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Summary

We assessed the influence of environmental factors
in shaping the free-living bacterial community struc-
ture in a set of shallow lakes characterized by
contrasting stable state patterns (clear-vegetated,
inorganic-turbid and phytoplankton-turbid). Six tem-
perate shallow lakes from the Pampa Plain (Argen-
tina) were sampled over an annual cycle, and two
fingerprinting techniques were applied: a 16S rDNA
analysis was performed using denaturing gradient gel
electrophoresis (DGGE) profiles, and a 16S-23S inter-
nally transcribed spacer region analysis was con-
ducted by means of automated ribosomal intergenic
spacer analysis (ARISA) profiles. Our results show
that the steady state that characterized the different
shallow lakes played a major role in structuring the
community: the composition of free-living bac-
teria differed significantly between clear-vegetated,
inorganic-turbid and phytoplankton-turbid shallow
lakes. The state of the system was more important in
determining these patterns than seasonality, geo-
graphical location or degree of hydrological connec-
tivity. Moreover, this strong environmental control

Received 30 September, 2011; revised 12 October, 2012; accepted
22 November, 2012. *For correspondence. E-mail mariaellames@
intech.gov.ar; Tel. (+54) 2241 430323 ext 115; Fax (+54) 2241
424048.

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd

was particularly evident in the pattern observed in
one of the lakes, which shifted from a clear to a turbid
state over the course of the study. This lake showed a
directional selection of species from a typical clear-
like to a turbid-like community. The combined DGGE/
ARISA approach revealed not only broad patterns
among different alternative steady states, but also
more subtle differences within different regimes.

Introduction

The early work by Scheffer and colleagues (1993)
showed that shallow lakes could alternate between two
distinctive regimes: a clear one, characterized by high
water transparency, low phytoplankton biomass and the
presence of macrophytes, and a turbid state, character-
ized by low transparency, often associated with phyto-
plankton blooms and the absence of rooted vegetation.
The realization that ecosystems may shift back and forth
between contrasting stable states (Beisner et al., 2003)
has, in turn, led to the development of concepts such as
tipping points and environmental thresholds (Scheffer
et al., 2009; Briske etal., 2010). Several other ecosys-
tems have been reported to undergo sudden changes of
state (e.g. Scheffer etal, 2001; Aronson et al.,, 2004;
Jasinski and Payette, 2005; Baskett and Salomon, 2010),
but it is probably fair to say that shallow lakes still stand as
the most paradigmatic examples of ecosystems exhibiting
regime shifts.

Regime shifts in shallow lakes are particularly apparent
at landscape scales (i.e. presence or absence of macro-
phytes) and result in remarkable changes in phytoplank-
ton community (Jeppesen et al,, 1997; Scheffer, 1998).
Although most ecosystem components are likely to be
involved or affected by lake state, many of them are still
understudied. For example, bacterial communities are
known to be highly responsive to changes in environmen-
tal conditions and resources (Ducklow, 2008; Poretsky
etal, 2010; Comte and del Giorgio, 2011), but only
a handful studies have investigated the relationship
between bacteria community structure and lake state.
Studies carried out in freshwater shallow lakes in
Belgium, differing in nutrient load and food-web structure,
concluded that differences in bacterial community com-
position (BCC) among lakes were partly related to the
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equilibrium state of the lake (Van der Gucht et al., 2001;
Muylaert et al., 2002), and suggested that differential
control mechanisms on BCC may operate in clear-water
and phytoplankton-dominated systems. Haukka and col-
leagues (2006), on the other hand, used a field meso-
cosm experiment to show that BCC changes dramatically
when the system shifts from a clear to a turbid state.
Likewise, studies in tropical and subtropical shallow
aquatic systems investigated intra-habitat differences in
BCC between sites of the same lake representing alter-
nating states and have suggested links between the alter-
native regime and bacterial community structure (Wu
et al,, 2007; Ng et al., 2010). Collectively, these studies
suggest fundamental differences in BCC between turbid
(algal-dominated) and clear (macrophyte-dominated)
states.

