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Abstract Laguna del Sauce, one of the main drink-
ing water sources in Uruguay, is an eutrophic shallow
lake with high temporal variation of inorganic turbid-
ity caused by extreme wind events. During low
turbidity periods, high phytoplankton biomass can be
reached, frequently associated to cyanobacteria
blooms, which can cause interferences in the water
supply. In this study, we assessed the environmental
drivers of cyanobacteria dominance, composition, and
nitrogen-fixation behavior. For this, we analyzed the
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spatial and temporal phytoplankton composition,
physical and chemical variables performing weekly
samplings during two summers: 2015-2016 and
2016-2017. When inorganic turbidity was high
(above 30 NTU), phytoplankton biomass was con-
trolled, below this threshold, temperature, secchi
depth and nutrients played key factors controlling
cyanobacteria biomass and composition. Blooms of
N,-fixing cyanobacteria (Dolichospermum crassum,
Aphanizomenon gracile, and Cuspidothrix issatschen-
koi) were promoted by low N:P ratios (average 11.5)
and wide TN range (2861300 pg 17"). Non-hetero-
cystous cyanobacteria blooms occurred above TN
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1000-1200 pg 1-'. The N,-fixing behavior (hetero-
cytes:vegetative cell ratio) depended on TN, it was
highest at low TN (< 700 pg 17') but null above ca.
1000 pg 17", While low inorganic turbidity allowed
cyanobacteria blooms in Laguna del Sauce, its com-
position and N,-fixation behavior depended on the TN
and TP levels.

Keywords Harmful cyanobacteria - Environmental
controls - Drinking water supply - Nutrients - N,-fixing
behavior

Introduction

The temporal and spatial dynamics of phytoplankton
are controlled by several external factors, including
resource availability, grazing, sinking, and resuspen-
sion, among others (Margalef, 1978; Reynolds, 2006).
Likewise, different processes of the internal succes-
sional dynamics of phytoplankton can also affect the
light and nutrient availability. In simple terms, the
spatial and temporal patterns of the phytoplankton
community in a shallow lake are the result of the
interaction between external factors (allogenic) and
the internal dynamics of the phytoplankton commu-
nity (autogenic) (Reynolds, 2006).

The adverse consequences of eutrophication, par-
ticularly the occurrence of harmful cyanobacteria
blooms, and their negative effects in the provision of
key ecosystem services for the human well-being
demand a higher capacity to predict and mitigate their
occurrence (Paerl et al., 2016). In the last decades,
multiple approaches have arisen, which try to under-
stand the temporal phytoplankton dynamics and
predict the species assemblage, combining different
morphological and functional approaches and attri-
butes (Reynolds et al., 2002; Weithoff, 2003; Kruk
et al., 2010). Some contributions have focused in the
cyanobacteria component in terms of their ecotypes
(e.g., scum forming or dispersive blooms) (Chorus &
Bartram, 1999).

The shallow lake analyzed in the present research,
Laguna del Sauce, presents contrasting spatial ecosys-
tem configurations, including regions dominated with
dense submerged macrophytes and regions with open
water free of macrophytes. At the same time, Laguna
del Sauce constitutes the second drinking water supply
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in Uruguay (in terms of the number of people it
supplies, 160.000 inhabitants) (INE, 2011).

In Laguna del Sauce, an important part of the
phytoplankton temporal biomass dynamics, and its
morpho-functional composition (MBFG sensu Kruk
et al., 2010), is controlled by a marked variation in the
water turbidity and consequently of light availability.
These fluctuations respond to extreme wind and/or
precipitation events (Crisci et al., 2017a, b). Abrupt
shift towards high turbidity occurs in a period of hours
and persists for periods over a year and a half,
independent of seasonality (Crisci et al., 2017a). In
other words, during periods of high inorganic turbid-
ity, phytoplankton development is low (including
cyanobacteria), probably because of the strong light
constraint. However, when turbidity is low, a high
oscillation in the phytoplankton community in gen-
eral, and of cyanobacteria in particular, occurs.
Indeed, during the low turbidity period of 2015,
Laguna del Sauce underwent a major cyanobacteria
bloom event of the heterocystous nitrogen fixing
(heterocystous N,-fixing) Cylindrospermopsis raci-
borskii (Seenayya & Subba, 1972). The latter caused
important water supply crisis, mostly because of taste
and odor problems in the drinking water, which caused
a huge economic loss and societal turmoil for the
country. This bloom was toxic too (saxitoxin), yet the
toxin was controlled at the drinking plant facility using
activated carbon.

