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ABSTRACT

1. Lakes in the same geographic region often exhibit outstanding differences in environmental features, as is the case in the
high-altitude lakes from the basaltic plateaus of Patagonia (Argentina).

2. We analysed bacterial community composition (BCC) at local and regional scales in 37 shallow lakes on two Patagonian pla-
teaus and evaluated the influence of environmental variables and geographic position on community structure.

3. B diversity within each plateau was the key component of regional bacterioplankton diversity. The sum of amplicon sequence
variants (ASV) exclusive to each plateau was greater than 50%. Most of the exclusive ASVs corresponded to rare ones from
each plateau, whereas abundant ASVs were mostly shared by both plateaus (81%), which indicates a more restricted distribu-
tion of rare and higher dispersal of abundant ASVs.

4. The lakes of the Strobel and Buenos Aires plateaus spanned a wide range of environmental conditions, which were associ-
ated with the BCC of lakes from both plateaus. Macrophyte cover, fish presence, conductivity, dissolved organic carbon, pH,
and altitude were associated with BCC in these lakes. Notably, differences at the phylum and class levels were observed in
lakes with contrasting limnological features. Fishless lakes had significantly greater relative abundance of Bacteroidia and
Gammaproteobacteria than fish-stocked lakes. Lakes without macrophytes showed significantly higher relative abundances
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of Cyanobacteria and Planctomycetota than vegetated environments, and, conversely, vegetated lakes exhibited the highest

relative abundance of Bacteroidota.

5. Our study shows a strong link between BCC and environmental factors, regardless of their regional or local classifications.
Rare bacteria were more strongly associated with spatial factors than total or abundant bacteria, suggesting a limited dis-
persal capacity. Our findings highlight that variability in environmental conditions influences BCC and determines high

diversity and, consequently, high y diversity.

1 | Introduction

Bacterioplankton are highly diverse and play a key role in
freshwater ecosystems. They are critical in the decomposition
of organic material into nutrients that supply higher trophic
levels, which makes them the main drivers of biogeochemi-
cal cycles in aquatic systems (Cotner and Biddanda 2002;
Zhang et al. 2019). Bacterial community composition (BCC)
is defined by abundant bacteria—which generally represent
few taxa with high abundance and are considered the active
fraction of bacterioplankton—and rare bacteria—more taxa
with low abundance which are considered a less active or dor-
mant fraction usually referred to as the seed bank (Casamayor
et al. 2000; Acinas et al. 2004; Pedros-Alio 2012). Microbial
rank-abundance curves are dynamic, with repeated transi-
tions to and from the seed bank which help maintain high mi-
crobial biodiversity (Jones and Lennon 2010).

BCC is influenced by dispersal capacity, local environmental
variables, and biotic interactions (e.g., competition, coopera-
tion, and predation) (Lindstréom et al. 2006; Zhou and Ning 2017;
Liu et al. 2019; Sadeghi et al. 2021). Bacterioplankton exhibit
spatial variability, with some species showing significant local
variation and high turnover in small areas and others show-
ing changes on a larger scale and turnover only detectable in
large spaces (Borcard et al. 2004; Declerck et al. 2011). The
dispersal capacity of individuals strongly shapes species distri-
bution and their relationship with the local environment and
diminishes with increasing spatial scale (Beisner et al. 2006;
Liu et al. 2017; Yang et al. 2018). Given their small size and
high reproduction rate, bacterioplankton can disperse effec-
tively by different agents (wind, birds, human activity, etc.),
generally with a worldwide distribution and less restricted
by geographical barriers (e.g., Finlay 2002). Therefore, BCC
should not show spatial autocorrelation among lakes (Beisner
et al. 2006). Additionally, dispersal rates may depend on
whether water bodies are hydrologically connected (Ruiz-
Gonzdlez et al. 2015). As freshwater ecosystems are highly
diverse in connectivity and morphometric and limnologi-
cal conditions, significant variations in BCC can be antici-
pated across different types of water bodies (Barberan and
Casamayor 2010; Fillinger et al. 2019). The definition of abun-
dant and rare bacteria also depends on the spatial scale, since
taxa may be locally (in individual lakes) or regionally (across
lakes) abundant or rare. As these components of bacterial
communities may differ in dispersal capacity and the range of
environmental conditions where they can proliferate, they may
show different responses to environmental and spatial gradi-
ents. For instance, regionally abundant taxa may have higher
dispersal rates and a broader range of suitable environmental
conditions to proliferate than locally rare taxa.

Understanding the structure of bacterial communities in
lakes requires considering both the local environmental
conditions that shape community assembly and the broader
spatial context in which lakes are embedded (Lindstrém and
Langenheder 2012). In this sense, community diversity met-
rics provide valuable insights into how ecological processes
operate across spatial scales (Leibold et al. 2004). Species di-
versity is one of the most insightful community metrics and
is shaped by regional factors affecting the movement and
establishment of organisms (Hubbell 2001) and local factors
such as environmental conditions, area, food availability, and
biotic interactions (Hutchinson 1959; Morin 1999). To study
regional trends, diversity is divided into hierarchical levels «
(local diversity), 8 (variation in species among sites), and y (re-
gional diversity) (Whittaker 1972). y diversity represents the
combination of a and @ diversity and may help determine how
a and f components contribute to regional diversity across
spatial scales (Veech et al. 2002). These metrics provide a use-
ful framework for exploring the spatial patterns of community
structure in lakes from different geographic locations that ex-
hibit contrasting environmental conditions.

The Strobel (STR) and Buenos Aires (BA) plateaus encompass
many naturally fishless lakes located at varying altitudes (700-
1800ma.s.l.). These lakes exhibit considerable heterogeneity in
terms of size, shape, and physical and chemical attributes, which
is further influenced by factors such as the degree of macrophyte
cover (predominantly Myriophyllum quitense Kunth), the presence
or absence of introduced rainbow trout, and variations in water lev-
els (Lancelotti 2009; Izaguirre et al. 2018; Saad et al. 2018; Porcel
et al. 2019; Sabio y Garcia et al. 2024). These environments are the
habitat of several waterbird species from five families—Anatidae,
Podicipedidae, Phoenicopteridae, Rallidae, and Scolopacidae
(Lancelotti et al. 2009). In these harsh environments, the bacterial
community endures wide fluctuations in light and temperature,
transitions between ice-covered and ice-free periods, and intense
exposure to high UV radiation. These factors likely act as signifi-
cant filters in the colonisation process of bacteria. These variable
conditions make an ideal natural system to study associations
between local environmental variables and geographical posi-
tion. Phytoplankton and zooplankton communities in this region
are mainly constrained by macrophytes, fish, conductivity, dis-
solved organic carbon (DOC), altitude, and spatial factors (Porcel
et al. 2020). High rates of dispersal of small organisms within pla-
teaus tend to homogenise these communities.