The Pampa Plain of Argentina contains several thou-
sands shallow lakes (Quirés and Drago, 1999), many
of which have undergone progressive eutrophication
because of increasing loads of nutrients from anthropo-
genic activities, such as cattle breeding, agriculture and
urban discharges (Quirds et al., 2002; 2006). Presently,
the area comprises a mosaic of shallow lakes intercon-
nected by fluvial networks, some of which are stabilized in
either a turbid or a clear state, while others recurrently
shift between different regimes (Quirdés etal., 2002;
Allende et al., 2009).

The work we present here builds upon previous limno-
logical work conducted in this region (Quirds et al., 2002;
Allende et al., 2009; Silvoso et al., 2011; Izaguirre et al.,
2012) which identified three main types of shallow lakes:
clear lakes with submerged as well as emergent macro-
phytes (clear-vegetated), turbid systems with high phyto-
plankton biomass (phytoplankton-turbid) and turbid lakes
with elevated concentration of colloidal clays (inorganic-
turbid). Clear-vegetated and phytoplankton-turbid lakes
represent the two basic steady states described in the
model proposed by Scheffer and colleagues (1993), while
the third type (inorganic-turbid) results from human-
induced changes in their drainage basins and subsequent
sediment loadings (Quirds et al., 2002).

The bacterial community of these highly interconnected
systems may be assumed to belong to a regional meta-
community, which is expressed differently under the
various regimes. Collectively, shallow Pampean lakes
offer a unique opportunity to investigate microbial patterns
across steady states. In this paper we explore the struc-
ture of the free-living bacterioplankton communities over
an annual cycle of six selected shallow lakes from the
Pampa Plain that are representative of the different
regimes that can be recognized in this region. The sites
selected comprised two clear-vegetated lakes, two
phytoplankton-turbid systems, one inorganic-turbid and
one that alternates periodically between clear and turbid

states. We assessed the patterns in BCC using an
approach that combined two DNA fingerprinting methods
that differ in the level of operational taxonomic units
(OTUs) coverage: denaturing gradient gel electrophoresis
(DGGE) profiles of 16S rDNA (Muyzer et al., 1993; 1998)
as a conservative estimate of the actual genetic diversity
of the dominant components of the community, and auto-
mated ribosomal intergenic spacer analysis (ARISA) pro-
files (Fisher and Triplett, 1999), a method based on the
size variability of the less conservative 16S—-23S inter-
genic transcribed spacer region.

Results and discussion

The studied lakes are located in Buenos Aires province
(Argentina), in the warm temperate South American
lowland region known as the Pampa Plain (35°32—
36°48’S; 57°47'-58°07'W). These wind-excavated lakes
are typically polymictic and are located in basins charac-
terized by nutrient-rich soils. Their trophic state varies from
meso-eutrophic to hypereutrophic (Quirés and Drago,
1999; Quirds et al.,, 2002; Quirds, 2005). Two of these
lakes [Kakel Huincul (KH) and EIl Triunfo (TRI)] are in a
clear-vegetated state, colonized by submersed plants
(Myriophyllum sp. and Ceratophyllum demersum) and
emergent macrophytes (Schoenoplectus californicus);
two of these systems are in a turbid state [namely
Chascomus (CH) and San Jorge (SJ) lakes] and are
characterized by low Secchi depth values and high
phytoplankton biomass (Allende et al., 2009). One lake
[Lacombe (LAC)] alternates between phytoplankton-turbid
and the clear-vegetated states (Cano, 2008; Casco et al.,
2009). The sixth lake [La Limpia (LI)] corresponds to the
third type described by Quirds and colleagues (2002) for
this region. This system is also turbid, but turbidity is mainly
due to suspended inorganic matter (colloidal clays); the
system lacks vegetation and phytoplankton biomass is low
(Allende et al., 2009). All these lakes have a mean depth
lower than 2 m. This study was conducted over a period of
13 months, from March 2008 to April 2009 and sampling
was performed every 2 months from each lake.