Remarkably, in this ecosystem, during low turbid-
ity periods, when cyanobacteria bloom, its composi-
tion is recurrently dominated by heterocystous N,-
fixing species (Order Nostocales) and less frequently
by non-heterocsytous N,-fixing cyanobacteria (e.g.,
Microcystis complex) (Gonzalez-Madina et al., 2017).
This poses the question if the success of heterocystous
N,-fixing cyanobacteria in this ecosystem relies on its
ability to fix atmospheric nitrogen. It is widely
recognized that blooms of heterocystous N,-fixers
recurrently occur behaving as N,-fixers (e.g., Ferber
et al., 2004; Kumar et al., 2010), yet blooms can also
occur behaving as non-N,-fixers due to lack of
heterocyte development in the filaments (Jacobsen &
Simonsen, 1993; Wolk et al., 1994; Zhang et al.,
2006). Indeed, information about the N,-fixing behav-
ior in Nostocales can be inferred from the density of
heterocytes (cell where fixation occurs, which differ-
entiates from vegetative cells, usually under N
scarcity) (de Tezanos Pinto & Litchman, 2010) or
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the ratio between heterocytes and vegetative cells
(Yema et al., 2016), among other methods.

The drinking water crisis supply that occurred in
2015 promoted the implementation of new monitoring
programs in order to understand the ecosystem
dynamics and to develop an early warning system
for the management of the drinking water supply
(Crisci et al., 2017b; Gonzalez-Madina et al., 2017). In
this study we analyzed, during two summer cycles
(20152016 and 2016-2017), the phytoplankton
dynamics on a weekly basis, both in the vegetated
and in the open water regions of Laguna del Sauce. We
aimed at addressing the following questions:

— Do the resource constraints (light and nutrients)
and the temperature variability explain the tem-
poral cyanobacteria dynamics, composition and
N,-fixing behavior?

— Why is the phytoplankton community recurrently
dominated by heterocystous N,-fixing cyanobac-
teria species?

— Under which environmental conditions is the N,-
fixing behavior active? Do all species of N,-fixers
respond in a similar way to the environmental
conditions?

— Are cyanobacteria from the order Nostocales
dominant only because they fix N, or other
morpho-functional (e.g., cell or filament morphol-
ogy) and ecophysiological attributes (e.g., growth
rate, light traits, dormant cells) provide fitness to
this group in this environment?

— Does the N,-fixation determine autogenic succes-
sion mechanisms or is the phytoplankton dynamic
mostly governed by external drivers?

Materials and methods
Study area

Laguna del Sauce (34°43'S, 55°13'W) is located in the
Department of Maldonado, Uruguay (Fig. 1) and
provides the ecosystem services of drinking and
recreational use of water. This shallow system was a
coastal lagoon until 1947, when a dam was built at its
mouth with the purpose of maintaining a stable water
level for the Air Force Base constructed after World
War II by the USA Army.

At present, Laguna del Sauce is composed by three
connected shallow subsystems: Laguna del Sauce
(4045 ha), Laguna de los Cisnes (205 ha), and Laguna
del Potrero (411 ha) (Fig. 1). Laguna del Sauce is an
open water system without submerged vegetation,
most of the area of Laguna del Cisne is free of
submerged vegetation while Laguna del Potrero is
very shallow and dominated by submerged vegeta-
tion—mainly Egeria densa (Planch, 1849) and Cer-
atophyllum demersum (Linneo 1753) (Mazzeo et al.,
2010)—covering more than 60% of the bottom
surface, at least for the last 10 years. The main
tributaries are the Pan de Azdcar and the Sauce
streams, and the ecosystem drains into the Atlantic
Ocean through the Potrero stream (Inda & Steffen,
2010) (Fig. 1).

