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Abstract
Species prevalence across the landscape is related to their local abundance, which is a result of deterministic and stochastic
processes that select organisms capable of recolonizing sites where they were once extinct, a process known as the rescue effect.
The occupancy-frequency distribution (OFD) describes these patterns and has been extensively used to understand organism’s
distribution but has been poorly tested on microorganisms. In order to test OFD on freshwater bacteria, we collected data from 60
shallow lakes distributed across a wide area in southeastern Brazil, to determine the bacterial operational taxonomic units (OTUs)
that were present in all sites (core) and at only one site (satellite). Then, we analyzed the spatial abundance distributions of
individual OTUs to understand the influence of local abundances on regional occupancy patterns. Finally, we tested the envi-
ronmental factors that influenced occupancy and abundance. We found a significant bimodal OFD for freshwater bacteria using
both OTUs (97% clustering) and amplicon sequence variants (ASVs, unique sequences), with 13 core OTUs and 1169 satellite
OTUs, but only three core ASVs. Core organisms had a bimodal or gamma abundance distribution. The main driver of the core
community was pH, while nutrients were key when the core community was excluded and the rest of the community (mild and
satellite taxa) was considered. This study demonstrates the close relationship between local environmental conditions and the
abundance and dispersion of microorganisms, which shapes their distribution across the landscape.
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Introduction

The occupancy-frequency distribution, or OFD, describes
species prevalence at different sites, which is helpful for un-
derstanding metapopulations and species spatial distribution.
Raunkiaer’s rule states that, if sampling is optimal, a bimodal
distribution should be observed, with most species at the ex-
tremes of an OFD plot, meaning that most organisms will be
found in one/few sites or in all/most sites [1, 2]. This concept
has been extensively used to understand the geographical dis-
tribution of organisms, but has hardly been observed in natural
communities [e.g., 3, 4] and has been poorly tested in micro-
bial communities [but see 5, 6].

This rule gained popularity when Hanski [7] used its assump-
tions to explain species distribution in a metapopulation context
[2], becoming one of the most prominent models to oppose the
unimodal model [8]. In his mathematical models, Levins [8]
considered a relationship between immigration and extinction
rates, which eventually created a distributionwith only one hump
(unimodal distribution). On the other hand, Hanski [7] argued
that local species extinctionswere independent from immigration
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rates, and that both depend on regional species distributions; thus,
there should be two humps in OFD across plots [7, 9]. Hanski
labeled these two humps along the distribution as “core” (more
frequent) and “satellite” (less frequent) organisms, resulting in
the “core-satellite hypothesis.”

Another important statement is that the OFD is indirectly
related to local abundances, since the most abundant organ-
isms are more likely to be part of the core, while the satellite
should be composed of organisms with low abundance [7,
10]. In their classic study, Brown [10] argued that the geo-
graphic abundance distribution of a species should present a
pattern with a center showing greater abundances towards the
periphery, where it is increasingly rarer until eventually be-
coming extinct. Furthermore, the presence of a species in a
certain location depends on its ability to adapt to the locations’
specific conditions. Therefore, ubiquitous organisms are those
that can settle in new areas after migrating from places where
they are most abundant, increasing their abundance and mi-
grating to new locations at further distances from the starting
point. In this way, organisms recolonize sites where they are
less abundant or extinct, originating from locations where they
are more abundant, and the species that spread to more sites
tend to be those that reach higher abundances in certain sites, a
process known as the rescue effect [11]. This process probably
occurs due to a mixture of deterministic and stochastic pro-
cesses that select a set of organisms [10, 12, 13] and can be
consistent in space [13] and time [14].

Historically, the dominant idea about the ecology of microor-
ganisms (bacteria and protists) was that species could potentially
be found in any site around the world [15]. Since they have
extreme dispersal capacity and rapid evolution rates, only local
environmental processes would be able to select organisms in
each location [16–19]. However, the advance of culture-
independent molecular tools that enabled researchers to access
the entire microbial diversity changed that view, and microor-
ganisms have become useful models in research fields from ap-
plied research and human health to ecology [16, 17]. Nowadays,
we know that not all microorganisms are ubiquitous and that
geographical barriers can also affect microbial dispersion [17,
18, 20]. In the last decades, concepts and theories about disper-
sion of macroscopic animals have been used to build a frame-
work explaining microbial spatial distribution [18, 19].
Moreover, microorganisms are useful for stretching the assump-
tions of theoretical models and mathematical hypotheses to their
limits, as they are present in high numbers everywhere and large
datasets are freely available [16].