Table 1 summarizes mean values (= SD) of the main
physical and chemical variables for each lake. Dissolved
oxygen was generally close to saturation levels and no
anoxic conditions were detected in the water column
of these lakes. All lakes exhibited high pH, while conduc-
tivity and alkalinity varied within a range that is typical
for the region. Clear-vegetated lakes TRI and KH were
characterized by the lowest values of turbidity, seston
concentration, chlorophyll-a and total phosphorous con-
centration. In contrast, much higher values in these
parameters and different contributions of organic matter
to seston were recorded in the phytoplankton-turbid
systems of CH and SJ. The inorganic-turbid lake LI had
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the highest turbidity, seston and total phosphorous but
typically lowest chlorophyll-a and organic matter concen-
trations. Finally, lake LAC had intermediate values in all
the parameters considered.

Mean diffuse attenuation coefficients of photosyntheti-
cally active radiation (Kq PAR) ranged between 4.6 and
20.8 m™" for TRI and SJ respectively. These contrasting Ky
PAR values indicated strong differences in the euphotic
zones of these shallow lakes, which averaged 0.26 m in
CH, SJand LI, 0.71 min LAC and 1.13-1.17 m in KH and
TRI respectively. Also optical parameters related to dis-
solved organic matter (DOM) quality and quantity differed
among systems. Mean chromophoric dissolved organic
matter (CDOM) absorption coefficient at 440 nm (0440))
ranged from 1.22m™ (= 0.27m™) in CH to 2.28 m™
(= 0.94 m™")in LI. Onthe other hand, the ratio 250:350 nm,
which is an inverse index of DOM average molecular
weight (De Haan et al., 1982; Lindell et al., 1995), showed
the highest annual variation in LI (VC: variation coeffi-
cient=41.2%) and LAC (VC =34.4%), followed by KH
(VC =29.2%) and SJ (VC =25.1%), while TRI and CH
showed the least variation in this parameter (VC = 5.5%
and 4.9% respectively). The study took place during an
extended drought period, and as a result there was a
general decrease in water level in all systems. This
decrease in mean depth resulted in a general increase in
turbidity in all systems (Fig. 1). In addition, during the study
period, LAC shifted from a clear state at the beginning, to a
predominantly turbid state towards the end of the study.

From a total of 41 biological samples obtained, 11 failed
to be amplified and could not be included in this analysis.
In particular, the ARISA amplification protocol did not work
on LI samples. Nevertheless, as DGGE results did not
change substantially when this lake was or was not taken
into account, we decided to include it when results were
analysed.

Based on DGGE profiles, a total of 58 different bands
(OTUs) were detected. Only four OTUs were shared
among all the lakes, and these shared OTUs repre-
sented, on average, between 8.7% and 81.4% of the
total relative intensity in each lane (mean: 23.3%).
Phytoplankton-turbid lakes (CH and SJ) shared four
exclusive OTUs, while the clear-vegetated lakes (TRI
and KH) shared only one OTU. There was one band
exclusive to CH, and two bands that were only present in
SJ. The remaining lakes (the inorganic-turbid LI and
LAC) did not show any exclusive bands. On average, 18
(= 8) OTUs were detected in CH, 13 (= 5) in SJ, 9 (* 5)
in LI, 10 (= 2) in LAC, 13 (= 3) in KH and 13 (£ 5) in
TRI. ARISA profiles yielded a total of 452 fragments
(OTUs), two- to threefold higher than the number
obtained using DGGE. Only four OTUs were present in
all systems; 20 OTUs were shared exclusively by
phytoplankton-turbid lakes (CH and SJ), while 10 OTUs

were only present in clear-vegetated lakes (TRI and KH).
The mean number of fragments (OTUs) detected in each
site was 38 (= 26) in CH, 38 (+ 17) in TRI, 39 (+ 37) in
SJ, 42 (£ 27) in LAC and 46 (= 8) in KH.

Given that we failed to obtain the sequences of the
bands obtained excised from DGGE, we could not rule out
the presence of plastid and mitochondrial SSUrRNA
derived from cyanobacteria and eukaryotes (e.g. @vreds
et al., 1997; Boyer et al., 2001). To overcome this limita-
tion, we performed a pyrosequencing analysis (Ronaghi
etal., 1996; Ronaghi, 1998; 2001) on three randomly
selected samples from each of three lakes differing in
alternative state (CH, TRI and LAC) to assess the influ-
ence of non-bacterial amplicons in our analysis. The
results form this analysis showed that only a minor pro-
portion (~0.6%) of the sequences retrieved form pyrose-
quencing corresponded to plastids. We may therefore be
confident that the results reported here represent an unbi-
ased account of the patterns exhibited by the prokaryotic
components.

