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Summary. The aim of this study was to determine the contributions of stochastic vs. deterministic processes in the distri-
bution of microbial diversity in four ponds (Pozas Azules) within a temporally stable aquatic system in the Cuatro Cienegas 
Basin, State of Coahuila, Mexico. A sampling strategy for sites that were geographically delimited and had low environmental 
variation was applied to avoid obscuring distance effects. Aquatic bacterial diversity was characterized following a culture-
independent approach (16S sequencing of clone libraries). The results showed a correlation between bacterial beta diversity 
(1-Sorensen) and geographic distance (distance decay of similarity), which indicated the influence of stochastic processes 
related to dispersion in the assembly of the ponds’ bacterial communities. Our findings are the first to show the influence of 
dispersal limitation in the prokaryotic diversity distribution of Cuatro Cienegas Basin. [Int Microbiol 2015; 18(2):105-115]
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Introduction

The causes of the observed distribution of microbial diversity 
have been the subject of investigation in microbial ecology 
for almost two decades. To date, two main groups of causative 
factors are under consideration: (i) those in which dispersal 
limitation, neutral assembly, and mass effects, also known as 

stochastic processes, are preponderant and (ii) those in which 
local adaptation to environmental conditions, also known as 
deterministic processes, plays the larger role. 

Biogeography is the study of organisms in space and time. It 
provides an understanding of the underlying causes of their dis-
tribution and ultimately of the drivers that give rise to biodiver-
sity [28]. Traditionally, biogeographical studies have been con-
ducted on macroorganisms, but in the past two decades the fo-
cus has expanded to include microorganisms, which have been 
investigated through culture-independent approaches. These 
studies have advanced the current understanding of the mecha-
nisms that generate and maintain microbial diversity [15,29]. 
However, they have also generated debate regarding the pro-
cesses that lead to the assembly of microbial communities, as 
both stochastic and deterministic models have been proposed. 
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To investigate the biogeographical patterns in microor-
ganisms, Martiny and colleagues [28] introduced a frame-
work with which to provide evidence of the potential causes 
of microbial diversity. Four scenarios explaining microbial 
distribution were proposed: (i) a random scenario, as the null 
hypothesis, in which microorganisms are arbitrarily distrib-
uted over space; (ii) a deterministic hypothesis, in which the 
observed distribution reflects differences in the contemporary 
environment; (iii) the existence of dispersal limits for bacte-
ria, in which the dispersal history is reflected in the beta diver-
sity (dissimilarity in composition) coupled with geographic 
distances; and (iv) an association between stochastic and de-
terministic processes. To properly test these four hypotheses, 
sampling design is critical. Thus, samples must be obtained 
from several locations that are geographically delimited and 
from systems with low environmental variation, to avoid ob-
scuring distance effects [1].

The Cuatro Ciénegas Basin (CCB) is part of the Chihua-
huan Desert (State of Coahuila, Mexico) (Fig. 1) and has been 
a protected wetland since 1994 (APFF, according to Mexican 
Federal Law). Despite its extreme oligotrophy [42], the CCB 
harbors a high microbial diversity in different environments, 
including soil [26,27], microbial mats [2,35], and water 
[33,34,42]. Studies conducted in the CCB investigated the as-
sociation between the distribution of microbial diversity and 
both spatial and environmental variables. Geographical asso-
ciations were not detected at either the community [12,26,27] 
or the population [4,39,40] level. However, sampling in those 
studies was performed in contrasting environmental systems, 
which probably interfered with the ability to detect statisti-
cally relevant geographic associations [1]. 

Thus, in the present study we designed a sampling scheme 
in non-contrasting and equivalent environments that allowed 
us to distinguish the influence of stochastic vs. deterministic 
processes in the observed distribution of microbial diversity. 
Specifically, we used a culture-independent approach to study 
the microbial diversity in an aquatic system, the Pozas Azules 
This system consists of many small, isolated, circular ponds 
of different diameters (6–50 m) and with maximum depths of 
10 m. Locally, they are referred to as “pozas” (= wells or pits) 
(Fig. 1B). Both the temperature and the chemical properties of 
these ponds were previously shown to be stable over time 
[20,35]. Thus, the spatial distribution of the Pozas Azules is 
ideal for biogeographic exploration, as the ponds are essen-
tially aquatic islands in a sea of land [9]. Because many of the 
reported spatial scales that have shown a historically contin-
gent assembly (geographical association) in bacterial commu-
nities have been small (~1 km) [15], we selected four nearby 

ponds (maximum distance of ~1.8 km) with equivalent tem-
peratures and low variations in pH and conductivity.