In the present study, we addressed bacterial community het-
erogeneity in remote lakes from the Patagonian basaltic pla-
teaus and the influence of spatial and local environmental
factors on the BCC. We analysed the total species, abundant
species, and fraction of rare species at both local and regional
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South America

FIGURE1 | Geographic location of the lakes studied in the Buenos Aires and Strobel plateaus (Santa Cruz Province, Argentina).

scales, with a view to collecting additional and complemen-
tary information on the BCC. We defined « as the local bac-
terial diversity within each lake, 8 reflects variations among
lakes within (1) and between (f32) plateaus, while y corre-
sponds to regional diversity that encompasses the total diver-
sity across all lakes studied.

The aims of our study were: (a) to evaluate a, 3, and y bacterial
diversity in the neighbouring Patagonian plateaus BA and STR,
and (b) to assess the influence of local (environmental abiotic
and biotic variables) and spatial (latitude and longitude) factors
on lake BCC. We evaluated the BCC considering (i) lake regimes
(i.e., clear vegetated, clear mesohaline, organic turbid, or inor-
ganic turbid) which represent local environmental conditions
in terms of turbidity, nutrient concentrations, and macrophyte
cover (o); (ii) among-lake variations within plateaus (81); (iii)
among-lake variations between plateaus (82); and (iv) regional
diversity for both plateaus (y).

We postulated the following hypotheses: (1) 81 and (32 bacterial
diversity will largely account for regional diversity, (2) the com-
position of regionally abundant bacteria, which often have high
dispersal rates, will be explained mainly by limnological condi-
tions within lakes due to high variability among lakes, and (3)
the composition of locally and regionally rare taxa will be more
strongly influenced by the geographical position of lakes due to
their low abundance, more limited dispersal rates, and therefore
more restricted distribution.

2 | Methods
2.1 | Study Area and Sampling

The basaltic plateaus, originated by tectonic activity during the
Tertiary and Quaternary (Panza and Franchi 2002), are in the
northwestern area of Santa Cruz Province, in the arid Patagonian
steppe of Argentina (Figure 1). This region is characterised by
an extremely cold, windy, and dry climate (Cabrera 1976).

The BA and STR plateaus have an extent of 3650km? and
3000km?, respectively. The BA Plateau contains more than
150 shallow lakes, with a maximum altitude ~1800ma.s.l.
in the west and a decrease to ~700ma.s.l. toward the east
(Roesler 2016). The STR Plateau reaches altitudes of 1200 ma.s.1.
in the west and decreases to 700ma.s.l. in the east. The number
of lakes in the STR Plateau varies from 700 to 2000 in extreme
dry and wet periods, respectively (Lancelotti 2009). Although
these remote lakes are naturally fishless (Izaguirre et al. 2018),
more than 40 lakes in the STR Plateau have been stocked with
rainbow trout (Oncorhynchus mykiss; Walbaum, 1792) over the
last two decades (Lancelotti 2009). In contrast, the lakes in the
BA Plateau remain fishless.

A strong decrease in water levels in most arheic basins in lakes
of the Patagonian plateau was observed in field studies between
2006 and 2017 (field observations), further confirmed through
time series analyses of climate data and satellite images of the

30f18

ay) SUONIPUOD P SWLR L 84} 89S *[5202/50/6T ] U0 ARIqIT8UIIUO AB]IM 'V SOUBNE 3P BIOUINOIS ©] 9 91S30JON PP [eUOIRN IUN YEONNN A 25002 GM/TTTT 0T/I0pALI0D" | 1M AR.q 1 jouuo//SAIY W1y papeojuMOq 'S ‘G202 ‘L2rZS9ET

Ro|Im A

D

35UBD17 SUOWILIOD SAIER1D 3 e ! dde au Ag pauenoB afe sajoie YO ‘s JO Sa|n. 10} Akeiqi] auljuO A3|IM UO (SuonipL



STR Plateau (Lancelotti et al. 2020). In the summer of 2016, 71%
of the lakes studied in the STR Plateau showed a marked reduc-
tion in water levels (26% were dry or almost dry), compared to
50% of the lakes studied in the BA Plateau (Izaguirre et al. 2018).

In total, 37 samples were collected in four summer campaigns
(December 2011, March 2015, January 2016, and February 2017),
one from each of the 23 lakes in STR and the 14 lakes in BA
(Figure 1). The lakes selected on both plateaus, most of them ar-
heic basins, cover a wide range of conditions in space (latitude and
longitude), topography (altitude), morphometry (lake area), and
limnological variables that act as environmental filters. Due to the
remoteness of the study region and logistical constraints, sampling
had to be carried out in different years, which may involve tempo-
ral variability that was not addressed in the present study.

2.2 | Environmental Variables

Several physical and chemical variables were measured to
characterise local conditions in each lake. The measurements
of abiotic data were obtained from the euphotic zone of the
lakes, ~30cm below the surface. Temperature, pH, and con-
ductivity were measured in situ with a Horiba D-54 (HORIBA
Advanced Techno Co., Kyoto, Japan), and dissolved oxygen
(DO) was measured with a HACH TM HQ30 dm portable sen-
sor (Hach Company, Colorado, USA). The photosynthetically
active radiation (PAR) was measured with a LI-COR radiom-
eter, equipped with a submersible spherical quantum sensor
(Li-Cor 3 SA Li-Cor PAR, NE, USA) at 10-cm depth intervals;
then, the vertical attenuation coefficient of PAR (Kd) was cal-
culated as the slope of the relationship between In (irradiance)
and depth (Kirk 1994). Samples for DOC, chlorophyll a (Chla),
and dissolved nutrient analyses were collected in plastic bottles
cleaned with HCI 2% and rinsed with MilliQ water, and trans-
ported in cold to the field laboratory, where they were immedi-
ately filtered through glass fibre filters (0.7 um, GF/F Whatman,
Maidstone, UK). Samples for DOC determinations were acidi-
fied (pH2) and analysed with a high-temperature Pt catalyst
oxidation method (Shimadzu Analyzer TOC-L), following the
recommendations of Sharp et al. (1993). Concentrations of Chla
(corrected for phaeopigments) were determined by spectropho-
tometry using acetone as solvent. The equations published by
Marker et al. (1980) were used for calculations. Dissolved inor-
ganic nutrients were measured using specific reagent kits in a
HACH DR/2800 spectrophotometer, following APHA (2005).
The nutrients measured were soluble reactive phosphorus (P-
PO,) and dissolved inorganic nitrogen (DIN) calculated as the
sum of ammonium and nitrate.