As PCR amplification is known to introduce bias in the
ratio of amplified products in mixed template reactions
(Suzuki and Giovannoni, 1996; Wintzingerode etal.,
1997; Polz and Cavanaugh, 1998), and given that the
difference in the number of operon copies represents a
source of systematic error in community analysis (Klap-
penbach et al., 2001; Crosby and Criddle, 2003), we used
a conservative approach based on presence—absence
data (as opposite to semi-quantitative data) obtained from
DGGE and ARISA profiles to perform all multivariate
analyses.

We carried out Mantel tests between presence—
absence matrices generated from DGGE- and ARISA-
based analyses, which yielded a significant correlation
between both matrices (rs = 0.260; P < 0.0001), suggest-
ing an overall convergence and agreement in the BCC
patterns based on these two independent techniques.

Cluster analyses based on the two fingerprint methods
yielded a similar result, with groupings of lakes mainly
corresponding to the prevailing regime (i.e. clear-
vegetated, phytoplankton-turbid and inorganic-turbid) of
the systems (Fig.?2). This pattern was evident when
based on DGGE profiles (Fig. 2a). The cluster analysis
based on ARISA profiles showed a somewhat more
complex arrangement (Fig. 2b) than the pattern based on
DGGE (Fig. 2a). With a few exceptions, clear-vegetated
systems (i.e. TRI and KH) grouped separately from turbid
systems (viz. CH, SJ and LI). Both techniques further
evidenced a marked temporal pattern for LAC: at the
beginning of the study BCC was more similar to that found
in clear-vegetated lakes (namely, TRI and KH), whereas it
became closer to that found in the turbid lakes by the end
of the sampling period. This temporal pattern in BCC
actually corresponds to a shift in state, from clear to

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports, 5, 310-321
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Fig. 2. Cluster analysis based on (a) DGGE and (b) ARISA profiles using Jaccard’s similarity index and unweighted pair group method with
arithmetic mean(UPGMA) linkage. Turbid systems are highlighted in dark grey, while light grey indicates clear-vegetated lakes. DNA extracted
from LI failed to amplify for the ARISA protocol, thus this site could not be analysed with this technique.

turbid, which occurred in this lake during the sampling
period.

Ordination of sites based on community composition
[non-metric multidimensional scaling (MDS)] further con-
firmed the results from cluster analyses, with sites group-
ing on the basis of alternative state (Fig. 3). We tested
the statistical significance of the groupings obtained
by MDS using analyses of similarity (ANOSIM), and for
both DGGE- and ARISA-based ordinations the ANOSIM
test was statistically significant (ANOSIM Rpgee = 0.565,
ANOSIM Ragisa = 0.430; P < 0.0001), such that the null
hypothesis of ‘no differences in BCC among sites’ was
rejected. Pairwise comparisons of sites based on their
DGGE and ARISA patterns are shown in Table 2. The
Bonferroni-corrected P-values indicated that for the
DGGE-based composition there were three groups: LI,
CH-SJ and LAC-TRI-KH, which differed significantly.

Pairwise comparisons based on ARISA profiles (Table 2)
also distinguished three different groups based on BCC:
the CH-like, the SJ-like and TRI-LAC-like communities.
For KH, the within-group similarity did not differ signifi-
cantly from among-group similarity, reflecting that BCC in
KH did not show an exclusive pattern in bacterial compo-
sition that segregated this site from the other lakes. The
OTUs recovered from these fingerprinting approaches,
particularly DGGE, probably represent the dominant and
best adapted taxa of each environment (Magurran and
Henderson, 2003; Pedros-Alio, 2006). In fact, our results
show clear associations between alternative state and
community composition, both based on DGGE and
ARISA fingerprints.