Therefore, OFD analysis is extremely useful for under-
standing the macroecological distribution of key species [5],
as well as the influence of species abundance and local factors
on regional dispersion patterns. Although the bimodal hypoth-
esis has been tested in a wide range of environments, it has
mainly been tested on macroorganisms [4, 21]. In the mean-
time, our understanding of microbial macroecological patterns

has notably increased [17, 18, 20], and microorganisms have
proven to be valuable models to test ecological hypotheses
and evaluate dispersal mechanisms and community structure
across space and time [16]. However, the OFD has just started
to be tested on microbial communities [5, 6]. In this sense, our
aim was to test the OFD on freshwater bacteria and provide
insights about the influence of local environmental (i.e., pH,
nutrients) and geographical (i.e., distance between sites) fac-
tors on OTU abundance and distribution across a tropical
metacommunity—a set of local communities connected by
species flow [22]. We hypothesized that (1) the OFD should
be bimodal due to the high dispersal capacity of bacteria; (2)
the most abundant organisms should be very abundant in
some sites but rarer in others, so an abundance distribution
analysis should show a dominance of bimodal arrangement;
and (3) these patterns of occupancy and abundance must be
related to a mix of environmental (pH, temperature) and spa-
tial (distance, geographical barriers) factors.

Material and Methods

Study Sites and Sampling Design

Microbial communities were sampled from 60 shallow, head-
water lentic systems scattered over an area of approximately
250,000 km2 in São Paulo state, southeastern Brazil. The sam-
pling area presents a tropical climate and encompasses a tran-
sition zone between Cerrado (Brazilian savannah biome) and
tropical Atlantic Forest biomes. The geography includes four
distinct areas that are nearly equivalent in area and perimeter
(Tab. S1). The first area comprises part of the Brazilian coastal
formation (named Serra do Mar), and the other three are wa-
tersheds (the Tietê River basin, the Paranapanema River basin,
the Grande River basin), which all originate in the Paraná
River basin, the most important watershed in this region
(Fig. 1). Most of the sampled aquatic systems are small artifi-
cial reservoirs formed by creeks that are dammed to meet the
needs of local humans. Natural vegetation in catchments of
some of these reservoirs has been converted to pasture and
cropland, mainly sugar cane. Samplings were carried out be-
tween June 2012 and July 2016. To avoid any bias, we defined
two a priori criteria to select the spatial distribution of sam-
pling design: (1) an equal sample size and approximate spatial
distribution of sampling sites across the four watersheds and
(2) within each watershed an equal sample size across trophic
state categories (oligotrophic, mesotrophic, and eutrophic).

Environmental Variables, Sampling Procedures, and
Laboratory Analysis

Water temperature, conductivity, and pH were obtained in
situ, with a multi-parameter probe (YSI, Yellow Springs,
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USA) and altitude was obtained with a GPS. The surface
water samples for all analyses were collected with a bucket
on the shore of the environments. For nutrient analysis, water
samples were filtered through a polycarbonate membranewith
0.45-μm mesh. At each site, the membrane was washed with
ultrapure water and rinsed with lake water, thus preventing
carbon implement caused by the filter. Afterwards, 20 mL of
water was slowly filtered, and samples were frozen and stored
in amber bottles. In the laboratory, the samples were stored in
a freezer at − 20 °C until posterior analysis. Dissolved organic
carbon (DOC), inorganic carbon (IC), total carbon (TC), and
total nitrogen (TN) were obtained using a TOC-V
(Shimadzu®, Kyoto, Japan). The concentration of dissolved
nutrients was obtained in an Ion Chromatography System
(Thermo Scientific®, Waltham, Massachusetts, USA) and af-
ter, dissolved inorganic nitrogen (DIN) was obtained by
adding the observed values of nitrite, nitrate, and ammonium.
Tryptophan-like fluorescent dissolved organic matter (T-
fDOM), known as a biological activity indicator [23, 24],
was measured in a FS5 Spectrofluorometer (Edinburgh
Instruments®, Livingston, UK), calculating the ratio between
dissolved organic matter fluorescence and quinine sulfate
(0.001 mg/L dissolved in 0.1 M H2SO4) at 455 nm excitation
and 355 nm emission. The concentration of phytoplanktonic
chlorophyll a (chl-a) was used to determine the trophic state of
each sampling site according to Cunha and collaborators [25].
To measure chl-a concentration, 100 to 500 ml of water was
passed through a glass fiber filter (Macherey-Nagel® GF-6),
extracted in ethanol (90% v/v at 80 °C) in the dark [26, 27],
and quantified by spectrophotometry [28]. To test the impor-
tance of environmental factors on spatial distribution, we de-
cided to use altitude, pH, temperature, conductivity, DOC,
DIC, DIN, T-fDOM, and chl-a as variables because they are