The cover of submerged macrophytes was estimated semi-
quantitatively for each water body, considering three categories:
without vegetation (< 15% cover), intermediate vegetation (~50%
cover) and with vegetation (> 50% cover). Fish introduction was
considered a categorical variable (presence/absence of rainbow
trout). In addition, “plateau” was considered a dummy variable
(lakes from the BA Plateau as “1” values and lakes from the STR
Plateau as “0” values).

Lake altitude, area, and depth were included in the analysis as
environmental factors. The area was estimated with Google

Earth tools (Google LLC, California, USA), and the altitude and
geographic location of each lake were recorded with a Global
Positioning System. We established two lake categories based
on depth: shallow (<10m) and deep (>10m) lakes. Depth was
estimated with a portable sounder (Speedtech, USA) and on the
basis of previous data (Lancelotti et al. 2010).

2.3 | Bacterial DNA Analysis

Samples for bacterial DNA analyses were collected within the
euphotic zone at the subsurface layer. Water samples were pre-
filtered with a 51 um mesh and transported in cold to the field
laboratory using plastic bottles washed with HCI 2% and rinsed
with MilliQ water. Samples were then sequentially filtered
through a net (18 um mesh) and a 0.2um polycarbonate filter
(Merck Millipore, Germany). The filters were maintained in lig-
uid nitrogen during the campaigns and conserved at —80°C in
the laboratory. DNA was extracted using CTAB lysis buffer and
chloroform/isoamyl alcohol following the protocol described
in Fernandez Zenoff et al. (2006). The environmental DNA ob-
tained was processed through Illumina Miseq 2X 300 paired-
end sequencing (in Macrogen, Korea) after amplification of the
V3-V5variable region of the 16S subunit of ribosomal RNA with
the 341F-805R primer set (Herlemann et al. 2011).

2.4 | Bioinformatic Analysis

Raw paired-end Illumina MiSeq-sequenced data were analysed
through the DADA?2 package (2.14 version; Callahan et al. 2016)
in the R environment. The analysis involved the quality filtering
and trimming of forward and reverse sequences using the pa-
rameters truncLen c=(260, 190) and maxEE =c (2, 5), merging
of sequences, removal of the chimera, and taxonomic assigna-
tion of the amplicon sequence variants (ASVs). The ASV table
obtained was further filtered to avoid possible chimeras by ex-
cluding ASVs with less than 50 reads and present in less than
three samples (Metz et al. 2022; Sabio y Garcia et al. 2024). ASVs
taxonomically affiliated to chloroplast, mitochondria, and the
Archaea domain were also eliminated. The taxonomic classifi-
cation was performed using the SILVA database (“https://www.
arb-silva.de/documentation/release-132/”). Samples (mean
reads per sample =58,696) were then normalised to the num-
ber of reads of the sample with the least reads (Cmin=19,659)
using the SRS pipeline, which preserves the relative abundances
of ASVs after normalisation as similar as possible to those of
the original datasets (Beule and Karlovsky 2020). Phyloseq
(McMurdie and Holmes 2013) and ggplot2 R packages were used
for preliminary ASV table analysis and graphical visualisation.

We applied two classifications of ASVs to assess abundance
patterns on local and regional scales. On a local scale, ASVs
were classified considering those from each lake separately,
whereas regional classification considered ASVs from all the
lakes encompassed in the study. Following the Sabio y Garcia
et al. (2024) classification of BCC in lakes from the STR Plateau,
locally abundant ASVs were defined as those which represented
1% or more of all the ASVs in a particular lake, whereas locally
rare ASVs were those with a relative abundance of less than 1%
in alake. On a regional scale, the criteria of Pearman et al. (2022)
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were adapted as follows: regionally abundant ASVs were those
representing more than 0.1% of total ASVs across all 37 lakes
analysed, and regionally, rare ASVs were those with a relative
abundance of 0.1% or less across lakes.

Table S1 provides all ASVs for each lake. The raw sequence data
are available in the European Nucleotide Archive (See accession
numbers in Table S1).

2.5 | Data Analysis

Principal component analysis (PCA) was performed to detect
patterns in environmental variables indicating relationships be-
tween samples and/or between variables (pH, DO, conductivity,
P-PO,, DIN, and Chla). All variables were standardised prior to
analysis. In addition, a scatter plot of PCA scores for components
1 and 2 was created and partitioned by the ‘plateau’ variable, to
assess whether the lakes were separated by plateau on the basis
of the environmental variables analysed.

To compare the taxonomic structure of bacterial communities
between plateaus, we carried out a non-metric multidimen-
sional scaling (NMDS) ordination based on the Bray-Curtis
similarity index with the total community, as well as local and
regional classifications of abundant and rare ASVs, followed by
an analysis of dissimilarities (ANOSIM). To further explore as-
sociations between individual environmental variables on BCC,
we used the function envfit (Oksanen et al. 2007) to check for
correlations between the main ordination axes and significant
environmental variables.

Shannon diversity (H"=-Xpi In(pi)) and Evenness (EH'=H"/
InS) and ASV richness (total bacteria) were calculated with
Past4.07b software (Hammer et al. 2001) to study patterns in «
diversity. Kruskal-Wallis non-parametric variance was used to
evaluate differences among lakes, whereas Spearman correla-
tion analyses were performed to evaluate relationships/associ-
ations between variables. Venn diagrams were created using
Venny's on-line reference (Oliveros 2015) for visualisation of
shared and exclusive ASVs between plateaus for total bacteria,
as well as regionally rare and abundant classifications.

