Mediterranean, semi-arid, and arid sites receiving
approximately 400, 300, and 100 mm annual precipitation,
respectively. Bacterial diversity was evaluated by terminal
restriction fragment length polymorphism and clone library
analyses and the patterns obtained varied with the climatic
regions. Over 75% of the sequenced clones were unique to
their environment, while ∼2%were shared by all sites, yet, the
Mediterranean and semi-arid sites had more common clones
(∼9%) than either had with the arid site (4.7% and 6%,
respectively). The microbial abundance, estimated by phos-
pholipid fatty acids and real-time quantitative PCR assays,
was significantly lower in the arid region. Our results indicate
that although soil bacterial abundance decreases with precip-
itation, bacterial diversity is independent of precipitation
gradient. Furthermore, community composition was found to
be unique to each ecosystem.

Introduction

Microbial biogeography offers an insight into the mecha-
nisms generating and maintaining diversity, speciation,
extinction, dispersal, and species interactions [1]. The
spatial distribution of microbial diversity has been observed
and documented at various scales and for different
environmental gradients. It is well documented that
profound differences exist between arid and temperate
regions in vegetation coverage and animal abundance and
diversity [2–5]. Yet, very little is known about the variation
in microbial diversity along precipitation gradients. This
presents a hindrance to our understanding of biodiversity,
as bacteria, the most abundant and diverse group of
organisms on earth, play a fundamental role in a vast array
of ecological processes and ecosystem functioning [6].
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Our perspective on spatial distribution of microbial
diversity is still limited, in spite the advent of molecular
tools during the last three decades. This might be because
most studies have been site-specific, which has limited our
understanding of the factors affecting the structure of soil
bacterial communities to local scales [7, 8]. However, large-
scale surveys conducted in recent years have shown that
different ecosystems support unique microbial populations
[9–13], indicating that microbial assemblages can exhibit
small- (within site) and large-scale biogeographic distribu-
tion. It has been suggested that, along the climatic gradient
from subtropical to tropical forests, bacterial diversity may
be influenced by soil organic carbon and nutrient content
levels but not by floristic richness [9, 14]. Another study
[10] suggested that bacterial diversity is unrelated to site
temperature, latitude, or other variables that typically
predict plant and animal diversity; it was thus concluded
that microbial biogeography is controlled by edaphic
variables and differs fundamentally from the biogeography
of macro-organisms. In contrast, Antarctic surveys across a
range of terrestrial habitats revealed a negative relationship
between bacterial diversity and latitude for bare soils, but
no such pattern was observed for vegetated sites [15]. A
meta-analysis of soil bacteria across seven of the major
biomes on Earth revealed that all biomes are dominated by
the same soil bacterial phyla (Acidobacteria, Actinobac-
teria, Proteobacteria, and Bacteroidetes). Yet, although
distinct biomes harbored similar bacterial communities,
the composition of the bacterial communities varied and
could be explained mostly by soil pH [16].

In this study, we attempted to assess the role of natural
water availability in microbial diversity patterns. We
hypothesize that if precipitation affects biodiversity in the
same fashion for micro- and macro-organisms, then
diversity patterns will be similar in both groups, with
gradual decrease in abundance and diversity along the
precipitation gradient. Alternatively, if each group is shaped
by different ecological processes, then they will have
distinct diversity patterns. To test these hypotheses, we
evaluated microbial diversity measures in three soils along
a gradient ranging from 100 to 400 mm of annual
precipitation. Bacterial community composition and abun-
dance were examined in these arid, semi-arid, and Medi-
terranean ecosystems, together with abiotic factors that
might shape their diversity patterns.

Materials and Methods

Site Description and Sampling

The study was conducted at three long-term ecological
research (LTER) sites in Israel that represent three climatic

regions: arid, semi-arid, and Mediterranean [17]. Details of
these sites are presented in Table 1. The three 40×25 m
plots sampled within each site had been undisturbed for at
least 5 years, i.e., they were fenced to prevent livestock
grazing or human activities.