In accordance with the four scenarios proposed by Marti-
ny et al. [28], we present evidence supporting an association 
between biogeographic patterns and the geographic distance 
of bacterial assemblages in Pozas Azules. This implies that 
bacterial dispersion at the CCB is limited, even at a scale of < 
2 km. Thus, our study supports the third hypothesis: that com-
munity-structure patterns reflect stochastic processes related 
to dispersion. 

Material and methods

Study site and sampling. The four ponds of the Pozas Azules aquatic 
system were sampled in February, 2007. Pozas Azules is located in the south-
western flank of the San Marcos Sierra, within the CCB (Fig. 1A), and has 
been part of a private preserve ranch since 2000 (Pronatura A.C. and the Na-
ture Conservancy). A recent general description of the hydrology of the CCB 
referred to the Pozas Azules as a karstic system, rich in CaHCO3. Its waters 
are a mixture of mountain recharge and carbonate aquifer groundwater [45]. 
A preliminary exploration of the ponds by our group showed that conductiv-
ity ranged from 1900 to 4500 mS cm–2. 

Our study was carried out in four GPS-referenced neighboring ponds 
(A–C, F). These ponds were visually similar (clear blue water; Fig. 1B), not 
visibly connected (maximum separation of 1.8 km; Fig. 1C), and had a diam-
eter of 10–30 m. The pH and conductivity of the selected ponds ranged from 
7.5 to 7.8 and from 1900 to 2800 mS cm–2, respectively. In a preliminary 
analysis using terminal restriction fragment length polymorphism (T-RFLP), 
different samples taken from the same pond at the same time were very simi-
lar (data not shown). The relative homogeneity of the ponds in this area is due 
to the presence of a springtime stream that, together with the wind, mixes the 
waters and thus reduces spatial structuring—as suggested by for other aquat-
ic environments [24]; the process is aided by the small size of the ponds. 
Based on these preliminary data, we concluded that a composite sample of 
each pond would adequately represent the bacterial community. Five sites, 
four near the edge (equidistant) and one at the center of the pond, were sam-
pled in each of the four ponds. All samples consisted of 2.5 l of water col-
lected 50 cm below the surface. The five samples from each pond were trans-
ferred into a single clean and sterile container (composite sample) and pre-
served at 4°C until processed a few hours later. The composite samples were 
then filtered and divided into subsamples for DNA (three 4-l subsamples) and 
nutrient (three 100-ml subsamples) analyses. Water samples for the DNA 
analysis were filtered first through a 10-µm Durapore filter and then through 
a 0.22-µm Durapore filter (Millipore, USA) using a field vacuum pump. The 
filters were placed into sterile 2-ml Eppendorf tubes, which were preserved in 
liquid nitrogen and transferred to the laboratory, where they were stored at 
−80°C until DNA extraction. Water samples for the nutrient analysis were 
filtered through a 0.22-µm nitrocellulose filter; the filtrate was preserved at 
4°C until processing.

Physicochemical and nutrient analyses. Total dissolved solids 
(TDS), pH, salinity, conductivity (Cond), temperature, and dissolved oxygen 
were measured in the field at each of the five sampling points using a Hydro-
lab YSI600QS (YSI, Yellow Springs, OH, USA). Total carbon (TC) and inor-
ganic carbon (IC), total nitrogen (TN) and dissolved inorganic nitrogen (DIN 
or NH4

+), nitrite (NO2
–), and total phosphorus (TP) and inorganic phospho-
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Fig. 1. The Pozas Azules system. (A) Map of México displaying the location of the Cuatro Ciénegas Basin (CCB) and the Pozas Azules 
system (squares) (modified from Rebollar et al. 2012). (B) Aerial view of pond C and the nearest ponds. The circular form of the pools 
can be visibly appreciated. Clear blue ponds associated with low conductivity values, such as pond C, were selected for this study 
(photograph used with permission of APFFCC). (C) Spatial distribution of the sampling sites at Pozas Azules (ponds A, B, C, and 
F); dashed lines show the distance between the sites in kilometers (Google Earth image). (D) Macroscopical aspect of one Poza azul.
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rous (PO3) were determined in the laboratory following standard procedures 
[35], using triplicate 100-ml subsamples from the composite samples. Dis-
solved organic carbon (DOC), phosphorus (DOP), and nitrogen (DON) con-
centrations were determined as the difference between the respective total 
values and the values of the inorganic components.

