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Abstract Strobel Plateau hosts more than 1,500

shallow lakes displaying different water regimes,

which constitute the habitat for many species.

Although the region is naturally fishless, many of the

lakes were stocked with trout, bearing uncertainty

about the possible effects on the ecosystem. The main

objective of this study was to analyze the character-

istics of planktonic autotrophic communities of lakes

differing in regime (phytoplankton turbid, clear veg-

etated, and clear unvegetated) and presence/absence of

fish. During late spring and summer, 14 water bodies

were sampled in 2011 and 2013 considering different

regimes and presence/absence of fish. Besides limno-

logical variables, the autotrophic communities, from

pico to microplankton, were also analyzed. Differ-

ences in physical and chemical characteristics

observed among the lakes corresponded to their

current regime and the presence/absence of trouts.

Autotrophic picoplankton and phytoplank-

ton[ 20 lm abundances differed among lake types

being highest in fish-stocked lakes. Although the three

type of lakes presented phycoerythrin-rich pico-

cyanobacteria and picoeukaryotes, only fish-stocked

lakes hosted phycocyanin-rich picocyanobacteria.

Moreover, fish-stocked lakes were dominated by

cyanobacteria, while chlorophytes abounded in fish-

less systems. Evidences that lake regime and fish

occurrence influence planktonic autotrophic commu-

nities of Strobel plateau is here provided, highlighting

the intra- and interannual dynamism of the aquatic

systems.

Keywords Phytoplankton � Shallow lakes � Strobel
Plateau � Top-down � Bottom-up � Trout � Fish-stocked
lakes � Fishless lakes

Introduction

Phytoplankton from Patagonian lakes has been

addressed in several ecological and taxonomical
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studies encompassing different types of aquatic envi-

ronments (e.g., Thomasson, 1959, 1963; Izaguirre

et al., 1990; Dı́az et al., 2000; Queimaliños & Dı́az,

2014 and cites therein). The lakes from Patagonian

plateau have received comparatively less attention

than those in the Andean region, probably due to the

remoteness of the environments, which in some cases

are of difficult accessibility (Izaguirre & Saad, 2014).

Wetlands (shallow lakes, ‘‘mallines’’ and peat-

bogs) covering almost 5% of Patagonian territory

represent essential habitats to sustain biodiversity and

wildlife in the extra-andean and the Patagonian desert

(Perotti et al., 2005). These environments are threat-

ened for multiples causes (Sala et al., 2000; Brinson &

Malvárez, 2002), and therefore the need to enhance the

knowledge of the functioning and ecological state of

water bodies in this region is paramount.

Most lakes of the arid Patagonia are located in

basaltic plateaus formed by tectonic processes and

subsequent deflations of the basaltic mantle (Pereyra

et al., 2002). These lakes present well and deeply

mixed water columns due to the incidence of strong

winds, and due to this permanent mixing are currently

considered shallow from a dynamic point of view

(Lancelotti, 2009). The first limnological characteri-

zation of these water bodies and their contextualiza-

tion in the frame of stable alternative states model

(Scheffer et al., 1993) was also made by Lancelotti

(2009).

According to this widely known model, shallow

lakes may have two equilibrium states, one of them

‘‘clear’’ with high water transparency, low phyto-

plankton biomass, and dominance of submerged

macrophytes, and another ‘‘turbid’’ with low water

transparency, high biomass of phytoplankton, and

without submerged macrophytes. These two states

were proposed in this model as ‘‘alternative states,’’

since they exhibit homeostatic tendencies due to

positive feedbacks. Increasing nutrients in shallow

water bodies drive to phytoplankton biomass enhance-

ment, with a consequent decrease in water trans-

parency. In a turbid state, the penetration of light limits

the development of submerged macrophytes, which in

turn generates wind-driven sediment resuspension,

thus increasing turbidity. In the opposite scenario,

under great development of submerged macrophytes,

resuspension is lessened and sedimentation is favored.

On the other hand, some macrophytes may produce

allelopathic substances that might limit the

development of phytoplankton and also provide

shelter for zooplankton that preys on phytoplankton

(Schallenberg & Sorrell, 2009 and citations therein).

Despite that these two states can coexist in a wide

range of nutrient contents, certain disturbances can

trigger the rapid passage from one state to another.

Since it is not always possible to establish the

occurrence of alternative equilibrium states in natural

lakes (i.e., registering the change from one state to

another over time), the term ‘‘regime’’ is now

currently used (Scheffer et al., 2009) and, thus, sudden

changes between the above-mentioned lake conditions

can be considered as shift regimes.

The food web structure in aquatic systems is

determined primarily by controls ‘‘top-down’’ and

‘‘bottom-up,’’ where the regulation of a trophic level

occurs through predation by a higher level and by

nutrient availability for primary producers, respec-

tively. The theory of trophic cascades is focused on the

interactions predator–prey as drivers of changes in

biomass or productivity of aquatic communities (Pace

et al., 1999), whereas the bottom-up controls are those

that define the potential productivity of a lake; changes

in this potential are due to top-down interactions.