Soil samples were collected in May and June 2007.
Sampling at each LTER site was based on a spatially
stratified, random sampling approach: at each LTER site
each of the three plots was divided into equal sectors of
1 m2, and eight sectors were randomly selected. In the field,
we located the coordinates and sampled the nearest
respective vegetation-free patch. The reason for sampling
a vegetation-free patch was to reduce the effect of
vegetation impact on soil microbial composition and
abundance, and allow comparison between sites with
different types of dominant vegetation. Each sample was
collected aseptically by removing approximately 200 g of
soil from the upper 5 cm of the profile (after carefully
brushing aside any loose litter), using a sterile scoop. The
samples were placed into individual sterile Whirl-Pak®
sampling bags (Nasco, Fort Atkinson, WI, USA), and
stored at 4°C until processing in the laboratory within 24 h.
In the laboratory, the eight samples of each plot were
pooled together and homogenized. A 50-g amount of the
homogenate was stored at -80°C for subsequent extractions
of DNA and phospholipid fatty acids (PLFA), and the
remainder was used for chemical analysis. All subsequent
analyses were carried out in all soil homogenates, except
for the clone libraries that, as discussed below, were
analyzed for one homogenate (i.e., one plot) per LTER.

Soil Chemical Analyses

Soil chemical analyses were according to standard proto-
cols for soil analyses [31]: water content was determined by
gravimetric method, organic matter content by dichromate
oxidation method, pH and electrical conductivity (EC) in
saturated soil extract (SSE), sodium, calcium, and magne-
sium in SSE by inductively coupled plasma spectroscopy
and flame photometer, sodium adsorption ratio (SAR) by
calculation from sodium, calcium and magnesium concen-
trations, phosphate by the “Olsen method” (in sodium
bicarbonate extract), potassium in SSE, nitrogen as nitrate
in aqueous extract, nitrogen as ammonium in KCl solution
extract (including adsorbed nitrogen), and calcium carbon-
ate content by HCl digestion.

DNA Extraction

The soil homogenates were extracted for DNA using the
PowerSoil™ DNA Isolation Kit (MoBio, West Carlsbad,
CA, USA) according to the manufacturer's recommenda-
tions. The extracts were measured spectrophotometrically,
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confirmed on an ethidium bromide-stained agarose gel and
used for molecular analysis, as described below. On average,
soil samples taken from Mediterranean, semi-arid, and arid
sites yielded final concentrations of 10, 11, and 5 ng μL−1,
respectively. All products were stored at −20°C until use.

Terminal Restriction Fragment Length Polymorphism
Analyses

Soil DNA extracts were obtained as described above, and
further subjected to Terminal Restriction Fragment Length
Polymorphism (TRFLP) fingerprint analysis as previously
described [17]. Briefly, community 16S rRNA-encoding
gene fragments were amplified with FAM-labeled Eub-
341F (5′-CCTACGGGAGGCAGCAGI-3′) and untagged
Eub-907R (5′-CCGTCAATTCMTTTGAGTTI-3′) [17]. The
resulting amplicons were treated with mung-bean nuclease
(TaKara, Shiga, Japan) to eliminate single-strand DNA
[18], and purified using a polymerase chain reaction (PCR)
purification kit (Bioneer, Daejeon, South Korea). Bacterial
amplicons were digested with restriction enzymes HhaI, TaqI
(TaKara), and HpyCH4IV (New England Biolabs, Beverly,
MAS, USA), selected in accordance with the RDPII [19] and
MiCA [20] databases. The resultant DNA fragments were
precipitated by 70% ethanol, and the pellets were dyed using
Pellet Paint (Novagen, Darmstadt, Germany), washed, dried,
suspended in purified water, and analyzed using ABI 3100
sequencer (Applied Biosystems, Foster City, CA, USA). The
terminal restriction fragments (TRFs) were sorted according
to size using Peak Scanner™ software v1.0 (Applied
Biosystems), exported to MATLAB 7 (http://www.math
works.com), and analyzed by considering the size in base
pairs of each TRF as an operational taxonomic unit (OTU).