DNA isolation and sequencing of 16S rRNA clone librar-
ies. Genomic DNA was extracted from the filtered samples (three replicates 
per pond) using an UltraClean water DNA kit (MoBio, Carlsbad, CA, USA) 
that included a final phenol-chloroform purification procedure. Each of the 
three DNA replicates per pond were independently subjected to PCR ampli-
fication targeting the 16S rRNA gene fragments of the bacterial domain using 
the universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 
1492R (5′-GGTTACCTTGTTACGACTT-3′) [22]. The three PCR products 
of each pond were mixed prior to the cloning reaction. The cloning reaction, 
plasmid extraction, sequencing, and PCR conditions were performed as pre-
viously reported [33]. One clone library was generated per pond (n = 80±10). 
Partial sequences of the 16S rRNA gene were obtained using the primer 27F.

Sequence analysis. Sequences were trimmed and manually checked 
using BioEdit version 7.0.9.0 [14] . Sequences with an average length of 700 
bp were aligned with the SILVA database and the NAST aligner [8] using 
Mothur v.1.31.2 [41] , they were then manually checked. Chimeric sequenc-
es were identified using Bellerophon software [17], UCHIME v4.2.40 [11], 
and DECIPHER [46] and were discarded from the dataset. Unique opera-
tional taxonomic units (OTUs) were defined with a threshold of 97% se-
quence similarity and were identified using Mothur v.1.31.2 [41].

Diversity and statistical analyses. Each OTU was phylogeneti-
cally identified using the classifier tool implemented on the Ribosomal Data-
base Project (RDP) website [44]. Once unique sequences (the OTUs) were 
determined, their phylogenetic identities were confirmed using a neighbor-
joining analysis (500 bootstrap replicates) in MEGA v.5 [43] and a maxi-
mum-likelihood analysis (1000 bootstrap replicates) using a TIM3+I+G 
model as determined by the JModel test [7] in PhyML v3.0 [13]. After the 
total number of unique OTUs was defined, a matrix that included all of the 
OTUs, their abundance, and the sampling sites was constructed and then 
used in the diversity, ordination, and correlation analyses described below.
 
Diversity analyses. To evaluate sampling efforts and to compare diver-
sity among sampling sites, we determined coverage values, constructed rar-
efaction curves, and estimated alpha diversity per pond with the Chao 1, 
Shannon, and Simpson diversity indices for all samples. Coverage values 
were determined using the Good estimator, following the equation C = (1 - n 
⁄N) × 100, where C is the percentage of coverage of the library, n is the num-
ber of singletons, and N is the total number of clones analyzed [37]. Beta 
diversity was calculated using the Sorensen binary index (using dissimilarity 
1-Sorensen). Rarefaction curves and diversity indices were calculated using 
Mothur v.1.31.2 [41]. 

Ordination analyses. Multivariate and ordination approaches were 
used to visualize patterns in the distributions of environmental variables and 
to evaluate their correspondence with the OTU distributions [38]. A principal 
component analysis (PCA) was performed to visualize the environmental 
variance of the sampling sites. The rda function was carried out using the 
Vegan package [32] of R, version 3.0.1 (2013-05-16) [36]. In addition, a ca-
nonical correspondence analysis (CCA) was performed to model species’ 
responses to environmental variables [13] using OTU abundance and stan-
dardized environmental data. The CCA function was implemented in the 
Ade4 package of R [10]. 