widely known as essential factors that shape microbial com-
munities, except for phosphate, which was removed from
analyses due values that were very low or close to the detec-
tion limit of the method (see Tab. S1).

Sampling Procedures, Molecular Analysis, and
Bioinformatics for Microbial Communities

For molecular analyses, 400 to 500 ml of water was collected
as described above and pre-filtered through a glass fiber filter
with 1.2-μm mesh (BOECO® MGC) to retain eukaryotes,
large particles, and attached prokaryotes. Then, it was filtered
through polycarbonate 0.22-μm membranes (Millipore®
Isopore™ 0.2 μmGTBP) to retain the free-living prokaryotes.
At each site, one filter for eukaryotes and particle attached
bacteria and another for free-living bacteria were obtained.
In this study, we only used the free-living bacterial communi-
ty. The filters with microbial samples were divided in two,
frozen in liquid nitrogen, and then stored in a − 80 °C
ultrafreezer until DNA extraction.

A detailed description of the molecular procedure and bio-
informatics were provided by Mateus-Barros and collabora-
tors [29]. Briefly, we used one half of a filter to extract the
bacterial DNA from each sample with phenol-chloroform.
The amplification of V3-V4 regions of 16S rRNA was per-
formed using the 341F (5′-CCTACGGGNGGCWGCAG-3′)
and 805R (5′-GACT ACHVGGGTATCTAATCC-3′)
primers [30] and a KAPA HiFi HotStart ReadyMix PCR Kit
(Kapa Biosystems®). Finally, the fragments were sequenced
in an Illumina MiSeq platform.

The sequences obtained were processed to determine oper-
ational taxonomic units (OTUs) with 97% similarity. We ob-
tained the OTUs table using an internally implemented

Fig. 1 Geographic location of 60
sampled shallow lakes in the
study region within São Paulo
State. All the sites were located
inside a sub-region of the Parana
river basin (gray) and selected to
equally represent the four hydro-
logical formations in this region:
coastal formation (Blue), Grande
river (orange), Tietê river sub-
basin (green), and Paranapanema
river sub-basin (red)
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pipeline [31, 32] based onUPARSE routines [33] to recognize
paired sequences, eliminate singletons and chimeras, and, fi-
nally, compare the obtained sequences with the SILVA ver-
sion 128 database [34, 35] to determine OTUs taxonomy. For
further analyses, all chloroplast, mitochondria, and Archaea
sequences were removed. The OTUs table was rarefied by
the lowest sample richness (14699 sequences) and trans-
formed into relative abundances.

As a complement to the analysis described above, we also
processed the data to obtain a ASVs table. This newest ap-
proach is obtained by applying the DADA2 pipeline [36] to
the software R [37], using the SILVA version 128 database
[34, 35] for taxonomy assignment. These exact sequences
were then blasted against the NCBI database (https://www.
ncbi.nlm.nih.gov) and manually recorded the geographic
coordinates of each sequence (> 300 bp, with 100%
nucleotide match). Our aim was to test the OFD and observe
if the approach would strongly influence the ecological
pattern.

Statistical Analysis

Aiming to observe the distribution pattern throughout the
metacommunity, we performed the OFD analysis based on
the method showed by Lindh and collaborators [5], using
the MOStest function from vegan package [38] and a
presence/absence transformed OTUs table. The MOStest
function is based on Mitchell-Olds and Shaw [39] to deter-
mine if analyzed data has only one hump at one of the ex-
tremes of its occupancy-frequency distribution; however, if
the occupancy distribution shape has two humps, one at each
extreme of the graph, the distribution is considered bimodal
[38, 40]. After the OFD analysis, three distinct groups were
observed. We called the bacteria found in all sites the “core,”
and those restricted to only one site as the “satellite.” The
bacteria that did not fit in the core nor the satellite criteria were
called “mild.”