Statistical Analysis

The TRFLP patterns of each sample were standardized as
described by Dunbar et al. [21]. Profiles were then aligned

and a consensus profile was computed for each sample by
eliminating non-reproducible peaks and averaging shared
peaks. The Shannon index for the resultant peaks was then
calculated for each sample.

Clone Library Construction and Analysis

DNA was extracted from one soil homogenate of each
LTER site as described above and further subjected to the
following procedures:

PCR targeting of bacterial 16S rRNA genes All amplifica-
tions were carried out in a MyCycler thermocycler (Bio-
Rad, Richmond, CA, USA) using the universal bacterial
16S rRNA-targeting primers Eub-341F and Eub-1387R (5′-
CCCGGGAACGTATTCACCGCI-3′) [22]. The outcome
fragment of ca. 1 kb would allow sufficient information to
identify the organism of origin in BLAST (see below).
Each 50 μL reaction contained 10–20 ng of genomic DNA
template, 4 mM of each deoxynucleoside triphosphate
(TaKara), 1× PCR reaction buffer, 4 mM MgCl2, 1 μM of
each primer and 0.5 U Taq DNA polymerase (Invitrogen
Corp., Carlsbad, CA, USA). The mixtures were heated for
4 min at 94°C followed by 30 three-phase cycles of 30 s at 94°
C, 30 s at 56°C, and 90 s at 72°C. A final elongation step was
performed at 72°C for 10 min. Products were checked on a 1%
agarose (Sigma) gel; successful amplifications were extracted
from the gel using a gel purification kit (Bioneer).

Cloning and sequence analysis Cloning of cleaned PCR
products was performed at the Genome Sequencing Center
(Washington University, St. Louis, MO, USA) and 384
fragments from each reaction were sequenced. All sequen-
ces were hand-picked using the freeware MEGA version 4
[23] when more than 450 bp per sequence of high-quality
chromatograms were selected. The resulting sequences
were aligned using CLUSTALW2 [24], trimmed from the
Eub-341F primer sequence to remove the plasmid se-

Table 1 Characteristics of the long-term ecological research sites sampled in this study

Climatic
region

Location
(coordinates,
elevation)

Annual
precipitation
(mm)

Substrate Dominant
vegetation type

References

Arid Avdat (30°47′ N,
34°46′ E,
600–700 m)

∼100 Rocky slopes of limestone
with loess, sandy wadis

Dwarf shrubs dominated by
Hammada scoparia and
Zygophyllum dumosum

[41, 42]

Semi-arid Lehavim (31°20′
N, 34°45′ E,
350–500 m)

∼250 Rocky slopes of limestone
and chalk with alluvial
soil wadis

Shrubs and patches dominated
by Thymilea, Coridothymus
copitatus, and Sarcopotarium
spinosum

[43, 44]

Mediterranean Adulam (31°40′ N,
34°50′ E, 200 m)

∼450 Limestone and chalk Sclerophylous plants dominated
by Quercus calliprinos and
Pistacia palaestina

[43]
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quence, and checked for chimeras at the RDPII website
using the CHIMERA_CHECK program 2.7 [25] and the
BELLEROPHON program [26], which check for chimeri-
cal sequences from 16S rRNA gene-clone libraries. Non-
chimerical, analyzed sequences were manually aligned for
better positioning and processed for taxonomic assignment
with the RDPII classifier tool [27] using 80% bootstrap
value baseline, to test the composition of the main phyla at
each library.

Statistical analyses Each sequence was considered an
OTU, and OTUs with 97% or more sequence similarity
were regarded as identical. Using the RDPII pyrosequenc-
ing package [19], representative sequences were randomly
picked by the Dereplicate tool, and the Shannon and Chao1
Index tool was used to generate these estimators. Rarefac-
tion curves were calculated via 10,000 resampling trials
(bootstrap) using the Resampling-Rarefaction tool down-
loaded from http://www.uga.edu/strata/software/index.html.