To standardize the environmental variables, raw data were transformed 
into z-scores using the decostand function (standardized method) implement-

ed in R (Vegan package) [32]. Non-redundant and explanatory environmental 
variables (except the geographic location) were identified using three statisti-
cal criteria for the standardized environmental variables: the PCA loadings 
(> 0.70), a paired correlation between variables (Pearson), and the colldiag 
index (>50; the table is available upon request). Ecological relevance was 
considered as well. The first component of the PCA accounted for 69.2% of 
the total variation and mainly involved DOC, Sal, IC, TDS, and Cond. Of 
these five variables, correlations between DOC, Sal, and IC were determined 
(data available upon request); therefore, these three variables were reduced 
and only IC was used as the representative explanatory variable. Likewise, 
TDS was discarded because it correlated with Cond, since both are derived 
measures. Consequently, from the first PCA component only IC and Cond 
were selected. The remaining four variables were retained either to explore 
nutrient variables (NO2

–, TP) or because of their ecological relevance in de-
termining aquatic bacterial communities (pH and TC) [25]. All of these cal-
culations were performed using R packages as follows: The correlation be-
tween the variables was explored using the cor function of the Stats R pack-
age; graphics (order.single function) were created with Gclus [19] using the 
panelutils.r script. Condition indexes and variance decomposition propor-
tions (colldiag function) were generated in Perturb v.2.05 [16].

Correlation analyses. To statistically determine the relative importance 
of geographic and contemporary environmental conditions, correlation anal-
yses were conducted using OTU incidence data and environmental and geo-
graphical variables. These analyses were performed with functions imple-
mented in the Vegan package [32] in R, unless otherwise specified. Three 
kinds of data matrices were constructed: a biological matrix composed of the 
1-Sorensen index (estimated with the vegdist function), an environmental 
matrix using selected environmental variables (standardized z-scores) and 
constructed by calculating the Euclidian distance (dist function, Stats R pack-
age [36], and a spatial matrix that contained distances between ponds as cal-
culated from the coordinate data.

The effects of geographic distance vs. environmental dissimilarity on the 
composition of the assemblages (beta-diversity) were tested in pairwise Man-
tel tests among the three matrices using the Mantel function (Pearson’s cor-
relation and 9999 permutations). Environmental variables that best correlated 
with community dissimilarities (biological matrix) were identified using the 
BIOENV function [Pearson correlation and 1-Sorensen (Bray binary) argu-
ments].

Nucleotide sequence accession numbers. The sequences were 

deposited in GenBank under the accession numbers KJ998817 to KJ999144.

Results

OTU composition: moderate turnover and phy-
lum dominance. The diversity estimated at the OTU and 
phylum levels was distributed differently among the sampling 
sites. At 97% sequence similarity, 48 OTUs, distributed across 
10 phyla, were identified (Fig. 2A). Of these, 17 OTUs were 
shared (i.e., they occurred in more than one pond; Fig. 2B). 
Few OTUs were present in abundance (>15 sequences per 
OTU) in the four ponds but many OTUs were rare (one or two 
sequences each; Fig. 2B). OTUs that were abundant in one 
pond were not exclusive and were generally found in the oth-
er three ponds, but at lower numbers (Fig 2B). At the phylum 
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Fig. 2. Taxonomic description of the Pozas Azules bacterial communities. (A) Neighbor-joining tree of representative 16S rDNA gene sequences. The 
representative 48 OTUs of the sequences are defined at a 0.03 distance cutoff. The numbers after the OTU names correspond to sequence abundance 
(ML phylogeny gave very similar topologies; data not shown). (B) OTU abundance bars; each refers to a different pond. The F_49 OTU abundance bar is out 
of scale. (C) Relative abundance (in percent) of bacterial phyla from the clone library data of the four ponds. Each bar refers to a different pond. The number 
of clones obtained from each site (n) is indicated.
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level, differences between ponds were determined (Fig. 2C). 
Thus, the most abundant phyla were actinobacteria in pond A, 
betaproteobacteria in pond B, cyanobacteria in pond C, and 
verrucomicrobia in pond F. To describe the compositional dif-
ferences between the ponds, a pairwise dissimilarity index 
(1-Sorensen, which ranges from 0, i.e., the identical composi-
tion of the samples, to 1, no similitude among the samples) 
based on OTU composition was calculated, followed by the 
average of all of the paired comparisons (0.548 ± 0.0973). 
The latter indicated moderate turnover between ponds. 

Despite the fact that the rarefaction curves did not reach an 
asymptote (Fig. 3A), the coverage value for each gene library 
exceeded 80%. The diversity comparisons among sampling 
sites was compared based on different indices; rarefaction 
curves were then used to compare species richness in samples 
of different sizes. For the majority of indices (Chao 1, Shan-
non, and Simpson; Fig. 3B) and rarefaction curves (Fig. 3A), 
ponds A and B were the most diverse whereas pond F was the 
least diverse. Given the small number of sequences per sam-
ple, only the most abundant taxa per sample were recovered, 
which in the determination of biodiversity distribution pat-
terns was previously shown to be robust [49,50] and thus 
valid despite the limited sampling depth. 