Diversity was partitioned into local species richness (number of
species) at each lake studied (o), diversity among lakes within
each plateau (1), and diversity among lakes in different plateaus
(2) using the ‘adipart’ function in the vegan package (Oksanen
et al. 2019). Regional diversity (y) for total bacteria was esti-
mated as the sum of the categories mentioned above (y =a+ 1+
2) following MacArthur et al. (1966) and Levins (1968). The
additive partitioning of diversity has the advantage of yielding
both total diversity and its components in the same unit, which
allows for direct comparison (Lande 1996). The diversity values
observed were compared to expected random values obtained
from null models (r2dtable method, with 999 simulations) (Crist
et al. 2003), which provide a basis for inferences on drivers of
species diversity across scales. The r2dtable function generates
random contingency tables that preserve the observed row and
column sums, effectively maintaining species frequencies and
sample totals. By comparing the observed diversity metrics («, {3,
y) to those obtained from these randomised tables, this approach

helps in identifying underlying ecological processes structuring
the community. For example, 8 values lower than expected were
considered indicative of efficient dispersal, as variation among
communities was smaller than expected. In contrast, 8 values
higher than random expectations were regarded as indicative of
limited dispersal.

Simple and partial Mantel tests (Mantel and Valand 1970), using
Spearman correlation and Bray-Curtis similarity, were used to
disentangle relationships between environmental variables (pH,
DOC, Chla, DIN, PO, lake altitude and area, and the dummy
variables depth, macrophyte, and fish), spatial factors (latitude
and longitude), and community similarity (total community,
local, and regionally abundant and rare communities), while
controlling for the effect of one of the matrices mentioned above
(partial Mantel test). Both simple and partial Mantel tests were
assessed using the vegan package in R.

Multivariate analyses (NMDS and Mantel test) were performed
on the Hellinger-transformed ASV relative abundance ma-
trix (total, abundant, and rare) (Legendre and Gallagher 2001;
Ramette 2007).

Packages were runin R (4.0 and 3.4.4 versions; R Core Team 2020
R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing, 2018) using the
RStudio environment (1.2.5042 version; RStudio Team 2020).

3 | Results
3.1 | Limnological Characterisation

A wide range of environmental conditions were documented in
lakes from both plateaus (Table 1). Altitudes ranged between
749 and 1472 ma.s.l. with most lakes located above 1000ma.s.1.,
and lake areas varied between 0.01 and 17.24km?. All lakes were
alkaline, with pH ranging between 7.9 and 9.5. DOC concentra-
tion and conductivity values showed high variability, ranging
between 0.87 and 1400mgL~! and between 44 and 14,740 S
cm~!, respectively. Chla concentrations also displayed a wide
variation, ranging between 1.02 and 56.61 ug L~!, with the high-
est value measured in samples from a shallow inorganic turbid
lake (PondX, STR Plateau). Regarding dissolved nutrients, DIN
showed low values in general, ranging from 0.00 to 0.71 mgL~2.
The highest value corresponded to Nieve (STR Plateau). P-PO,
values varied between 0.001 and 5.76 mgL~!, with the highest
value recorded in PondX.

The first two axes of the PCA based on limnological variables
explained 55.11% of the variance, showing lakes arranged along
a gradient matching the first axis (PC1=35.29%) (Figure 2). This
axis positively correlated with P-PO, (r=0.79), Chla (r=0.63),
and conductivity (r=0.55) and was negatively correlated with
DO (r=-0.55). In general, P-PO ,, conductivity, and Chla values
were lower in BA lakes than in STR lakes. Axis 2 (PC2=19.82%)
was positively associated with pH (r=0.52) and negatively as-
sociated with DIN (r=-0.73), with the latter showing a gradi-
ent from the lowest values in BA lakes to the highest values in
STR lakes, including fishless and stocked lakes (Figure 2). The
scatter plot of the PCA components 1 and 2 partitioned by the
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| (Continued)

TABLE 1

Kd

P-PO, DOC

DIN

Chla

DO

Conductivity

Temp

Area

Alt

(m

a.s.l)

(m™)

(ugL™) (@mgL™?) (mgL™Y) (mgL™)

(mgL™)

(uS em™)

pH

Depth Fish  Macrophyte (&)

(km?)

Lake id Year

Plateau

98.60 3.45

0.21

0.04

55.16

8.90

921

8.9

YES 17.7

895 0.15 Shallow  YES

2011

La8

6.77

37.90

0.17

0.07

15.37

10.21

326

8.6

16.9

YES

0.09 Shallow

892

La9

9.25 0.07 0.90 66.50 3.73

9.74

570

8.2

15.2

YES

0.08 Shallow

885

Temp

12.22 0.02 0.16 9.92 2.89

11.37

215

8.1

13.8

NO

2015 924 0.40 Deep

Camp

1.09

9.51 0.03 0.02 16.57

12.02

330

8.1

8.1

INT

0.14 Deep

1036

Herrad

2.57

31.55

0.06 0.20

3.06

12.64

710

8.1

0.67 Deep NO 10.7

881

Potre

2.67

5.26 0.05 0.31 10.23

9.61

1210

10.7

NO

0.16 Shallow

933

2017

Rod2

6.90

7.19 0.03 0.36 19.24

9.97

789

8.3

11.7

NO

Shallow

0.10

984

Rod3

16.30 0.02 0.33 30.98

9.83

899

8.0

10.5

NO

0.06 Shallow

1011

Rod8

8.15 0.09 0.28 17.78 6.71

9.97

222

8.6

10.2

NO

Shallow

0.12

1053

Rod24

Abbreviations: Alt, Altitude; Chla, chlorophyll a; DIN, dissolved inorganic nitrogen; DO, dissolved oxygen; DOC, dissolved organic carbon; INT Macrophyte, intermediate vegetation cover; Kd, vertical attenuation coefficient of

PAR; P-PO,, soluble reactive phosphorus; Temp, temperature.

‘plateau’ (based on the factors analysed) revealed a slight sepa-
ration of lakes by plateau (Figure S2).