The relationships between the number of OTUs from the
different groups (i.e., phylogenetic levels) and the chemical
properties of the soil were examined, and significant
correlations (P<0.05) were recorded.

Accession Numbers

Sequence data generated in this study were deposited in
GenBank under accession numbers GQ425232–GQ426030.

Quantitative (real-time) PCR

To estimate the number of 16S rRNA gene copies in the
soil samples, a calibration curve of a known number of
rRNA genes was performed as follows. (1) Environmental
genomic fragments were amplified as described above,
using the universal primers Eub-341F and Eub-519R (5′-
GWATTACCGCGGCKGCTG-3′) [28]. The products were
eluted from an agarose (Sigma) gel and concentrations were
determined spectrophotometrically (NanoDrop Technology,
Rockland, DE, USA). (2) A large number of available
(4,142) 16S rRNA sequences of bacterial isolates were
imported from the RDPII database, aligned, and trimmed in
silico using the Eub-341F/519R primers. The molecular
weight of all fragments was calculated using the “DNA
molecular weight” tool of the sequence manipulation suite
[29] and the average molecular weight of a fragment was
calculated. The average fragment was found to be 61328±
68 g mol−1 (the statistical analysis of the 4,142 sequences is
shown in Electronic Supplementary Material, Table S1). (3)
Using this average value, we calculated the number of
gene copies in a PCR amplification given its concentra-
tion, i.e., the amount of PCR product in weight divided
by the average bacterial fragment weight equals the

number of fragments in solution (see Electronic Supple-
mentary Material, Table S1 regarding data and calcula-
tion). Stock solutions containing known fragment
concentrations were used to calibrate the environmental
genomic samples.

DNAwas extracted as described above. Primer set (Eub-
341F/519R) and sample concentrations were optimized to
200 nM and 10–20 ng μL−1, respectively. The qPCR
measurements were performed using the DyNAmo Flash
SYBR Green qPCR Kit core mix (Finnzymes, Espoo,
Finland) and run in a real-time thermocycler (Corbett
Research, Sidney, Australia) in accordance with the
manufacturer's recommendations.

Analysis of Phospholipid Fatty Acids

Analyses of PLFA were conducted on 4 g of soil
homogenate by the procedure described by White and
Ringelberg [30]. Briefly, lipids were extracted and
fractionated by stepwise elution using Bond Elut JR-S1
of a 500 mg Sep-Pak cartridge (Waters, Milford, MA,
USA) into neutral lipids, glycolipids and polar lipids.
Phospholipids (the polar fraction) were converted to fatty
acid methyl esters (FAMEs), then extracted using 4:1 (v/v)
hexane/chloroform, evaporated under a stream of nitrogen
gas, and stored at −20°C. Prior to gas chromatography
(GC) analyses, FAMEs were reconstituted in 20 μL
hexane, and 10 μL hexane containing FAME 17:0
(heptadecanoic acid, 0.5 mg mL−1) was added as an
internal standard. Aliquots of 2 μL were analyzed using a
GC system 5890II (GMI) (Hewlett Packard, Wilmington,
DE, USA) consisting of flame ionization detection, a
30 m×0.32 mm×0.25 μm Cowax-10 column (Supelco,
Inc., Bellefonte, PA. USA) and helium as the carrier gas
(flow rate 3.5 mL min−1). The injector and detector were
maintained at 250°C, and the column temperature was
programmed from 120°C for 2.5 min to 195°C for 1.5 min
at the ramping rate of 2.5°C min−1, each run lasting
approximately 36 min. Peaks were identified using a
bacterial acid methyl esters mix (catalog number 47080-U;
Sigma-Aldrich, St. Louis, MO) and ClarityTM 2.3 software
(DataApex, Czech Republic).

Results

The main chemical and physical properties of the soils
sampled at the different sites are summarized in Table 2.
Water and organic matter content increased, while the
percentage of calcium carbonate, SAR, and the concen-
trations of sodium and potassium decreased along the
precipitation gradient. In the semi-arid site nitrate concen-
tration was lower, and that of ammonium was higher,
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compared to the other two sites. The pH values were similar
(averaging 7.3±0.3) in all sites.