Low environmental variation across aquatic 
ponds. Environmental variables among ponds did not show 

major differences. For example, conductivity and pH ranged 
from 1940 to 2883.2 µS cm–2 and from 7.53 to 7.81, respec-
tively (Table 1). Due to the extreme oligotrophy of these sites, 
the concentrations of some nutrients were below the limit of 
detection (Table 1). As shown in the PCA including all envi-
ronmental variables, environmental variation was present 
across ponds (Fig. 4). The first component of the PCA ex-
plained 69.2% of the variation, which divided the ponds into 
two groups, pond F and ponds A–C, based on differences in 
Cond, Sal, TDS, IC, and DOC (Table 1). 

Stochastic processes influencing the bacterial 
assemblages of Pozas Azules. The association be-
tween OTU composition and environmental variables was 
explored with a CCA using OTU abundance and environ-
mental parameter data for each pond. The 15 original envi-
ronmental variables (Table 1) were reduced to six non-re-
dundant explanatory variables (except geographic location) 
based on the three statistical criteria described in the Meth-
ods section. The final environmental variables used in the 
analyses were TC, IC, TP, Cond, NO2

–, and pH. Many OTUs 
were detected in only one of the four ponds. Although this 
may have been due to the low sequencing coverage, the 
abundances of these OTUs permitted their association with 
specific environmental variables (CCA data are available 
upon request). 
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Fig. 3. Diversity-related data of bacterial communi-
ties in Pozas Azules CCB. (A) Rarefaction curves 
showing the 95% confidence interval of 16S rDNA 
gene sequences for each pond. The number of OTUs 
detected (at 97% cutoff) vs. the number of sequences 
analyzed per pond is shown. (B) The diversity data 
obtained with 16S rRNA sequences for each pond 
(OTUs at 97% cutoff).
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The relative importance of geographic (stochastic) and 
contemporary environmental (deterministic) conditions in the 
distribution of microbial diversity was determined in correla-
tional analyses using environmental and geographical vari-
ables and by using the OTU incidence data. Environmental 
and geographic distance matrices were independently tested 
for their correlation with the biological distance matrix (dif-
ferences among sites were represented by the dissimilarity 
index 1-Sorensen), using Mantel tests. There was no signifi-
cant association between the biological distance matrix and 
the environmental matrix (P = 0.1671, r = 0.5876), whereas 
the biological distance matrix correlated significantly with 
geographic distance (P = 0.04117, r = 0.7979). To further 
evaluate the environmental variables that best correlated with 
community differences (i.e., the biological matrix), a BIO-
ENV test was performed that identified TC, NO2

–, pH, and 
Cond as the best-fitted variables; however, a Mantel correla-
tion for these variables was not statistically significant (P = 
0.0862, r = 0.1635). 

Overall, our results provide evidence of a statistical correla-
tion between bacterial composition and geographic distance.

Discussion

Diversity distribution studies have been used to investigate the 
influence of geographic and environmental factors in biogeo-
graphic patterns. For many years, the paucity of biogeographi-
cal studies of microbial diversity hindered an understanding of 
the ecological and evolutionary processes shaping diversity at 
the microbial scale. However, technological advances devel-
oped in the past two decades have allowed explorations of mi-
crobial diversity in natural environments and the testing of hy-
potheses regarding the factors determining its distribution. 

To distinguish deterministic from stochastic dynamics, 
sampling design is critical. Specific environments should be 
chosen from locations that are geographically delimited and 
have low environmental variation, to avoid obscuring dis-
tance effects [1]. In this study, we adopted a culture-indepen-
dent approach with a sampling strategy that minimized envi-
ronmental variation, by looking at bacterial diversity in four 
ponds within the Pozas Azules aquatic system in the CCB, 
Mexico. Our findings show the influence of stochastic pro-

Table 1. Environmental data obtained for each pond

Pond

A B C F

Latitude N 26 49´24.4´´ N 26 49´31.8´´ N 26 49´34.7´´ N 26 48´37.08´´

Longitude W 102 00´53.2´´ W 102 01´5´´ W 102 01´22.8´´ W 102 00´47.64´´

pH 7.76 (0) 7.53 (0) 7.712 (0.09) 7.81 (0.10)