Then, to understand the relationship between occupancy
and abundance, we used a log10(x + 1)-transformed OTUs ta-
ble to perform the SpaDs analysis. To determine the pattern of
variation, we subsampled our dataset to create three tables
containing the core, mild, and satellite communities separate-
ly. This analysis was implemented here as proposed by Niño-
García and collaborators [13]. It is an iterative procedure that
determines the frequency of abundances of each OTU and
categorizes these frequencies in graphical curves to visualize
the abundance tendency of these organisms in a
metacommunity. The analysis first used the Hartigan’s dip
test implemented in the dip test package [41] to detect the
non-unimodal abundance distributions and classify them as
bimodal. After, the distfit function in the distrplus package
[42] was used to carry out a maximum likelihood estimation
and classify the unimodal abundance distributions as Cauchy,

exponential, gamma, logistic, lognormal, normal, or Weibull
categories. In their study, Niño-García and collaborators [13]
decided to include some groups with unimodal distribution
under the “normal like” category. Since we did not observe
OTUs with normal distribution, we preferred to keep the
groups separated to avoid artificial grouping.

Finally, in order to evaluate whether and how the sampled
environmental factors affect bacterial communities, we used a
log10(x + 1)-transformed OTUs table to perform a Mantel test
and a distance-based redundancy analysis (dbRDA) with the
mantel and capscale functions of vegan package [38], respec-
tively. Before these analyses, the environmental dataset was
standardized using the decostand function (method: standard-
ize) in the vegan package [38]. The dbRDA was performed
using the complete dataset and the dissimilarity matrices were
constructed based on the Bray-Curtis distance analysis. We
used this approach instead of the classical RDA because it
permits the use of Bray-Curtis distance matrices, which is
more appropriate for our OTU table that presents many zeros,
as expected from a biological data table for microorganisms,
obtained from high-throughput techniques. To perform the
Mantel test, the OTU table was divided to obtain sub-tables
considering the results of OFD (core, mild, and satellite) and
SpaDs (bimodal, gamma, and other) and then, each dataset
(the sub-tables and the complete table) was transformed into
Bray-Curtis distance matrices. These matrices were then com-
pared to the environmental data and geographic distances. A
Euclidean distance approach was applied to the environmental
data, while the geographic data was transformed into distance in
a way that considers the distance between each site measured by
the longitude/latitude coordinates in decimal degrees. For the
Mantel comparisons between distance matrices, we used a
Spearman method. The datasets were transformed into distance
matrices using the vegdist vegan function for environmental and
biological datasets, and rdist.earth function from the fields pack-
age [43] for geographical matrix. All the statistical analyses and
plots were performed in the R software [37, 44].

Results

After rarefaction, 3738 OTUs were obtained from 881,940
reads (14,699 sequences per sample) and classified within
38 different phyla (Tab. S2). The phyla with the highest num-
ber of OTUs were Parcubacteria (1682 registered OTUs),
Proteobacteria (799), andActinobacteria (166), while themost
abundant phyla were Actinobacteria (54.24% of the reads),
Proteobacteria (23.64%), and Planctomycetes (5.41%). For
more details about OTUs count and relative abundance per
phyla, see Tables S2 and S3, and Figure S1.

The OFD had an inverse-Gaussian shape, with one hump at
each extreme of the frequency distribution. Furthermore, the
MOStest was significant for both ends of the distribution
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curve (p < 0.05), which means that freshwater bacteria had a
bimodal occupancy-frequency distribution in our study sites
(Fig. 2a). We performed the MOStest in the ASVs table and
the results were also significant, despite the fact that only three
ASV could be classified as core (Fig. S2).

Core organisms (present in all sites) were represented by 13
OTUs, which represent only 0.35% of the total OTUs number.
On the other hand, satellite (present in only one site) were
represented by 1169 OTUs (i.e., around 31% of all OTUs)
distributed in over 38 phyla (Tab. S2). On average, core
OTUs represented 50% of relative abundances, while satellite
were less than 1% of relative abundances (Tab. S2, Fig. 2b).
The most prominent bacteria among the core were from the
hgcI clade (phylum Actinobacteria), while the Parcubacteria
was the most prominent group among satellite organisms,
accounting for more than half of the total identified OTUs
(Tab. S2, S3).