The bacterial abundance at each site was assessed by
both PLFA and qPCR analyses demonstrating a statistically
significant reduction in bacterial biomass in the arid versus
semi-arid and Mediterranean soils (Fig. 1); no significant
differences in microbial abundance were detected between
the latter.

In our attempt to study the bacterial community
composition within each of the three LTER sites we relied
on a previous study [17] in which we tested bacterial
diversity, using a scheme that enabled us to examine
triplicate composite soil samples in each plot within each
LTER site. Statistical analysis of bacterial fingerprints taken
by TRFLP revealed that the differences among plots within
each LTER site are not statistically significant (P=0.33)
[17], indicating that the samples taken from the three plots
within a site are indeed replicates. Thus, we decided to

study the soil bacterial community composition at a single
representative plot within each site.

The clone libraries amplified from the arid, semi-arid,
and Mediterranean soils yielded 276, 247, and 276 high-
quality clones, respectively. Rarefaction curves generated
for the three soils examined produced similar and over-
lapping curves (see Electronic Supplementary Material
Fig. S1). The rarefaction curves indicated that 250 to 280
clones per sample is not enough to reach saturation and that
over 400 clones need to be analyzed to yield the minimal
bacterial estimation in the soils used in this study; thus, we
regard our cloning results as minimal values. Diversity
appears to be very high among the three sites, as deduced
from the Chao1 and Shannon indices calculated in
accordance to the cloning analysis (Table 3).

Over 73% of the 799 sequenced clones were found to be
unique to their climatic region. Figure 2 depicts a Venn
diagram representing the unique and overlapping OTUs at
the three sites, indicating that most of the members
comprising each of the soil communities were unique to
their environment. Only a small percentage (11 out of 587)
of the OTUs was represented at all sites. Clone sequences
were attributed to 11 phyla that were shared by the three
sites. Figure 3 presents the different bacterial phyla as
percentage of all group members detected in each sampling

Table 3 Bacterial diversity and richness estimates from cloning
analyses

Sample S (clones) Chao1 H′

Arid 276 575 5.14

Semi-arid 247 580 5.01

Mediterranean 276 570 5.05

S clones or OTUs number, H′ Shannon–Weaver diversity index,
Chao1 richness index

Figure 1 Bacterial abundance indicated by PLFA (empty bars) and
quantitative analysis of bacterial 16S rDNA (gray bars) at the
Mediterranean, arid, and semi-arid sites. The measures presented are
the sum of the peaks corresponding to bacterial PLFA calculated in
accordance to the standard

Arid (Avdat) Semi-arid (Lehavim) Mediterranean (Adulam)

pH 7.7 7.1 7.22

Electrical conductivity (dS m−1) 7.6 1.4 2.0

Na (mg kg−1) 13.5 0.69 0.58

Ca (mg kg−1) 126.8 133.0 314.9

Mg (mg kg−1) 26.8 18.9 26.7

NO3–N (mg kg−1) 5.6 3.1 5. 5

NH4–N (mg kg−1) 2.6 55.9 18.4

P (mg kg−1) 0.032 0.08 0.043

K (mg kg−1) 14.2 8.0 6.6

Sodium adsorption ratio (SAR) 11.5 0.5 0.2

Calcium carbonate (%) 28.0 19.0 11.0

Organic matter (%) 0.3 2.3 5.9

Water content (%) 1.7 2.9 5.3

Table 2 Main characteristics of
the soils at the three sampling
sites

Microbial Diversity Across a Precipitation Gradient 457



site; observed significant (P<0.05) correlations with soil
parameters are shown in Table 4.

Gemmatimonadetes and Planctomycetes were not sig-
nificantly abundant in any of the sites, although an
increasing trend along the precipitation gradient was
detected for the latter. Similarly, the numbers of Bacter-
oidetes were not significantly different among sites, yet the
Adhaeribacter genera (family Flexibacteraceae) composed
3.3% of the clones in the Mediterranean site, while none
were detected in the arid soil. Both Bacteroidetes and

Gemmatimonadetes correlated significantly only with or-
ganic matter percentage in the soil.