The mean water input is 285.4 hm® (cubic hec-
tometers) per year, and the water output is 88 hm?, out
of which 18 hm? corresponds to the water withdrawal
posed by the drinking water service administrator
(OSE-UGD) (Crisci et al., 2017a). Laguna del Sauce is
currently the second source of drinking water in
Uruguay (it supplies approximately 160,000 perma-
nent inhabitants; this figure more than doubles during
the summer season when high-income tourists visit
Punta del Este beaches) (INE, 2011).

This ecosystem is eutrophic (average TP: 80 pg 17
and TN: 200-1000 pg 171), with different responses
depending on the subsystem considered (Inda &
Steffen, 2010; Rodriguez et al., 2010). In Laguna del
Sauce, complex cyanobacteria blooms have been
observed since the 1960s, probably related to
enhanced nutrient inputs due to agricultural activity,
cattle production intensification, growth of urbaniza-
tion and tourism (Mazzeo et al., 2010; Pacheco et al.,
2010; Rodriguez et al., 2010) and low turbidity (Crisci
et al., 2017a). Recently, cyanobacteria blooms inten-
sified (higher frequency and higher biomass, wider
distribution, increased persistence, and toxic events).

Sampling and analysis of physical, chemical,
and biological variables

Within the framework of the early detection cyanobac-
teria monitoring program in Laguna del Sauce—
carried out by the CURE-Faculty of Sciences (Ude-
1aR), SARAS Institute and OSE-UGD (drinking water
supply company)—weekly samplings were carried out
during two summer seasons (2015-2016 and
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Fig. 1 Laguna del Sauce system, with its three sub-systems:
Laguna del Sauce without submerged vegetation, Laguna de los
Cisnes with partial submerged plant cover and Laguna del

2016-2017). Six sites were sampled in Laguna del
Sauce complex encompassing the spatial heterogene-
ity of the system (Fig. 1). In each sampling station,
light penetration was measured with the Secchi disk
(SD). The following environmental variables were
measured in situ: temperature, conductivity, pH,
turbidity, dissolved oxygen, chlorophyll a, and phy-
cocyanin, using a YSI 6600 multiparameter probe.
Simultaneously, three independent samples were col-
lected, using a sampling of 10-cm-diameter tube, by
vertically integrating the water column. Each sample
was considered as a replicate. A fraction of these
samples, kept cold and in darkness, was used for the
physical and chemical analyses in the laboratory,
including total suspended solids by drying at 105°C
for 12 h, organic matter (OM) content by weight
difference at 550°C, ammonium (NH,, Muller &
Wiedemann, 1955), nitrate (NQOjs), soluble reactive
phosphorus (SRP, Murphy & Rilley, 1962), total
nitrogen and phosphorus (TN, TP, Valderrama, 1981),
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Potrero with more than 60% of its bottom covered with
submerged plants. Black dots indicate the six sampling sites

and chlorophyll a by extraction in cold ethanol and
spectrophotometry (Nusch, 1980).

The phytoplankton replicates were fixed in acidi-
fied Lugol and were quantified in the laboratory in
sedimentation chambers of 10 or 20 ml, using an
inverted microscope at x400 and x 1000 (Uterméhl,
1958; Guillard, 1978). Random fields were used
(Uhelinger, 1964; Utermohl, 1985) and at least 100
organisms of the most frequent species were counted
(Lund et al.,, 1958). Samples for phytoplankton
qualitative analyses (identification and morphological
measurement of organisms) were taken with a phyto-
plankton net (20 pm mesh) and fixed in acidified
formaldehyde (formol 40% + acetic acid). From
these samples, phytoplankton organisms, colonies, or
cells larger than 2 um were identified and measured,
under light microscope (Nikon Eclipse 50 i) at x400
and x 1000 magnification. For the mentioned mea-
surements, a CMOS 5.0 Mpx camera and the software
Micrometrics®  Premium  Edition,  previously
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calibrated for the different magnifications, were used.
The individual volume of the organisms was calcu-
lated considering to their morphological traits (length,
width) and geometric form according to Hillebrand
et al. (1999), measuring at least 30 organisms of each
species. The biovolume (biomass) of each species was
calculated as its density multiplied by its volume.