Concerning the SpaDs results, we found three different
categories of abundance distribution (Fig. 3): (1) the gamma
category, observed in a large number of OTUs, which is char-
acteristic of organisms that are mostly absent (in the case of
satellite) or not abundant (in the case of core) in the studied
sites (Fig. 3a); (2) the bimodal category includes OTUs with
high abundances in many sites, but are less abundant in many
others (Fig. 3a); and (3) other abundance categories (Cauchy,
log-normal, and logistic) that have a more heterogeneous
form, mostly grouping OTUs that are less abundant than
others that can be very abundant in few sites (Fig. 3a and
Figure S3). The gamma was represented by core, mild, and
satellite OTUs although was most represented by mild and
satellite. On the contrary, the bimodal was more represented
by mild and core OTUs. Lastly, the other category presented
some representatives of mild and core (Fig. 3b).

Finally, the Mantel test showed that five variables were
significantly correlated to bacterial community dissimilarity
matrices (p < 0.05). The pH had the strongest correlation with
aquatic bacterial community composition, which was also

highlighted by the dbRDA (see Fig. S4). The bacteria found
in this study were also influenced by chemical factors (pH and
conductivity), nutrients and organic matter composition (DIN
and T-fDOM), and geographic distances (Fig. 4). The relative
importance of each significant environmental factor varied
when compared to the OFD groups: pH was also the strongest
factor when compared to the core OTUs, while the mild OTUs
distribution were more related to nutrients (DIN) and organic
matter composition (T-fDOM), and the satellite OTUs were
not associated with any environmental variable (Fig. 4a, Tab.
S5). The categorized SpaDs analysis also showed variation of
OTU correlations with the environmental variables. The cate-
gory of OTUs with bimodal distribution was more related to
pH, while Gamma category had similar correlation with pH,
DIN, and T-fDOM. The other category seemed to be homo-
geneously influenced by pH, T-fDOM, DIN, and conductivity
(Fig. 4b, Tab. S6).

Discussion

The Occupancy-Frequency Distribution of Freshwater
Bacteria Is Bimodal

We found a significant bimodal distribution for the OFD of
freshwater bacteria, which agrees with a previous report on
marine bacterial communities [5] and freshwater bacteria in a
large lake [6], but disagrees with another report on stream
diatoms [3]. Soininen and Heino [3] argued that the lack of
bimodality in their dataset for eukaryotic microalgae was
probably caused by a lack of connectivity between sampling
sites in distinct river basins, which prevented the flow of in-
dividuals between sites. Herein, bacterial dispersal capacity
probably overcame geographic isolation or historical factors.
Similar arguments were used to explain why birds have core
populations, while other vertebrates as herptiles or mammals
do not [45]. Another possible explanation for these results is

Fig. 2 a Occupancy-frequency distribution from 60 shallow lakes
scattered throughout São Paulo State. The asterisk (*) represents a
significant result in the MOStest (p < 0.05), which means that the

distribution presents a consistent hump in each extreme. b Occupancy-
abundance distribution plot. The dots represent the mean abundance of
each OTU
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the existence of a terrestrial seed bank that constantly feeds
aquatic environments with bacteria, a process that occurs in
headwater environments that frequently promotes recoloniza-
tion and prevents local extinctions [46].

The same analysis using a higher clustering resolution
(ASVs) yielded slightly different results: the bimodality
remained significant, while the bimodal hump was weaker
and only three ASVs were core. The inaccuracy of molecular
methods used to access the microbial biodiversity, from DNA
extraction [29], amplification [47], and sequencing errors
[48], could bias the interpretation of ecological processes at
a high clustering resolution level, such as ASVs. Actually,
both methods used to determine taxonomic units are prone
to criticism, as they define taxonomy based on an arbitrary

threshold value (97% similarity for OTUs; 100% similarity for
ASVs), OTU does not consider different diversification rates
for each bacterial phylogenetic group, and ASVmay artificial-
ly overestimate diversity [48].