Acidobacteria (family Acidobacteriaceae) were signifi-
cantly more abundant in the semi-arid site. Their abundance
was negatively correlated to nitrate and magnesium, but
positively correlated to ammonium and phosphorus. In
contrast, Chloroflexi were significantly less abundant in the
semi-arid site compared to the other two environments, and
the phylum's abundance was positively correlated with
nitrate and magnesium, but negatively correlated with
phosphorus.

The relative proportion of Cyanobacteria, Thermomicro-
bia, and Verrucomicrobia increased with aridity, although
not statistically so. Accordingly, these phyla were positively
correlated with SAR and with the soil concentrations of
potassium, sodium and calcium carbonate. Likewise,
Firmicutes were significantly more abundant in the arid
site than in the other two sites. In our samples, the second
most abundant clone found was a member of the family
Bacillaceae, and its abundance was correlated to pH,
electrical conductivity, sodium, SAR and potassium. In
contrast to Firmicutes, Proteobacteria were significantly
less abundant in the arid soil than at the other two sites. A
negative correlation was found between community abun-
dance of Proteobacteria and EC, SAR, sodium, and
potassium. Two families within the α-Proteobacteria class
(the Sphingomonadaceae and the Rhizobiaceae) were
significantly less prominent in the arid site.

Figure 2 Venn diagram depicting individual sequenced clones from
soil samples collected from Mediterranean, semi-arid, and arid sites

Figure 3 Phylum comparison of the bacterial community composi-
tion in soil samples collected from Mediterranean, semi-arid, and arid
sites, as revealed by partial cloning of the 16S rRNA gene. Fractions

are shown as relative percentage of the total number of clones.
Asterisk indicates significant difference (P<0.05)
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The most abundant phylum in the soil samples collected
from the three climatic regions was Actinobacteria. How-
ever, families within this phylum varied among sites:
members of the Micromonosporaceae were barely detected
in clones amplified from the arid soil, while being
significantly more abundant in the semi-arid soil. Likewise,
members of the Geodermatophilaceae were significantly
more abundant in clones from the Mediterranean soil
sample compared to those obtained from the other soils.
More than 11% of the clones amplified from the semi-arid
site belonged to the family Rubrobacteraceae, while no
members of this family were detected in the other regions.
On the other hand, significantly more clones were affiliated
with the family Geodermatophilaceae in the Mediterranean
soil than in the semi-arid soil. Only calcium showed a
significant correlation with Actinobacteria abundance.

Overall measures of soil microbial diversity were
estimated using the clone library estimated with the Chao1
and Shannon indices (Table 3). The Shannon measures (H′)
and Chao1 estimates, calculated in accordance with the
unique OTUs detected by the sequenced clones, were
nearly equal among sites, both indicating high and similar
diversity along the precipitation gradient.

Discussion

For many years, the ecological paradigm has been that
water availability is positively correlated with richness,
diversity and abundance of communities [32]. Yet, in recent
years, it has been reported that the rules that apply to
macro-organisms do not necessarily hold for micro-
organisms, and that water availability is not directly
correlated with the diversity of all organisms [10].

A broad scale survey aiming to find robust patterns in the
structure of soil microbial and faunal communities showed that
unlike plant communities, which typically harbor distinct
ecosystems, bacterial communities are rather similar in
composition (harboring the same dominant phyla), yet they
differ in structure and biomass [16]. However, explaining these
differences is challenging: among the physico-chemical soil
parameters evaluated only soil pH and available carbon could
explain the spatial variance of some bacterial phyla (Acid-
obacteria, β-Proteobacteria, and Bacteroidetes). Yet, the
variance of Actinobacteria, α-Proteobacteria and Firmicutes
could not be assigned to any of the soil characteristics [14].