These results reinforce previous reports of a strong
connection between system state and microbial commu-
nity composition in shallow lakes elsewhere (Van der

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports, 5, 310-321
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Fig. 3. a. Dim 1 versus Dim 3 of the three-dimensional non-metric MDS plot for DGGE profiles (stress = 0.17). Arrows indicate the direction of
significant correlation of the axes with environmental variables. TP, total phosphorous concentration; Turb, turbidity; Kd, diffuse attenuation

coefficient; TSS, total suspended solids; IM, inorganic matter content; OM,

organic matter content; Chl-a, chlorophyll-a content.

b. Dim 3 versus Dim 2 of the three-dimensional non-metric MDS plot for ARISA profiles (stress = 0.16). Arrows indicate the direction of
significant correlation of the axes with environmental variables. TP, total phosphorous concentration; TN, total nitrogen concentration; Turb,
turbidity; Kd, diffuse attenuation coefficient; TSS, total suspended solids; IM, inorganic matter content; OM, organic matter content; Chl-a,
chlorophyll-a content; o0, CDOM absorption coefficient at 440 nm. Temporal trajectories for LAC and KH are detailed: 1 — March 2008; 2 —

May 2008; 3 — July 2008; 4 — September 2008; 5 — November 2008; 6 — F
delineated according to ANOSIM results.

Gucht et al., 2001; Muylaert et al., 2002; Wu et al., 2007;
Ng et al., 2010). In addition, our conclusions regarding the
links between ecosystem state and BCC are consistent
with previous reports of systematic patterns in other fea-

ebruary 2009; 7 — April 2009. Regions in the panels were

tures of these same Pampean shallow lakes, including on
physical-chemical characteristics, macrozooplankton and
fish communities (Quirés etal.,, 2002), phytoplankton
community composition (Allende et al., 2009; lzaguirre

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology Reports, 5, 310-321
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Table 2. ANOSIM statistics for global as well as pairwise compari-
sons based on both DGGE and ARISA profiles.

a - DGGE R P-value

Global test 0.565 < 0.0001
CH versus SJ 0.257 0.1305
CH versus LI 0.806 0.0075
CH versus LAC 0.685 0.0195
CH versus KH 0.769 0.0120
CH versus TRI 0.450 0.0195
SJ versus LI 0.661 0.0075
SJ versus LAC 0.534 0.0135
SJ versus KH 0.710 0.0030
SJ versus TRI 0.391 0.0135
LI versus LAC 0.409 0.0210
LI versus KH 0.800 0.0075
LI versus TRI 0.789 0.0030
LAC versus KH 0.589 0.0075
LAC versus TRI 0.347 0.1380
KH versus TRI 0.196 0.7155
b — ARISA R P-value

Global test 0.430 < 0.0001
CH versus SJ 0.470 0.0280
CH versus LAC 0.546 0.0189
CH versus KH 0.631 0.0640
CH versus TRI 0.851 0.0251
SJ versus LAC 0.542 0.0123
SJ versus KH 0.248 0.2390
SJ versus TRI 0.580 0.0165
LAC versus KH 0.237 0.4650
LAC versus TRI 0.155 1.0000
KH versus TRI 0.521 0.0460

Results in grey highlight no significant differences among sites.

et al., 2012), as well as the structure of picoplankton com-
munities (Silvoso et al., 2011).

We further explored the environmental links that may
underlie the patterns in community composition across
the different alternative states, by carrying out Mantel
tests between the matrix of environmental variables and
the matrices of BCC. There was a significant correlation
between the ensemble of environmental variables and
BCC derived from both approaches, and this correlation
was much stronger based on ARISA profiles (fece =
0.109, P=0.002; ramsa=0.338, P<0.0001). These
results suggest that the type of stable state selects a
common set of dominant species, as likely reflected in the
DGGE profiles, and that local environmental differences
within a given type of state further modulate composition
at a finer scale, as reflected in the profile yielded by
ARISA. The latter pattern was clearly evident for turbid
lakes: lake CH was dominated by a mixed phytoplankton
community, whereas lake SJ had an almost continuous
bloom of the filamentous cyanobacteria Raphidiopsis
mediterranea. These drastically different algal communi-
ties probably resulted in differences in organic matter
and nutrient dynamics between the two, which in turn led
to selection of subdominant taxa, yet the actual state

(phytoplankton-turbid), and not the prevailing algal com-
munity, appeared to have an overriding effect in determin-
ing the dominant bacterial species in these lakes.