Cond (µS cm–2) 2501.6 (8.73) 2529 (3.67) 2883.2 (3.63) 1940 (0)

Sal (mg/l) 8.70 (0.53) 8.51 (1.24) 7.66 (0.82) 3.18 (0)

TDS (ppt) 1.3 (0) 1.3 (0) 1.5 (0) 1 (0)

TC (mg/l) 120.265(0.54) 109.22 (14.03) 110.41 (19.36) 102.28 (3.84)

IC (mg/l) 120.265 (0.54) 117.51 (7.13) 111.28 (18.12) 41.87 (1.38)

DOC (mg/l) 0 0 0 60.4 (3.54)

TP (mg/l) 0.83 (0.090) 0.89 (0.018) 0.87 (0.051) 0. 92 (0.025)

IP (PO3) (mg/l) 0 0 0 0

DOP (mg/l) 0.83 (0.090) 0.89 (0.018) 0.87 (0.051) 0. 92 (0.025)

TN (mg/l) 0 0 0 0

DIN (NH4
+) (mg/l) 0 0 0 0

DON (mg/l) 0 0 0 0

NO2
− (mg/l) 0 0 0.0026 (0.0015) 0

Nutrient and other environmental data except for coordinates are the mean values. Standard deviations are in parentheses. (See Material and M
methods for abbreviations.)



Int. Microbiol. Vol. 18, 2015 ESPINOSA-ASUAR ET AL.112

cesses in the distribution of prokaryotic diversity in the CCB. 

OTU composition: moderate turnover and dom-
inance by a particular phylum. The phylogenetic 
analysis of microbial diversity showed one numerically domi-
nant phylum in each pond that could nonetheless be found in all 
of the other ponds, albeit in lower numbers. These results pro-
vide further evidence of the complexity of bacterial community 
assembly mechanisms, in which “no two, naturally assembled 
bacterial communities appear to be the same” [6]. The average 
beta diversity between ponds indicated that nearly 50% of the 
OTUs were shared among them. The sharing of these taxa 
(many of them also abundant) is likely due to the fact that they 
are widely dispersed and likely to be generalist bacteria [23]. In 
fact, the same phyla have been reported in aquatic systems of 
the CCB valley [12,33,34] and in other freshwater systems 
[48]. Specifically, Actinobacteria are widely distributed in 
freshwater lakes, because of their dispersal capacity and ability 
to form spores [30]. Another potential generalist group shared 
among the studied ponds was Cyanobacteria, of which Chloro-
coccales [33] is the most abundant order in freshwater lakes 
[30]. Alphaproteobacteria (Rhodobacteriaceae) are common 
taxa of water bodies (e.g., OTU A_2) [5] and Betaproteobacte-
ria predominated in the mesocosm experiments of Langenheder 
and Székely [23]. The most abundant verrucomicrobial OTU in 
our study (OTU F_49) was that of Luteolibacter, a widely dis-
tributed, non-motile bacterium [47]. 

In contrast to the dominant and shared phyla, other 
groups, such as Bacteroidetes, although shared, were not 
abundant, despite being registered as ubiquitous in aquatic 
environments [31]. We also found OTUs that were exclusive 
to one sampling site, even though most of them are highly 
abundant worldwide (e.g., the Hyphomicrobiaceae OTU 
A2_21) [18]. Although this discrepancy may be a conse-
quence of the low sequencing coverage, whether shared or 
not these potentially generalist taxa occurred in different 
abundances across the four ponds. Langenheder and Székely 
[23] suggested that generalist groups usually represent neu-
trally assembled taxa.

Since it has been reported that patterns of abundance and 
diversity of bacterial communities are not substantially differ-
ent whether or not rare taxa are included [49,50], the interpre-
tation and discussion of the data and the observed patterns 
presented here are valid, even with the limited sampling. 

Local factors in the Pozas Azules system: low 
environmental variation. There were no major varia-
tions in the environmental conditions of the sampled ponds. 