The current study, focused on three relatively dry
environments, suggests that although bacterial abundance
follows the water-availability paradigm, bacterial richness
and diversity may not. The richness index, obtained using
clone library analysis, suggests that soil microbial richness
is not significantly affected by precipitation (Table 3).
These findings are consistent with those of Meier and hisT
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colleagues [36] who found that bacterial richness fluctuates
very little among seasons with different water availability.
Similarly, it was shown that low-carbon surface soils
exhibited a uniform diversity pattern distinct from saturated
subsurface soil [13]. The surface, low-carbon soils tested in
our study (Table 2) exhibited similarly high bacterial
diversity (Table 3). However, each site supported a unique
array of OTUs, which had little in common with the others
(Fig. 2). Such low share of OTUs at the level of 97%
similarity was demonstrated among soils from different,
albeit more distant, sites in South and North America [33].
These observations support the hypothesis suggested by
Treves and his colleagues [34] that spatial isolation of
microbial populations in soils is key determinant of
microbial community structure.

Inherent PCR-associated biases [35] accompany any
molecular method used to explore bacterial diversity.
Nevertheless, we draw attention to the similar pattern of
bacterial abundance generated by the qPCR and PLFA
analyses, and to the equal diversity patterns obtained from
the TRFLP [17] and the clone library analyses. All these
independent approaches support the claim that, unlike
bacterial abundance, bacterial richness and diversity are
not affected by precipitation in low-carbon-input soils [34].
These findings are in contrast to richness indices for annual
plants and beetles collected at the same LTER sites during
the spring of 2007, showing positive correlation with
precipitation (Y. Lubin, unpublished data), and in agree-
ment with biogeographical patterns reported for macro-
organisms all around the world, from Australia to Africa
and South America [32].

Community composition can be correlated to an array of
environmental factors (Table 4). Cyanobacteria, a promi-
nent phylum that has been found in the harshest of deserts,
such as the Atacama [36] and Sonoran [37], was signifi-
cantly more abundant in the desert region than in the
northern, wetter regions. Likewise, the phylum Firmicutes,
which correlated negatively with soil moisture [14], and
was abundant in the deserts of Namib [38] and Tataouine
[39] was identified, mainly, in the arid soil of the Negev
desert. It is conceivable that we, and maybe others studying
desert soils, amplified DNA of dormant Firmicutes spores
[40], and thus we cannot determine with certainty whether
the observed higher abundance of this phylum (Fig. 3) truly
represents its in situ activity or ecological importance at the
time of sampling. In contrast, the phylum Proteobacteria
dominated by its most abundant and diverse group, the α-
Proteobacteria, was positively correlated with precipitation
(Fig. 3).

The mechanism that maintains high microbial richness is
not clear but water availability may well be one of the
important factors affecting microbial biomass and commu-
nity composition in soils. Although we detected high

correlations between specific taxonomic groups and envi-
ronmental factors, such as calcium or magnesium concen-
trations (Table 4), we do not know, at this point, whether
these correlations indicate true biochemical dependence.
This stems mainly from the fact that at the phylum level
such correlations are obscure, as no true biochemical
pathways and/or chemical dependence function can be
accredited to any one phylum. Therefore, we are currently
focusing our attention on expanding the phylogenetic
resolution, to better observe the differences in specific
selected phyla along the precipitation gradient. One
promising lead for such studies could be members of the
class α-Proteobacteria and in particular, the Rhizobiaceae
and Sphingomonadaceae, as their abundance increased with
precipitation. Another interesting question is the lack of
correlation between water availability and the high abun-
dance of Actinobacteria (Fig. 3), although the abundance of
families within this phylum differed according to site. It has
been suggested that different chemical components alter
microbial richness in soils [13], yet it remains to be seen
which of the detected correlations will prove to be
significant to phylum diversity and composition and which
will prove redundant.

We conclude that bacterial biomass follows a pattern
similar to that of macro-organisms, being more abundant in
Mediterranean ecosystems compared with arid sites. How-
ever, unlike macro-organisms, bacterial diversity is not
constrained by precipitation. Moreover, the composition of
the bacterial community was found to be distinct to each
site along the rainfall gradient.
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