3.2 | BCC and Diversity Analysis

A total of 3106 ASVs were obtained from 2,385,153 reads after all
filtering steps and normalisation of samples to 19,659 (Table S1).
The rarefaction curve of each sample reached a plateau, indicat-
ing that sampling depth and sequencing coverage were adequate
(Figure S1). The ASVs affiliated taxonomically to 30 phyla in
both plateaus, with the higher relative abundances distributed
across Bacteroidota (28% in BA, 24% in STR), Proteobacteria
(27% in BA, 22% in STR), Actinobacteriota (19% BA, 23% in STR),
Verrucomicrobiota (16% in BA, 11% in STR), and Cyanobacteria
(3% in BA, 10% in STR) (Figure 3a,b). The most abundant classes
in both plateaus were Bacteroidia (28% in BA, 22% in STR),
Actinobacteria (18% in BA, 20% in STR), Gammaproteobacteria
(20% in BA, 13% in STR), Verrucomicrobiae (16% in BA, 11%
in STR), Alphaproteobacteria (7% in BA, 9% in STR), and
Cyanobacteriia (3% in BA, 10% in STR) (Figure 3c,d).

The mean richness of ASVs was similar among lakes from both
plateaus, with results showing 316 and 311 for BA and STR,
respectively. The Evenness and Shannon indexes were similar
between lakes in both groups (p>0.05; Table 2). Lakes from
the STR Plateau presented 2371 ASVs, while lakes from the BA
Plateau presented 2001 ASVs. Out of all 3106 ASVs, 1266 (41%)
were shared among lakes between both plateaus. The analysis
of regionally abundant taxa, which rendered 170 ASVs, revealed
an increase (81%) in the percentage of shared ASVs between
plateaus. At variance, regionally rare taxa accounted for the
majority of ASVs and rendered 38% similarities between pla-
teaus, in line with total ASV values. Lakes from the STR plateau
presented the highest percentage of exclusive (total, regionally
abundant and rare) ASVs (Figure 4).

The additive partitioning of bacterioplankton diversity showed
that 31 diversity was a major contributor to regional bacteria
diversity, followed by (2. Null model analyses showed that 32
was higher than expected at random (Figure 5), which indicates
that the communities are rather heterogeneous at this scale. In
contrast, §1 was lower than expected at random, which suggests
great similarity among bacterioplankton communities within
each plateau. Finally, a was higher than expected at random for
total bacteria (Figure 5).

3.3 | Influence of Environmental and Spatial
Variables

The ordination of total ASVs in an NMDS showed separation
of lakes by plateau, revealing a weak overlap between plateaus
(Figure 6a). Further similarity analysis showed significant dif-
ferences in the composition of total ASVs among lakes from
the BA and STR plateaus (ANOSIM R=0.2407, p=0.002). The
envfit analysis also confirmed the ASV ordination patterns by
plateau (+>=0.4051, p=0.001). In the NMDS plot, lakes from the
STR plateau were ordered in the upper quadrants, while those
from the BA plateau were in the lower ones. The correlated
scores derived from lake ordination (NMDS1 and NMDS2)
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FIGURE2 | Principal component analysis based on limnological data from 23 lakes in the Strobel (red dots) and 14 in the Buenos Aires (blue dots)

plateaus. Arrows indicate the loading of each variable on the two first axes. The filled red dots represent fish-stocked lakes, while the empty dots

denote fishless lakes.

with environmental variables showed that the BCC of BA lakes
was related to high pH values, macrophytes (more than 50% of
cover), high altitude, and shallow depth, while STR lakes ordi-
nated toward higher values of conductivity, DOC, P-PO,, and
the presence of fish (Figure 6a).

NMDS analyses of rare and abundant bacteria, both locally
(Figure S3) and regionally (Figure 6b,c), produced ordination
patterns similar to those of the total ASV matrix. For rare bacte-
ria, lakes were clearly separated by plateau, showing greater het-
erogeneity between plateaus based on rare rather than abundant
ASVs (regional: envfit r»=0.4501, p=0.001; ANOSIM R=0.282,
p=0.001, Figure 6b; locally: envfit r>=0.3647, p=0.001;
ANOSIM R=0.2353, p=0.003, Figure S3a). In contrast, both
regionally and locally abundant ASVs were still separated by
plateau but showed clearer lake clustering, with less heterogene-
ity between plateaus than rare ASVs (regional: envfit r>=0.1796,
p=0.030; ANOSIM R=0.2171, p=0.001, Figure 6c; locally:
emvfit r»=0.3519, p=0.002; ANOSIM R=0.2346, p=0.003,
Figure S3b). The correlated scores from lake ordination with en-
vironmental variables showed results similar to those obtained
for total bacteria, except for depth—which was not a significant
factor for regionally rare bacteria—and altitude and P-PO,—
which were not significant for abundant bacteria. Additionally,
envfit analyses indicated that lake ordination was influenced by
the presence/absence of fish for both rare and abundant bacteria
(Figure 6b-c and Figure S3).

The simple Mantel test revealed greater BCC similarity with
environmental proximity (r=0.37, p<0.0001) and less simi-
larity at greater distances between lakes (r=-0.22, p=0.002).
The simple Mantel test also showed that environmental factors

were spatially structured (r=-0.41, p<0.0001), as the similar-
ities in the environmental matrix decreased with increasing
distance (Table 3). These results were consistent for both rare
and abundant BCC, regardless of their regional or local classifi-
cations. However, when the effect of environmental factors was
removed (partial Mantel test, Table 3), total BCC and locally
abundant BCC similarities decreased non-significantly with
increasing distance (r=-0.084, p=0.076; r=-0.085, p=0.092,
respectively). In addition, when the effect of space was removed,
BCC similarities increased significantly with environmental
proximity, with the highest correlation observed for regionally
abundant bacteria (r=0.43, p<0.0001). Regionally rare and
abundant bacteria exhibited stronger and more significant cor-
relations with environmental and spatial factors, whereas total
and locally rare and abundant bacteria showed lower and more
similar correlation values (Table 3).

Regarding environmental variables, lakes differing in fish
presence, macrophyte cover, DOC, and conductivity exhib-
ited significant differences in BCC. Fish-stocked lakes showed
significantly —greater abundance of Alphaproteobacteria
(Clade_III, ASV 2) and lower abundance of Bacteroidia and
Gammaproteobacteria compared to fishless lakes (Figure 7).
Similarly, water bodies lacking submerged macrophytes dis-
played greater abundance of Cyanobacteria (Cyanobium_PCC-
6307, ASV 7, Figure 8a) and Planctomycetota (Pirellulaceae,
ASV 93, Figure 8b) than lakes with high and moderate cover
of M. quitense. Fishless lakes and habitats with high macro-
phyte cover exhibited significantly higher values of Bacteroidota
(Flavobacterium, ASV 10) than stocked lakes and those without
vegetation (Figures 7a,b and 8c, respectively). As for bacterial
composition at the phylum level and DOC values, Firmicutes
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FIGURE 3 | Relative abundances of phyla (at the top) and classes (at the bottom) of bacteria in lakes from the Buenos Aires (a, c) and Strobel (b,

d) plateaus.