Core Group Is Dominated by Native Freshwater
Bacteria

The hgcI clade stands out as the most frequent and abundant
group in the core. This Actinobacteria clade (also known as
acI lineage) seems to be closely related to freshwater environ-
ments and was abundant in other studies of freshwater
[49–52] and estuarine systems [53]. Members belonging to
the hgcI clade are small (< 0.1 μm3), free-living, and have

Fig. 3 a Examples for each SpaDs category recovered in this study (bimodal, gamma, Cauchy, log-normal, and logistic). Each curve represents the
abundance distribution for one OTU. b The absolute number of OTUs of each OFD type that falls into each SpaDs category

Fig. 4 Mantel test results showing significant correlations (p < 0.05)
between environmental variables and OTUs relative abundances for the
OFD groups: core, mild, and satellite bacteria (a) and abundance
distribution categories: bimodal, gamma, and others (b). The correlation

intensity was expressed in blue. Darker colors represent stronger
correlations between variables and OTUs; white boxes represent non-
significant correlation
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been highlighted as the most abundant and cosmopolitan bac-
terial group in freshwater ecosystems [54, 55]. They can po-
tentially take up carbohydrate and N-rich organic compounds,
but can also utilize sunlight via actinorhodopsin, and perform
anaplerotic carbon fixation [56]. Despite the accumulation of
genomic data from this group through culture-independent
methods, the first strains have only recently been isolated from
a natural lake and maintained in pure cultures using catalase
supplementation [55].

Polynucleobacter (Pnecc) is a well-studied genus of
ultramicrobacteria, which also represents a ubiquitous and
abundant component of freshwater bacterioplankton [57,
58]. In contrast to the hgcI clade, strains of Pnecc have been
isolated and studied from a wide variety of freshwater ecosys-
tems, differing in environmental conditions, which suggests
high diversification within the group [59, 60]. This diversifi-
cation could be due to adaptations to specific ecological con-
ditions that likely provide competitive advantages that make
them globally distributed [58]. Moreover, they assimilate sub-
products from the photodegradation of humic substances [61],
which are organic substrates that are very abundant in fresh-
waters worldwide. Another well-represented phylum in the
core was Proteobacteria, represented by some typical freshwa-
ter organisms like Polynucleobacter [62, 63]. Additionally,
the bacterial genus Synechococcus was included in the core
community. This genus has been well-studied and are fresh-
water Cyanobacteria [57] commonly found in tropical waters
[51, 52] where they contribute greatly to primary production.
Other bacteria that are typically found in nutrient-rich fresh-
waters (i.e., Nevskia and Methylophilaceae) and in both ter-
restrial and freshwater environments (i.e., Microbacteriaceae
and Rhizobiales) were also expected to dominate the shallow
lakes due to the massive influx of terrestrial organisms from
soil to headwaters [46]. Despite the fact that some of these
bacteria were not included in the core, they presented abun-
dant representatives, reinforcing the previous argument that
the soil seed bank is probably a key factor for maintaining
core bacteria in the environments analyzed herein.

Parcubacteria Is the Most Represented Phyla Among
Satellite OTUs

There is evidence that this group is entirely composed of sym-
biotic bacteria [64], which can explain its presence between
the satellite in almost all environments studied herein.
Unfortunately, Parcubacteria is one of the least known pro-
karyotic groups and was the most present organism within the
satellite recorded herein, thus hampering the discussion about
satellite organism. Furthermore, it is also one of the most
poorly classified organisms, mostly known at the Phylum lev-
el only. Herein, its relevance to diversity in tropical inland
environments highlights the need for future studies about the
biology of this group.

The Relationship Between Occupancy and Abundance

The SpaDs showed that the most common abundance distri-
bution categories were bimodal and gamma, with higher rep-
resentativeness of the bimodal category among core organ-
isms, indicating that the core may in fact be locally rare or
even extinct, but recolonization is possible from other sites
where they are more abundant. The same categories were
dominant in temperate regions [13], and a similar description
was used by Lindh and collaborators [5] to discriminate the
satellite and core from other occupancy-frequency distribution
categories. They called the organisms with high relative abun-
dances and occupancy the “core” and the organisms with low
abundances and occupancy the “satellite.” Since a bimodal
category implies more frequent high local abundances than
expected for the other categories, core organisms present more
sites in which they are a source population capable of
recolonizing other sites. If this assumption is correct, core
organisms would present this abundance arrangement in space
[12] and time [14].