To assess the N-fixing behavior of the Nostocales
species (species that fix N in heterocytes), samples
with biovolume > 1 mm> 17! were analyzed, at con-
trasting TN concentrations. For each sample and
species, the heterocyte and vegetative cell numbers
per filament were counted in 30 filaments randomly
selected. For species in which the cross walls were
impossible to differentiate, the filament length was
measured, and its vegetative cell length was estimated
from updated literature (Komarek, 2013); next the
number of vegetative cells per filament was computed.
The average heterocyte/vegetative cell ratio per fila-
ment was calculated as a proxy for N,-fixing behavior:
the higher the ratio the higher the investment in
N-fixation. For vegetative cell and heterocyte counts, a
direct Olympus CX31 was used; photographs were
taken at x40 and an Infinity 1 camera (infinity analyze
software) was used.

Data analysis

In order to analyze which environmental variables
explained the phytoplankton composition, first a
redundancy analysis (RDA) was performed, to ana-
lyze the variability in data gradients. Next, a canonical
correspondence analysis (CCA) was performed, con-
sidering the physical and chemical variables as
explanatory variables, and the biomass of the species
as a response variable. The significance of the CCA
model was tested by Monte Carlo with 999 unre-
stricted permutations. The significance of the canon-
ical axes of ordering and of each variable included in
the model was also tested, assuming a maximum value
of 0.05 in each case.

Patterns of biomass for the different cyanobacteria
functional groups (total cyanobacteria, heterocystous
N,-fixers, and non-heterocystous N,-fixers) in relation
to TN and TP were examined using graphical repre-
sentation (heat maps graphs). The ratio between TN
and TP was calculated using a standard major axis
(SMA) analysis.  Cross-correlations  between
heterocystous N,-fixers and total nitrogen were

performed to analyze possible cause-effect correspon-
dence between these variables. All statistical analyses
were performed in R (R-Core Team 2016) with the
packages “vegan” for multivariate analysis, ggplot2
and Imodel?2 for the graphical representation and linear
regression, respectively.

Results

The two summer periods monitored (2015-2016 and
2016-2017) were characterized by very different
phytoplankton biomass (biovolume) and composition
(Fig. 2). During the first summer, we observed
important temporal variations in the phytoplankton
biomass in Laguna del Sauce (sites Sauce Norte—SN,
Sauce Sur—SS, and Bahia Mallorquina—BM)
(Fig. 2A). Biomass in these sites always surpassed
the alert level 3 (2 mm’17") and were markedly
higher than the biomass in Laguna del Cisne and
Potrero (Fig. 2A). Nevertheless, towards the end of
the summer (from 10/03/2016 onwards), the phyto-
plankton biomass decreased markedly throughout the
whole system (Fig. 2A).

During the second summer, the spatial pattern was
completely different, with higher phytoplankton
biomass in Laguna del Potrero (dominated by sub-
merged macrophytes) followed by Laguna del Cisne,
mostly during the first half of the summer (Fig. 2B).
For the remaining part of the summer, the whole lake
showed very low biomass (Fig. 2B).

Phytoplankton composition also varied markedly
between both summers. Cyanobacteria biomass was
three orders of magnitude higher in the first than in the
second summer (Fig. 3A, B). In the first summer,
during the 10 weeks with cyanobacteria prevalence in
Laguna del Sauce sub-system (SN, SS and BM), in six
occasions we found a major contribution or total
dominance of N,-fixing cyanobacteria (30-100%)
(Fig. 3C). The heterocyte to vegetative cell ratio was
very low (proxy of low fixation investment) during the
first 5 weeks (0.006 4= 0.02), but about three times
higher in weeks 6 and 7 (0.018 &+ 0.001). The
heterocystous N,-fixing species which bloomed with
higher magnitude (biomass > 1 mm?> 1_1) were Doli-
chospermum crassum, Cuspidothrix issatschenkoi
(Rajaniemi et al., 2005), and Aphanizomenon gracile
(Lemmermann, 1907). The latter two species coex-
isted in the phytoplankton assemblage during the first

@ Springer
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three weeks, whereas Dolichospermum crassum
bloomed afterwards and in combination with non-
N,-fixing colonial cyanobacteria from the Microcystis
complex (Microcystis aeruginosa (Kiitzing, 1846), M.
panniformis (Komarek et al., 2002), and Sphaero-
cavum brasiliense (Azevedo et al., 2003), but not with
other N-fixers. During the second summer
(2016-2017), cyanobacteria biomass was very low
(Fig. 3B), with alternation of heterocystous N,-fixing
and non-N,-fixing cyanobacteria (Fig. 3D). The
higher cyanobacteria biomass during this period was
observed in Laguna del Potrero (vegetated dominated
system) reaching the alert level 3 (28.66 mm? 171) not
in Laguna del Sauce.