TABLE 2 | Median (+ standard deviation) of diversity indexes.

Buenos aires Strobel
Index plateau plateau P
Richness_s 316 (+97) 311 (£58) 0.79
Shannon_H 4.09 (+£0.61) 3.92(x0.37)  0.55
Evenness_ 0.21 (+0.07) 0.19 (£ 0.06) 0.45
E"H/s

was the only taxon showing a significantly positive correlation
with this factor (rtho Spearman =0.46, p=0.004).

No ASV was present in all the lakes studied. Additionally, 12
ASVs were recorded only in the lakes PondX, S44, and Honda
from both STR and BA Plateaus, which are environments with
the highest conductivity values, ranging from 5680 to 14,740 uS
cm~!. These 12 ASVs shared by the three lakes belong to the
following taxonomic classes: Bacteroidia, Alphaproteobacteria,
Gammaproteobacteria, Actinobacteria, BD2-11 terrestrial group,
and Planctomycetes. Some of them were identified down to the
genus level, including Planktosalinus (ASV 261), GKS98 fresh-
water group (ASV 274), Seohaeicola (ASV 364), Lunatimonas
(ASV 392), Salinarimonas (ASV 395), Paracoccus (ASV 411), and
Pirullela (ASV 1007) (Table S1).

4 | Discussion

Our results reveal that aquatic habitat diversity promotes bacte-
rial diversity, mainly attributed to the high environmental vari-
ability among lakes, as previously observed in other planktonic
communities in these high-altitude lakes (Porcel et al. 2020).
The bacterial communities in the lakes on both Patagonian
plateaus were characterised by the dominance of Bacteroidota,
Proteobacteria, Actinobacteriota, Verrucomicrobiota, and
Cyanobacteria phyla, in keeping with reports on other freshwa-
ter systems throughout the globe (Newton et al. 2011; Tessler
et al. 2017).

B diversity within each plateau was the most important con-
tributor to regional bacterioplankton diversity. Despite being a
major component, 31 values were lower than random, which
suggests a bacterial homogenisation process and limited dis-
persal limitation within each plateau. We can infer that the
high dispersal capacity of these small individuals within pla-
teaus tends to homogenise these communities. In this context,
the intense west winds in this region combined with abundant
waterbird movements facilitate the transport of propagules
across lakes, a phenomenon commonly observed in other hab-
itats (Hervas et al. 2009; Figuerola et al. 2003, 2005). This ho-
mogenisation trend in lakes on the same plateau could also be
related to past hydrological connections. Indeed, the structure of
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FIGURE 4 | Venn diagrams show the distribution of shared and exclusive ASVs from the whole set (up) and discriminated between regionally
rare (bottom left) and abundant (bottom right), from lakes of the Buenos Aires (BA) and Strobel (STR) plateaus, expressed as absolute numbers and

percentages in brackets.
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FIGURE 5 | Plots of the (a) additive partition of regional diversity (richness) and (b) its relative contribution in 37 lakes from the Buenos Aires
and Strobel plateaus for total bacteria. The symbols “<, less than” and “>, greater than” show significant differences compared to random values

(p<0.05).

aquatic microbial communities may be shaped by hydrological
networks, which balance bacterial migration from adjacent eco-
systems (Ruiz-Gonzalez et al. 2015). Most of the lake basins in
this study were isolated (arheic basins) due to extreme droughts
over the last decade (Lancelotti et al. 2020; Izaguirre et al. 2018).
Inter-lake connections, however, may have existed in the past
and could have favoured bacterial interchange between lakes,
although more specific studies are needed to explore this factor.
The geographic isolation of these plateaus could also promote
relatively homogeneous BCC among lakes within each plateau.
In this regard, lakes from the same plateau were more similar

in total bacterial composition and locally abundant bacteria, as
spatial factors had a weaker influence according to the partial
Mantel test and NMDS results. At the regional level, lake-to-
lake distance had greater influence on the similarities in rare
bacterial composition, which indicates that more distant lakes
(i.e., those from different plateaus) show greater differences in
the composition of rare ASVs. This is supported by Mantel test
results as well as NMDS analyses.

It should be noted that lakes on the same plateau were phys-
ically and chemically more similar to one another than lakes
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FIGURE 6 | Non-metric multidimensional scaling (NMDS) performed on Hellinger-transformed bacterioplankton community composition us-

ing Bray-Curtis similarity index for 37 lakes: (a) total and regionally (b) rare and (c) abundant bacteria. Arrows indicate the significant correlations

(p<0.05) between environmental variables and the ordination axes and were calculated passively after NMDS by the envfit function. The red colour

corresponds to the Strobel Plateau, and the blue colour to the Buenos Aires Plateau.

on different plateaus, as demonstrated by the PCA and Mantel
test. Our analyses showed that differences in local environmen-
tal conditions were well reflected by differences in BCC among
lakes from both plateaus. More than 50% of all ASVs were ex-
clusive to each plateau, with 35.6% found only in STR and
23.7% only in BA Plateau. The results of the additive partition
of regional diversity indicate significant heterogeneity in BCC
between BA and STR plateaus (32 values were higher than ex-
pected at random). This pattern likely arises from the distance
(ca. 120km) and local environmental differences between pla-
teaus, including macrophyte cover, presence of fish, conductiv-
ity, DOC, pH, and altitude, as indicated by NMDS. The Mantel
test further supports this result, indicating that environmental
factors were spatially structured. This can be indirectly masked
by some environmental features, such as the presence or absence
of fish. Fish were introduced only at the STR Plateau, mainly in
large permanent lakes, both vegetated and unvegetated ones,
which potentially contributed to autocorrelation between vari-
ables. This trend has also been observed in phytoplankton and
microzooplankton communities in lakes from the same plateaus
(Porcel et al. 2020).