The presence of OFD is historically related to local abun-
dances [7, 10] and is mainly explained by a process known as
rescue effect [11], which predicts that locally abundant organ-
isms tend to easily colonize the landscape. The importance of
core for local abundances (on average, more than 50% relative
abundances) compared to the satellite (less than 1% relative
abundances) is a good indication that a rescue effect allowed
more abundant organisms to frequently recolonize any site
where they were less abundant and prevented an eventual
local extinction risk. However, a study including the temporal
analysis of abundance fluctuations must be conducted to con-
firm this.

Environmental Factors That Shape Occupancy and
Abundance Distribution

Finally, the compartmentalized Mantel test showed that, in
general, the main factor related to OFD and SpaDs is pH, as
reported in other inland aquatic environments [12, 46, 65, 66].
Indeed, environmental factors seem to modulate the bacterial
OFD, pH in soil and freshwater environments [12, 46, 65, 66],
and salinity in marine environments [5]. Interestingly, the re-
moval of core bacteria showed that other factors might also be
relevant. These results seem to indicate that pH is more strong-
ly related to the composition of the most abundant bacteria,
while the mild bacteria are related to pH, along with nutrients,
and the satellite bacteria with stochasticity. The increased im-
portance of T-fDOM, an indirect indicator of autochthonous
carbon supply [23, 24], highlights the importance of an au-
tochthonous metabolism at these sites [67] and is a potential
indicator of phytoplankton-bacteria interaction, which is pre-
sumably high in tropical regions due to high phytoplankton
excretion rates at high temperatures and light [68].

Local and Geographic Factors Shape the Occupancy-Frequency Distribution of Freshwater Bacteria



Niño-García and collaborators [13] argued that the pres-
ence of a large portion of bacteria in lakes was linked to
downstream transport from headwaters. Herein, only the sat-
ellite bacteria were not related to any environmental condition,
indicating that sorting may be more important in lotic head-
water environments. After, these selected organisms are taken
by the water flow and colonize other locations. Another pos-
sible explanation is that the high degree of isolation between
our samples made the sorting action more evident than in
other sites strongly connected by water flow. The mechanisms
that select this larger portion of rare microbial organisms have
been extensively addressed over the past few years. The rare
biosphere (i.e., microbial taxa that are found in low abundance
in a location that can be rare or dormant [69, 70]) can have
diverse persistence strategies and be sorted by a set of vari-
ables [69]. Herein, the large portion of rare bacteria may be
explained by autochthonous nutrient inputs. Besides that, the
significant correlation between bacterial community composi-
tion and geographic distance, although weaker than environ-
mental sorting, indicates that geographic components such as
dispersion and isolation can influence the bacterial freshwater
distribution and abundance. However, it is necessary to sam-
ple on a larger scale to discover from which distances a bi-
modal OFD can no longer be observed, and then investigate if
it was caused by geographic barriers or environmental selec-
tion and bacterial occupancy.

In this study, we demonstrated a bimodal pattern of the
OFD for freshwater bacteria across a tropical landscape, with
the core being dominated by typical freshwater bacteria. Our
dataset also includes the presence of bacteria typically found
in nutrient-rich freshwaters and other bacteria found in both
terrestrial and freshwater environments, indicating an impor-
tant contribution from soil seed bank to OFD. The abundance
distribution also showed an arrangement with almost half of
the core OTUs fitting in the bimodal abundance category,
which indicates that, despite the fact that core bacteria was
found in low abundances in many sites, their high abundances
in other sites may compensate and assure their presence across
the landscape. On the other hand, the gamma category was
more related to less abundant organisms and indicated that
they are consistently rare across the landscape. Furthermore,
we found that pHwas the major driver of bacterial community
composition at our study sites, but a compartmentalized anal-
ysis indicates that other nutritional (i.e., DIN and T-fDOM)
and stochastic factors (i.e., geographic distance and random-
ness) are also relevant for the bacterial community
composition.

In the last decades, we have overcome the traditional idea
that microorganisms are not influenced by geographical bar-
riers and only by environmental selection [16–19].
Meanwhile, microbes have been emerging as ideal model or-
ganisms to stress ecological theory and mathematical hypoth-
eses [16]. Our observations support the view of a close

relationship between bacterial abundance and their ability to
spread across a landscape, with environmental factors playing
an important role in selecting their capacity to become ubiq-
uitous or rare in natural systems. In addition, we also demon-
strated the applicability of OFD allied with SpaDs to provide
information about the macroecology of microorganisms along
freshwater habitats, enabling the recognition of taxa that are
important for local processes and global functions.
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