The first summer showed lower turbidity compared
to the second summer (Table 1). Towards the end of
the first summer (from 2/3/2016 onwards), we
observed a sharp increase in the turbidity; from ca.
5-20 NTU to 25-35 NTU. After this, the phytoplank-
ton total biomass markedly dropped (Fig. 2A). Laguna
del Potrero showed the highest Secchi disc and lowest
turbidity values compared to the other systems
(Table 1).

TN was higher during the first summer than in the
second, whereas TP remained rather similar across
summers (Table 1). Contrary, nitrate and SRP were
lower and ammonium higher during the first summer,
than in the second summer (Table 1). At spatial scale,
the lowest nutrient concentrations were observed at
Laguna del Potrero (Table 1).

The canonic correspondence analysis (CCA),
encompassing both summer cycles, indicated that the
principal environmental factors which explained the
temporal variations in phytoplankton composition of
Laguna del Sauce sub-system (sites SN, SN and BM)
were turbidity, Secchi disc depth, SRP concentrations,
and temperature (Fig. 4). Turbidity was inversely
linked to the secchi disc depth and temperature, and
directly linked with SRP (Fig. 4). All cyanobacteria
(heterocystous N,-fixing and non-N,-fixing) were
associated with periods of higher temperature, higher
Secchi depth but lower turbidity and SRP (Fig. 4).
Most  heterocystous  Np-fixers  (Cuspidothrix
issatschenkoi, Aphanizomenon, and Raphidiopsis
mediterranea) were associated to higher values of
Secchi disk depth (Fig. 4). These species bloomed
jointly during the onset of the summer of 2015-2016.
The heterocystous N,-fixing cyanobacteria Dolichos-
permum crassum, conversely, were found in similar

scenarios to those of non-N,-fixing species of the
Microcystis complex (Microcystis aeruginosa, M.
panniformis, and Sphaerocavum brasiliense), linked
to lower Secchi disk depth (Fig. 4). Dolichospermum
crassum bloomed separated in time from the other
heterocystous N,-fixers. Dinoflagellates and crypto-
phytes biomass were linked to high turbidity and high
SRP concentrations but low temperature and Secchi
disc depth (Fig. 4).

When analyzing the summer periods separately
(Fig. 5), in the first summer, in addition to the
environmental variables mentioned before, the fluctu-
ations associated with TN and total suspended solids
(TSS) were significantly associated with the temporal
variations observed in the cyanobacteria assemblage
(Fig. 5A). The cyanobacteria able to form scums on
the surface (Dolichospermum crassum and species
within the Microcystis complex) coincided with the
highest values of TSS in the water column and lower
transparency (Fig. S5A). The links of cyanobacteria
composition and abundance fluctuations with TN are
analyzed in detail below.

During the second summer, although cyanobacteria
relative biomass was very low, we also found a
positive link between cyanobacteria and increased
temperature (Fig. 5B). Nutrient concentrations (TN,
N-NH,*, and SRP) were negatively linked to tem-
perature but positively linked to cryptophyte occur-
rence (Fig. 5B). N-NH4' and TN lacked a
straightforward relation; higher values of N-NH,*
coincided with the presence of green algae (Mono-
raphidium spp.) and euglenoids (Euglena). In this
summer, turbidity lacked explanatory power for the
temporal variations in phytoplankton composition of
Laguna del Sauce (Fig. 5C).

The highest total cyanobacteria biomass in Laguna
del Sauce sub-system (sites SS, SN, and BM) occurred
at high TN (> 800 pg 1™") and TP between 50 and
100 ug 17" (Fig. 6A). The different cyanobacteria
functional groups showed contrasting distributions
along the TN gradient. That is, heterocystous N,-
fixing cyanobacteria achieved its highest biomass at
intermediate TN concentrations (ca 800 pg )
(Fig. 6B), whereas the non-N,-fixing cyanobacteria
achieved its highest biomass only at high TN
(> 1000 pg 17") (Fig. 6C).