We further investigated the influence of individual envi-
ronmental variables on BCC, by correlating the scores
derived from the ordination of sites shown in Fig. 3 with
the 16 environmental variables considered here. We only
used the combination of axes that best separated sites,
and significant correlations of environmental variables
with these ordination scores are shown in Table 3. Our
analysis suggests that the patterns in bacterioplankton
composition were related to a combination of phytoplank-
ton biomass (Chl-a), water transparency (Turb, TSS, Kd)
and resource availability (OM, TP, TN, o440y @and the ratio
250:365 nm), while temperature and solar irradiance
(parameters related to seasonality) did not show a
significant correlation. Altogether, the variables that best
explained the pattern observed were those connected to
the optical properties of these systems and also to the
characteristic of carbon sources in these lakes.

In this regard, shallow lakes in this Pampa Plain region
markedly differ in their optical characteristics because of
the nature of main absorbing components (Pérez et al.,
2010). In clear-vegetated lakes, CDOM is the most impor-
tant absorbing fraction, while in inorganic-turbid lakes
colloidal clays contribute significantly to light attenuation.
On the other hand, in spite of CH and SJ being both
phytoplankton-turbid systems, in CH a significant fraction
of light absorption (c. 46%) is due to non-chlorophyllous
particles, while in SJ absorption is predominantly due to
algae. These differences in optical signatures are prob-
ably also related to differences in the main organic matter
pools and thus in the dominant substrates for bacteria in
each type of regime.

It has now been well established that the source, con-
centration and composition of organic substrate are
among the factors shaping the composition of the bacte-
rial communities in lakes (Kritzberg et al., 2006) and it has
been shown that different groups of bacteria exhibit dif-
ferent capabilities for utilizing qualitatively different sub-
strates (e.g. Hutalle-Schmelzer et al., 2010; Simek et al.,
2011). Thus, we suggest that in these shallow lakes,
which are all characterized by relatively high nutrient con-
centrations, patterns in BCC are probably mainly driven
by differences in the nature of the predominant organic
matter sources and pools: among the six selected lakes,
clear-vegetated lakes are characterized by low chloro-
phyll concentration and macrophytes are likely the main
organic carbon source for bacteria, through the release of
particulate and dissolved organic compounds during
active photosynthesis and also during senescence and
early stages of decomposition (Wetzel, 2001; Demarty
and Prairie, 2009). In the case of phytoplankton-turbid
systems, organic matter produced by the high standing
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Table 3. Spearman rank order correlation coefficients of the MDS axes with environmental variables.

a—- DGGE b — ARISA
Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

Chlorophyll-a (Chl-a)

r 0.390 0.579 0.738

P-value 0.0292 < 0.0001 < 0.0001

n 31 39 20
Total phosphorous (TP)

r 0.735 0.528

P-value < 0.0001 0.0005

n 32 26
Total nitrogen (TN)

r 0.443

P-value 0.030

n 24
Turbidity (Turb)

r 0.726 0.731

P-value < 0.0001 < 0.0001

n 39 28
Diffuse attenuation coefficient (Kd)

r 0.726 -0.413 0.659

P-value < 0.0001 0.0486 < 0.0001

n 35 24 24
Total suspended solids (TSS)

r 0.673 0.424 0.623

P-value < 0.0001 0.0275 < 0.0001

n 38 27 27
Inorganic matter content (IM)

r 0.610 0.457 0.485

P-value < 0.0001 0.0167 0.0105

n 38 27 27
Organic matter content (OM)

r 0.606 0.639

P-value < 0.0001 0.0003

n 38 27
CDOM absorption at 440 nm (0/440)

r —-0.480 -0.412

P-value 0.005 0.045

n 33 24
Ratio 250:365 nm

r 0.384

P-value 0.028

n 33

A total of 16 environmental variables were tested: temperature, incident irradiance, conductivity, alkalinity, pH, dissolved oxygen concentration,
chlorophyll-a concentration, total nitrogen and total phosphorous concentration, total suspended solids, organic and inorganic matter concentra-
tion, turbidity, diffuse attenuation coefficient, CDOM absorption coefficient at 440 nm and the ratio 235:365 nm. Only significant correlations are

shown.