Our results are similar to those reported in other studies of
bacterial communities from isolated aquatic systems. For
example, Pearman et al. (2022) found that environmental

processes had a stronger relationship with total BCC than geo-
graphic distance in lakes in New Zealand. The authors found
that environmental processes played a major role in shaping
the structure of regionally abundant bacteria, whereas spa-
tial factors had a greater influence on regionally rare bacte-
ria. In the same line, Bai et al. (2020) found that both types
of variables were significant for BCC, with spatial variables
explaining most rare community variations and environ-
mental variables showing a stronger explanatory power in
abundant community variations. In our study, environmental
variables were the primary contributors to the composition of
total, rare, and abundant bacteria. However, both regionally
and locally rare bacteria showed a stronger correlation with
spatial factors than total or abundant bacteria, in agreement
with Bai et al.'s conclusions and partly with our third hypoth-
esis. Other studies suggest that abundant and rare bacterial
taxa are mostly influenced by environmental variables in iso-
lated coastal Antarctic lakes (Logares et al. 2013). Similarly,
Li et al. (2017) found that environmental filtering played an
important role in shaping both abundant and rare bacterial
assemblages in lakes along various elevation gradients.

Furthermore, our study showed that regionally abundant ASVs
were mostly shared by the plateaus, whereas rare ASVs were
mostly exclusive to each plateau. Shared ASVs may be explained
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TABLE 3 | Simple and partial Mantel test of the total bacterial community, locally and regionally abundant and rare similarity matrices with the
spatial matrix and the environmental matrix for the 37 lakes from both plateaus.

Mantel test
Simple Partial
r p r p
Total BCC vs. Environment 0.37 <0.0001
Total BCC vs. Space —0.22 0.002
Space vs. Environment —-0.41 <0.0001
Total BCC vs. Environment (Space) 0.35 0.001
Total BCC vs. Space (Environment) —0.084 0.076
Regionally
Rare BCC vs. Environment 0.50 <0.0001
Rare BCC vs. Space —0.30 <0.0001
Space vs. Environment —0.54 <0.0001
Rare BCC vs. Environment (Space) 0.35 <0.0001
Rare BCC vs. Space (Environment) —0.17 0.0001
Abundant BCC vs. Environment 0.46 <0.0001
Abundant BCC vs. Space —0.18 <0.0001
Space vs. Environment —0.19 <0.0001
Abundant BCC vs. Environment 0.43 <0.0001
(Space)
Abundant BCC vs. Space —0.14 0.0001
(Environment)
Locally
Rare BCC vs. Environment 0.35 <0.0001
Rare BCC vs. Space —0.28 0.005
Space vs. Environment —0.41 <0.0001
Rare BCC vs. Environment (Space) 0.30 <0.0001
Rare BCC vs. Space (Environment) —-0.17 0.001
Abundant BCC vs. Environment 0.37 <0.0001
Abundant BCC vs. Space —0.22 0.005
Space vs. Environment —0.47 <0.0001
Abundant BCC vs. Environment 0.35 0.001
(Space)
Abundant BCC vs. Space —0.085 0.092

(Environment)

Note: Significance of bold values indicate significant effects (p <0.05).

by the high probability of dispersal by abundant bacteria among
lakes from different plateaus, with abundances within a lake
subsequently shaped by local environmental processes. In con-
trast, the exclusivity of ASVs to each plateau may result from the
very low abundances of rare taxa, which likely reduce the in-
fluence of dispersal between lakes. This assumption is in agree-
ment with other studies showing more restricted distribution for
regionally rare bacteria (Bai et al. 2020; Pearman et al. 2022).

Abiotic factors act asfilters for the microbial composition in these
lakes of the Patagonian plateaus, as previously found in other
aquatic systems (Hengy et al. 2017; Sadeghi et al. 2021; Mateus-
Barros et al. 2021). A notable example is the occurrence of halo-
phile bacteria, which were exclusively recorded in lakes with the
highest conductivity (i.e., PondX, S44 in STR Plateau and Honda
in BA Plateau). This result is consistent with previous findings.
For instance, Planktosalinus (Bacteroidetes) was identified in a
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salt lake in China (Zhong et al. 2016), and the cluster GKS98
has been found in both freshwater and hypersaline lakes (Wu
et al. 2006). Similarly, Paracoccus, slightly halophilic bacteria,
were isolated from saline lake sediments (Meng et al. 2019; Gao
et al. 2022). Additionally, Seohaeicola and Pirellula exhibited the
highest identity with sequences recovered from marine habitats
(Rabus et al. 2002; Pizzetti et al. 2011; Wang et al. 2017).

Submerged macrophytes also affect the bacterioplankton
community structure (Jiirgens and Jeppesen 1998; Huss and
Wehr 2004; Wu et al. 2007). Aquatic vegetation could have a
dual influence on planktonic bacteria: an indirect effect by
suppressing algal growth—which results in lower algal extra-
cellular release—and a direct effect by supplying microbes with
carbon and nutrients (Sigee 2005). Mentes et al. (2017) observed
that the type of macrophyte also controls bacterial composition.
For example, some aquatic plant species produce compounds
that may act as antimicrobial agents, such as anthocyanin-
producing waterlily (Fossen et al. 1998), and their selective

action (Cisowska et al. 2011) could have a structuring effect on
the bacterial community.

On the other hand, certain Cyanobacteria dominate in eutrophic
water bodies and produce cyanotoxins that exert allelopathic
effects, which may contribute to a reduction in macrophytes
(Mohamed 2017). Lakes from the basaltic Patagonian plateaus
in this study showed differences in this regard; water bod-
ies without macrophytes showed significantly higher relative
abundance of Cyanobacteria than environments with interme-
diate vegetation cover. In addition, lakes without macrophytes
showed greater abundances of Planctomycetota (Pirellulaceae)
than lakes with vegetation. In general, Pirellulaceae are hetero-
trophic and aerobic, with few exceptions capable of microaero-
bic or anaerobic growth (Vitorino and Lage 2022). Conversely,
lakes with macrophytes in the plateaus studied exhibited the
highest relative abundance of Bacteroidota (Flavobacterium).
This observation aligns with Mentes et al. (2017), who sam-
pled various water bodies with distinct aquatic vegetation. The