Figure 7 shows the biomass distribution and N,-
fixing behavior of the dominant heterocystous N,-
fixing cyanobacteria species along the TN and TP

@ Springer
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Fig. 4 CCA biplot pooling
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Fig. 5 CCA biplot of each summer: A 2015-2016 and
B 2016-2017. In the biplot A the two first axis of the ordination
explained 66.7% of the data variance (Al =37.5%;
A2 =29.2%). The model was significant (F = 1.89; P = 0.02),
as well as the axis of the ordination (Al: F = 4.26, P = 0.002;
A2: F=331, P=0.01) and the variables considered
(P < 0.05). In the biplot B the two first axis of the ordination
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explained the 67.3% of the data variance (Al =42.3%;
A2 =25.1%). The model was significant (F = 2.3401,
P =0.001), as well as the ordination axis (Al: F = 3.9618,
P =0.001; A2: F=2.3480, P =0.003) and the variables
considered (P < 0.05). All the data belong to the open water
system (sites SN, SS and B)
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Fig. 6 Cyanobacterial biomass (mm> 1~") distribution along
the TN and TP gradients in both summers, in the open water
system (sites SN, SS, and B). A Total cyanobacteria

gradients during the first summer (2015-2016 which
was the summer dominated by cyanobacteria), in all
six sites analyzed. These species occurred only above
the thresholds of 500 pg 17" TN and 50 pg 1" TP
(Fig. 7). The N,-fixing behavior was plastic and
strongly regulated by the TN concentration: the
highest average ratio of heterocyte to vegetative cell
per filament (proxy of N fixation, where the highest
values point to higher N,-fixation) occurred at lower
TN concentrations (below 1000 pg 17" TN) and it was
zero above 1000 pg 17! TN (Fig. 7). The threshold of
the onset of N,-fixation varied among the heterocys-
tous N,-fixing species: in Aphanizomenon and
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(heterocystous and non-N,-fixing), B heterocystous N,-fixing
cyanobacteria and C non-N,-fixing cyanobacteria

Dolichospermum it initiated at TN < 1000 pg 17",
while in Cuspidothrix at TN < 750 pg 1~ (Fig. 7). In
general, the biomass of the heterocystous N2-fixers
was lower when behaving as N2-fixers than when
behaving as non-N2-fixers, except in Dolichospermum
(Fig. 7). The regression (type II, SMA) between the
TN and TP concentrations showed a slope of 11.5. The
highest biomass was found above the estimated slope,
at low relative TP to TN concentrations, where P
limitation would be expected. In this sense, the CCA
result confirmed that higher cyanobacteria biomass
was associated to low SRP concentrations (Fig. 4).
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Fig. 7 Biomass distribution and N,-fixing behavior (ratio of
heterocytes to vegetative cells) of the dominant heterocystous
N,-fixing species, along the TN and TP gradients, for all sites
analyzed (AS, BM, SN, SS, C, P), in the summer dominated by

Finally, the biomass of the heterocystous N,-fixers
(regardless of their fixing behavior) and the TN
concentration were coupled most of the time, as
reveled by the auto-correlation analysis for the sum-
mer of 2015-2016 (Fig. 8).

Discussion
The results obtained in the current study allow us to

address the questions posed in the introduction.
Cyanobacteria reached high biomass when the

@ Springer

.

100 150

cyanobacteria (2015-2016). Note that the higher the ratio of
heterocytes to vegetative cells, the higher the amount of
heterocytes (proxy of higher fixation); when the ratio is zero
there is absence of heterocytes and hence lack of N,-fixation

turbidity was low and the temperature was high.
Besides these external controls, nutrients, in particular
total nitrogen and also phosphate played a significant
role in explaining phytoplankton variation in this
ecosystem, as found by Crisci et al. (2017a, b). The
emerging pattern was that the highest TN concentra-
tions coincided with the highest biomass of cyanobac-
teria, both of heterocystous N,-fixers and non-N2
fixers, underscoring the risks caused by high nutrient
availability. This pattern is very similar to the one
observed by Dolman et al. (2012) in 100 lakes in
Germany, in terms of biomass. The TP concentrations
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Fig. 8 Cross-correlation analysis of the temporal series
corresponding to the biomass of the N,-fixers (black line) and
the TN content (red line). The green line denotes the 95%
confidence interval. The x axis corresponds to the number of
days since the onset of the sampling period (from 31/12/2015 to
24/2/2016) in the summer when cyanobacteria dominated the
phytoplankton