The similarity of the environmental variables at the study site 
was essential to statistically distinguish the influence of sto-
chastic processes with respect to diversity distribution [1]. 
The 15 measured environmental variables were reduced to six 
non-redundant explanatory variables. Of these, the four vari-
ables selected by the BIOENV test (TC, Cond, NO2

−, and pH), 
while not statistically correlated with community dissimilari-
ties among ponds, were previously reported as important ele-
ments shaping the bacterial communities of lakes [25]. How-
ever, given our sampling strategy, in which the sites were se-
lected based on the minimal environmental variation between 
them, a statistical correlation of these variables with assem-
blage dissimilarity was not expected. Despite the low envi-
ronmental variability, one pond (F) deviated from the other 
three (Fig. 4). Thus, the use of finer measurements at smaller 
spatial scales may allow the detection of environmental varia-
tion, which can in turn explain otherwise confounding obser-
vations, such as differences in the abundance of some phyla 
between ponds. 

Stochastic processes influence the Pozas 
Azules bacterial assemblages. Our sampling strate-
gy allowed us to independently evaluate the correlation be-
tween community dissimilarity among the ponds and geo-
graphic distance or environmental variables. 

With respect to the environmental variables, the Mantel 
correlation test was not statistically significant, and in the 
CCA analysis most OTUs were not associated with any spe-
cific environmental condition. These non-conclusive correla-
tions and associations were not surprising, given that the 
ponds were selected based on their minimal environmental 
variability. In terms of geographic effects on community com-
position, our results showed an association between aquatic 
bacterial composition and the geographic distances among the 
ponds. 

Several studies have described the bacterial diversity in 
the CCB [2,4,12,26,27,33–35,39,40,42], but ours is the first 
to analyze environmentally similar sites to specifically deter-
mine the contribution of stochastic processes (dispersal limi-
tation and neutral assembly) vs. deterministic processes 
(physicochemical conditions) to the observed distribution of 
microbial diversity. Two previous studies examined aspects 
of the microbial diversity from Pozas Azules [33,34], but 
their focus was the effect of environmental changes on the 
composition and diversity of bacterial communities, as deter-
mined in a long-term mesocosm experiment. The samples 
used in the studies of Pajares and colleagues were collected 2 
years later than our samples [33,34]. One of the ponds ana-
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lyzed here was also included in their studies. It should be 
noted that ~50% of this study’s OTUs were detected in the 
bacterial communities reported by those authors. This coinci-
dence in OTU composition suggests the existence of a com-
mon pool of successful bacterial taxa whose presence is con-
stant over time. If these taxa consist of generalists this would 
explain the neutrally assembled dynamics observed in this 
study [23]. Our results also suggest that the community dy-
namics in these ponds are associated with life-history traits—
as reported by Nemergut et al. [29]—which are dependent on 
dispersion capacity, and with other bacterial ecological attri-
butes (generalist or specialist). Thus, rare and slow-growing 
taxa would have no geographic association in aquatic com-
munities [23], as was the case for the slow-growing phylum 
Planctomycetes in our samples (data not shown) [21].

The geographical pattern found in this study is consistent 
with the third hypothesis of Martiny et al., which states that 
there are limits to the dispersal of bacteria and that this disper-
sal history is reflected in the correlation between beta-diversi-
ty and geographic distances. 

Conclusions and perspectives. Our results provide 
evidence of the primary importance of stochastic processes in 
determining the composition of aquatic bacterial communities 
in the Pozas Azules system. By using a sampling design that 
minimized the effect of environmental variability, we were 

able to show a correlation between beta diversity (1-Sorensen) 
and geographic distance. However, this evidence is sugges-
tive, not conclusive, given the limited sample number. A larg-
er number of samples and greater sequence coverage through 
a high-throughput sequencing approach should be part of fu-
ture explorations of the CCB’s aquatic bacterial communities. 
Many of the OTUs detected in Pozas Azules were similar to 
generalist taxa, which are usually neutrally assembled. More 
advanced investigations into the causes of the diversity distri-
bution of prokaryotes should include controls for environ-
mental variation (for example, using both contrasting and 
similar environmental sampling sites), to test the relative in-
fluence of stochastic and deterministic processes, and he 
study of specialist or rare taxa within the total communities 
(using specific primers or PhyloChip-designed approaches). 
Finally, the inclusion of life-history aspects, such as relative 
abundance, dispersion capacities, and ecological range (gen-
eralist vs. specialist), will lead to a better understanding of the 
processes underlying biogeographical patterns.
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