13 0f 18

ay) SUONIPUOD P SWLR L 84} 89S *[5202/50/6T ] U0 ARIqIT8UIIUO AB]IM 'V SOUBNE 3P BIOUINOIS ©] 9 91S30JON PP [eUOIRN IUN YEONNN A 25002 GM/TTTT 0T/I0pALI0D" | 1M AR.q 1 jouuo//SAIY W1y papeojuMOq 'S ‘G202 ‘L2rZS9ET

100 Ao |

5UBD 17 SUOWILLIOD SAIESID 3|edt|dde au Ag paussnob afe saoilie YO ‘&sn JO S3|nu 10} Akeiqi auljuO 431 UO (SUO1IPUOI-PI



Q

6000 8000
L
o °

4000
1

2000
1

Cyanobacteria

0
L

(o3

2 3 b
Q 5 i
S !
E‘§7 o b E
o a
Syl 2 —
x| == — |
O S | .l
Pirellulaceae (ASV 93)

ab b

o
8
c : .
- i
i
© 2 i
- 2y
T - 1
°
o 8
o 2
©
m
o
o
o
N
[Flavobacterium

ASV 10

FIGURE 8 | Comparison between lakes with vegetation (more than 50% of cover), intermediate vegetation cover (~50%) and without vegetation
(<15% of cover) regarding the relative abundance of (a) phylum Cyanobacteria, (b) class Planctomycetota, and (c) phylum Bacteroidota. Different let-
ters indicate significant differences (p <0.05) among lake types. Arrows indicate the dominant ASVs within the taxa mentioned.

authors highlighted the prevalence of bacterial taxa capable of
using plant degradation products or humic substances, which
constitute 12%-33% of Bacteroidetes. The representatives of this
phylum are primarily chemoorganotrophic bacteria that con-
sume various forms of organic matter. Notably, Flavobacterium
is a typical genus within this phylum known for its capability to
degrade macromolecules (Krieg et al. 2010).

In line with our previous studies, the introduction of rainbow
trout was identified as an influential factor in plankton com-
munities in these freshwater systems (Porcel et al. 2022 and
cites therein). Fish-stocked lakes are known for having smaller
average zooplankton sizes (Lancelotti et al. 2017) and larger
phytoplankton biomass (Izaguirre and Saad 2014; Izaguirre
et al. 2018). Consequently, lakes with and without fish in the
STR Plateau exhibited differences in BCC influenced by a
combination of top-down and bottom-up effects (Sabio y
Garcia et al. 2024). The present results revealed differences
at the phylum and class levels, as fish-stocked lakes showed
greater abundance of Alphaproteobacteria (Proteobacteria) and
Cyanobacteria than fishless lakes, consistent with previous
studies in Patagonian lakes (Reissig et al. 2006; I1zaguirre and
Saad 2014; Sabio y Garcia et al. 2024). Furthermore, we observed
significantly greater abundance of Bacteroidia (Bacteroidota)
and Gammaproteobacteria (Proteobacteria) in fishless than in
trout-stocked lakes.

Our study revealed that, in lakes of the Patagonian basaltic pla-
teaus, local environmental variables have more influence on the
structure of BCC than spatial variables, regardless of bacterial

abundance or rarity at local or regional scales, which is not
completely consistent with our second hypothesis. However, nu-
merous studies have emphasised the importance of geograph-
ical factors in influencing microbial communities, suggesting
a combined impact of environmental and spatial factors on
community structure (Cottenie 2005; Lovejoy and Potvin 2011;
Sadeghi et al. 2021). Soininen et al. (2011) proposed a scale-
dependent balance between dispersal-driven assembly and local
ecological determinism in freshwater planktonic communities.
Some discrepancy between our findings and those of other stud-
ies may be attributed to differences in environmental gradients.
Our study covered a broad environmental gradient within a
relatively short altitudinal (749-1472m a.s.]) and geographical
distance (46°S, 71°W—48°S, 70°W), which could influence the
assembly of both regionally abundant and rare bacterial com-
munities. On the other hand, we cannot discard the influence
of temporal variability since our study involved a 6-year period,
which might introduce interannual differences in BCC, but this
source of variation was not considered in the present study.

While environmental variables were strongly associated with
BCC, microbial interactions are undoubtedly also involved
(Lima-Mendez et al. 2015; Zhou et al. 2018; Ji et al. 2019). The
next step is to explore the extent to which these interactions con-
tribute to the patterns observed in each plateau and in each type
of lake (e.g., turbid organic/inorganic, vegetated/unvegetated,
fishless/stocked and mesohaline lakes). Moreover, expanding
our regional scope by sampling additional remote lakes from
neighbouring plateaus in the Patagonian steppe and collect-
ing a more extensive dataset for cross-environment and area

14 of 18

Freshwater Biology, 2025

) SUOIPUOD P SWLB L 8U} 885 *[G202/S0/6T] U0 A1 BUIUO /B|IM ‘v SOUBNE 8P BIOUIAOIC B| 3P 81S3010N PP EUOIIEN 1N YEONNN AQ Z00L My TTTT OT/I0p/W00" A 1mAseaqiputjuo//sdny woiy papeojumoq ' ‘S0z *LZ2G9eT

100" Ao 1M

5UBD 17 SUOWILLIOD SAIESID 3|edt|dde au Ag paussnob afe saoilie YO ‘&sn JO S3|nu 10} Akeiqi auljuO 431 UO (SUO1IPUOI-PI



comparisons could provide stronger evidence of correlations be-
tween spatial factors and microbial diversity. Including airborne
studies and adding bird migrations as a contributing factor may
further help elucidate the complex dynamics of bacterial sorting
within these extreme and remote aquatic habitats. Additionally,
repeating samplings of the same lakes over years would offer in-
sights into the role of interannual hydrological fluctuations and
connectivity in shaping microbial communities.

These lake ecosystems serve as the primary habitat for a diverse
and plentiful waterbird community (Lancelotti et al. 2009) and
are the sole reproductive habitat for the threatened Hooded
grebe (Podiceps gallardoi) (Roesler et al. 2012). Our analyses
show how bacterial communities reflect environmental con-
ditions, including differentiation driven by natural factors and
anthropogenic impact such as fish introduction. Our results also
reveal that each plateau harbours different seed banks of rare
bacteria, which could play a key role in specific ecological pro-
cesses. By providing valuable ecological insights, this research
work supports informed management decisions aimed at pre-
serving these vital habitats and the species that depend on them.
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