observed corresponded to eutrophic and hypereu-
trophic systems (OECD, 1982), yet increases in
biomass seemed more affected by TN and the N:P
ratio, than to TP alone. As found by Moisander et al.
(2012) we found that different cyanobacteria commu-
nities gain benefit under distinct N/P scenarios during
the cyanobacteria bloom period. Our study, in addition
to confirm the findings of Dolman et al. (2012) in
terms of biomass, expands the understanding of
cyanobacteria ecology as it shows how its physiology
(N,-fixing behavior) changes along nutrient gradients
(see below).

The maximum cyanobacteria biomass (e.g.,
20 mm® 171) occurred in the non-N,-fixing colonial
cyanobacteria of the complex Microcystis. Though
heterocystous N,-fixing cyanobacteria reached lower
maximal biomass (12 mm? 17!), most of the blooms
were composed by this functional group. The N,-
fixing behavior was plastic: at TN concentrations
higher than 1000 pg 1" all the species behaved as
non-N,-fixers (lack of heterocyte presence), whereas
at values of 600 pg 17! TN all species were investing
strongly in fixation. Finally, at concentrations of about
800-900 pg 17" TN, heterocytes were present with
low frequencies. The field evidence suggested that
fixation is a continuous process between the extremes
of lack of fixation and maximum fixation, where

fixation complemented the nitrogen needs. Studies
assessing the number of heterocytes also show that
heterocystous N,-fixers may or may not invest in
fixation during blooms of high magnitude (e.g.,
Jacobsen & Simonsen, 1993; Padisak & Istvanovics,
1997). Other environmental variables, that affect N,-
fixation include a higher demand in macro (P) (Vi-
tousek et al., 2002) and of light (Mugidde et al., 2003;
Agawin et al., 2007; de Tezanos Pinto & Litchman,
2010), were in sufficient supply in Laguna del Sauce
during blooms presenting heterocytes. It is worth
highlighting that Laguna del Sauce presented medium
to high TP concentrations that the SRP showed an
inverse relation with cyanobacteria biomass and that
SRP was always above values considered limiting for
phytoplankton growth (Reynolds, 2006).

The dominant heterocystous N2-fixing cyanobac-
teria found—Dolichospermum crassum, Aphani-
zomenon gracile, and Cuspidothrix issatschenkoi—
span 3 of the 10 planktonic genera within Nostocales
(Komarek, 2013) which are potentially capable of
producing a wide range of cyanotoxins (Carmichael &
Boyer, 2016). The laboratory studies of Yema et al.
(2016) found that Dolichospermum can reach high
biomass both in lack of supplied N and at high N
supply, yet express heterocytes only during N-limita-
tion (Yema et al., 2016). Our field results support the
results observed in the laboratory, both in terms of
biomass and heterocyte presence, which only occurred
at TN < 1000 pg 1" Aphanizomenon gracile and
Cuspidothrix issatschenkoi behaved similar to Doli-
chospermum in terms of heterocyte presence along TN
gradients. This result suggests that the heterocyte-to-
vegetative cell ratio can be an adequate proxy of
N-fixation for these species.

Aphanizomenon and Cuspidothrix, compared to
Dolichospermum, only reached high biomasses at high
TN concentrations, when they were behaving as non-
N,-fixers (lack of heterocyte presence). Our field
evidence demonstrates that, from a functional point of
view, a same functional group can behave either as
fixer and non-fixer, and that the fitness provided by N,-
fixation varies across species. Indeed Moisander et al.
(2012) found that Anabaena sp. improve its fitness
under diazotrophic conditions while C. raciborskii has
high fitness under both diazotrophic and non-dia-
zotrophic conditions. These findings may explain the
different biomass distributions of several heterocys-
tous N2-fixing species observed in Dolman et al.
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(2012). Regardless of the TN concentration, other
traits different from N-fixation can provide fitness to
the group such as light traits (see below). Cylindros-
permopsis raciborskii, though it was the species
responsible for the massive bloom and crisis in
autumn 2015, during the current study, it occurred
rarely and with very low biomasses (less than alert
level 1).