stocks of phytoplankton probably dominates the carbon
pools, and it is possibly that the nature of this dissolved
organic carbon (DOC) differs from the macrophyte-derived
DOC (Guillemette and del Giorgio, 2011). In contrast, in
inorganic-turbid systems where both phytoplankton and
macrophyte biomass is low, terrestrially derived organic
carbon likely dominates the organic matter pool. In addi-
tion, the particulates are composed mostly of suspended
clays, which provide surfaces for the selective adsorption
of DOC, altering its availability to bacteria (Lind and
Davalos-Lind, 1991 and references therein).

These assumptions remain as hypotheses to be tested,
and further work is needed in this regard, as other factors
such as top-down controls or differences among system

types in regard to the quality and availability of structures
suitable for attachment were not taken into account in this
analysis. For example, suspended material, such as sus-
pended clays, can interference with the feeding and
growth of microbial components (Pfandl and Boegnick,
2006), and also promote alternative pathways for the
microbial loop by providing surfaces for the adsorption of
DOC, which becomes more readily available to bacteria
and, subsequently, to higher trophic levels (Lind and
Davalos-Lind, 1991 and references therein).

That the alternative state plays a key role in determining
BCC is further evidenced by the pattern observed in LAC,
which shifted from a clear to a turbid state over the course
of the study (Fig. 3). This lake clearly aligned with the two
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non-turbid lakes in terms of BCC in the early stages, and
then clustered with the turbid lakes in the later stages of
the study. These shifts in BCC are not due to seasonality;
rather, the evidence supports a strong influence of the
environment on BCC, and also suggests a strong direc-
tional selection of species out of the metacommunity pool,
since upon the regime shift, BCC in this lake did not
simply diverge to a different configuration, but rather
tended to converge to that found in the other turbid lakes.

The progression observed in another of the lakes (KH)
provides further evidence for the above conclusion. As we
pointed out above, the study period had much lower than
average precipitations, and this led to a decline in water
level in all the lakes, and an overall increase in turbidity.
The lake that was most affected by this gradual increase
in turbidity was KH, which while remaining in its basic
vegetated-clear water state (as opposed to LAC, which
completely shifted in state as discussed above), become
significantly more turbid by the end of the study period.
Interestingly, we note that there was a gradual shift in the
positioning of BCC of this lake, progressively shifting
towards that of the turbid lakes (Fig. 3). This suggests a
pattern of environmentally driven species sorting from a
common regional metacommunity pool, particularly by the
type of alternate regime, with the possibility of finding
intermediate configurations between the extreme alterna-
tive states.

Previous studies have shown that mass effects may be
the dominant process in determining community compo-
sition in lakes with relative short hydrological retention
times (< 6 months, Lindstrdm et al., 2006). In this regard,
water residence time in these shallow Pampean lakes
varies greatly, but is generally short, usually in the order
of 3-5 months (Quirds and Drago, 1999). It could thus be
expected that dispersal might homogenize BCC across
these lakes, especially in lakes within the same drainage
basin, but this clearly was not the case. Moreover, of the
six lakes that we targeted in this study, five do not have
any river inlet and are fed only by groundwater and rain-
fall, whereas the remainder, lake CH, has a major river
inlet, yet the latter had a very similar BCC as the other
phytoplankton-turbid lake (LAC) that had no river connec-
tion. The evidence thus confirms the importance of envi-
ronmental selection of species over dispersion and mass
effects in determining BCC in these lakes. The conver-
gence in BCC for a given alternative state would in turn
suggest that either this regional metacommunity pool is
limited, in terms of the range of phylotypes available, or
that even if this pool is very broad, the environmental
selection is very stringent and results in essentially the
same configuration of phylotypes selected under a par-
ticular set of conditions; this latter scenario is the most
likely in our opinion. Our results thus suggest a hierarchy
in the environmental sorting, wherein the steady state

selects the dominant phylotypes, and variations within
each state, such as differences in the phytoplankton or
macrophyte community composition, further select taxa
from these dominant players.
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