The frequent blooms of heterocystous N,-fixing
cyanobacteria in Laguna del Sauce probably respond
to the low average TN concentration (mean,
700 pug 17!, SD, 200 pg17") and low N:TP ratio
(11.5). As found by Padisak (1992) for a lake in
Hungary, increased P availability leads to a relative
N-deficiency, which can be supplied by N fixation.

The cross-correlation analysis between the biomass
of heterocystous N,-fixing cyanobacteria and TN
evidences (a) an important internal variability and
(b) a coupling of both variables. These results, in
addition to those in the multivariate analysis, seem to
indicate that most of the variability of TN is governed
by external factors and to a lesser extent by the N,-
fixing behavior of the heterocystous N,-fixing
cyanobacteria. In only two of the 14 samplings, the
increase in TN could be attributed to N,-fixing
behavior of Dolichospermum crassum (which reached
high biomass and high heterocyte presence). In all
other situations with high TN concentration, the
cyanobacteria biomass was behaving as non-fixers
(lack of presence of heterocytes), and hence increases
in TN because of fixation would be unlikely.

In a temporal scale, the cyanobacteria blooms
during the first summer period were three orders of
magnitude higher than during the second summer.
Also, cyanobacteria blooms during the first summer
were found in the open water system of Laguna del
Sauce (free of vegetation, field stations: SN, SS, and
BM), whereas in the second summer the highest
biomass occurred in Laguna del Potrero (dominated
by submerged macrophytes) and Cisne.

Though the dominant heterocystous N,-fixing
species showed similar biomass distributions along
the TN and TP gradient, Dolichospermum never
dominated at the same time than Aphanizomenon,
Cuspidothrix, and Raphidiopsis. The latter three
species did coexist during blooms. Indeed, the mul-
tivariate analysis indicates that these species displayed
different responses to Secchi disc depth. This may
relate to the fact that certain cyanobacteria bloom
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forming surface scums (e.g., Dolichospermum and
Microcystis) while others bloom throughout the water
column (e.g., Planktothrix and Limnothrix) (Chorus &
Bartram, 1999; Paerl et al., 2016). Aphanizomenon and
Cuspidothrix share similar morphology of their fila-
ments; they are straight and have a very thin diameter
(Komarek, 2013). Elongated forms tend to have high
S:V ratio; high S:V ratio improves the access to
resources (Lewis, 1976). Dolichospermum crassum,
conversely, has coiled filament morphology, with
higher cell size (Komarek, 2013). Coiling decreases
the S:V of the organism (Kruk et al., 2010); low S:V
decreases the access to resources (Lewis, 1976).
Dolichospermum bloomed together with non-N-fixers
of the Microcystis complex, which are also organisms
with low S:V and which form cumulative blooms in
the surface. Morphological differences may explain
why Aphanizomenon, Cuspidothrix, and Raphidiopsis
bloom together while Dolichospermum crassum do
not. A recollection of the light traits (light efficiency,
optimum irradiance, half saturation constant for light,
growth rate) of cyanobacteria species will increase our
ability to forecast which species will prevail under
particular light conditions. Indeed, Schwaderer et al.
(2011) showed that phytoplankton distributions along
light gradients were linked to its light traits.

Final considerations

The different summer phytoplankton assemblages in
Laguna del Sauce responded mostly to allogenic
factors. The cyanobacteria component establishes
whenever transparency was high (low turbidity and
high Secchi disc depth), and temperature was high.
The recurrence of heterocystous N,-fixing cyanobac-
teria blooms reflected the low average TN concentra-
tion and low TN:TP ratio in the system. The N,-fixing
behavior is an adaptive response to low TN, though
other morpho-functional traits may aid in predicting
the species composition during blooms at high TN
(e.g., light traits). These patterns can be used as an
early warning tool for cyanobacterial bloom events,
strengthening management measures to minimize
interferences with the provision of drinking water.
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