Thus, trophic cascades can explain differences in

productivity in lakes with equal nutrient input (Car-

penter et al., 1985). In this sense, the introduction of

omnivorous fish in shallow water environments is

associated with direct and indirect effects on aquatic

communities: on one hand, predation on zooplankton

can generate an intense effect top-down that fosters the

development of phytoplankton (Blanco et al., 2008),

and on the other hand, feeding on benthic organisms

generates a sediment removal that causes resuspension

of nutrients (i.e., bottom-up effect which also pro-

motes the development of phytoplankton) (Schaus

et al., 2002). Both processes promote the shift and/or

permanence in turbid state of water bodies (Blanco,

2001).

Introductions of species, both of flora and fauna,

have been common practices for more than a century

in Patagonia. The introduction of salmonids and also

the translocation of native fish species have been

reported for many water systems (Perotti et al., 2005).

Particularly, in naturally fishless lakes from the

Strobel Plateau (Santa Cruz), the introduction of

rainbow trout (Oncorhynchus mykissWalbaum) began

around 1940, but over the last 20 years there has been
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an increase in this activity as a productive alternative

to the traditional sheep raising (Lancelotti et al., 2009).

Comparative studies of fishless and stocked lakes of

the Lake Strobel plateau showed significant changes in

the community structure and zooplankton size spec-

trum due to trout predation (Lancelotti et al., 2015),

suggesting that these changes could be projected over

the lower trophic levels. However, there is uncertainty

about the occurrence of such changes in the affected

lakes. Preliminary studies suggested that fish intro-

duction in the area was associated to changes in micro-

and nano-phytoplankton (Izaguirre & Saad, 2014).

This evidence needs to be validated for a larger

number of lakes with different regimes and further

exploring the effect of fish stocking on picoplankton.

In this context, the numerous and diverse aquatic

environments of the Strobel plateau, where different

degrees of impact of introduced trout are recorded,

represent an extraordinary scenario to analyze changes

at community and ecosystem level due to the intro-

duction of a top predator under different lake

scenarios.

The main objective of this study was to analyze

comparatively the planktonic autotrophic communi-

ties among lakes of Strobel Plateau differing in regime

(clear vegetated, clear unvegetated, and phytoplank-

ton turbid) and presence/absence of introduced fish.

The working hypothesis of this study is that both fish

introduction (through trophic cascade) and lake

regime (mainly determined by macrophyte cover)

influence the abundance and composition of plank-

tonic autotrophic communities of the different size

fractions (micro-, nano-, and picoplankton).

Methods

Study area

Lake Strobel Plateau is located in the center-west of

the Province of Santa Cruz (Argentina). From the

geological prospect, it consists of a bed of alkaline

basalt with a 50 m thickness that was caused by

tectonic activity during the Tertiary and Quaternary

(Panza & Franchi, 2002). The plateau has a flat surface

of 3,000 km2 with a slight slope from west to east,

reaching altitudes of 1,200 m in the west and 700 m in

the east. The natural depressions that receive water

from melting winter snow form a system of shallow

lakes, many of them temporary. The number of water

bodies reaches up to 2,000 during wet years, and

approximately 700 correspond to permanent lakes

(Lancelotti, 2009).

The region has a cold and dry weather, with average

maximum temperatures of 2.9 and 14�C in winter and

summer, respectively, and annual rainfalls ranging

between 200 and 400 mm spread throughout the year,

being in form of snow in winter. The region is windy,

with prevailing winds from the west with greater

intensity in summer than in winter. This area is

characterized by a high cloudiness with an average of

60% overcast sky. The weather information was taken

from the station located in Gobernador Gregores,

which is the closest city to the Strobel Plateau (40 km

southeastern boundary of the plateau). Given the

inclement weather, the plateau remains covered by

snow and ice from late April to mid-November

(Lancelotti, 2009).

Lancelotti et al. (2009) originally classified the

water bodies of this region based on their limnolog-

ical, topographical, and geographical variables, dif-

ferentiating among vegetated (with submerged

macrophytes), unvegetated, and turbid lakes. In veg-

etated water bodies, the coverage of the dominant

submerged macrophyteMyriophyllum quitense Kunth

shows great seasonal variation, reaching in some cases

95% coverage of the total area of the lake.

Although the water bodies of the region are

considered shallow, there exists a range of lake depths

that were classified by Izaguirre et al. (under review),

following the criteria of Abell et al. (2012) in shallow

(maximum depth\ 10 m) and deep lakes (maximum

depth[ 10 m), including very shallow lakes (maxi-

mum depth\ 1.5 m) as an additional category.

The Strobel plateau was recognized as priority area

of waterbird conservation in Argentina (Imberti,

2005), representing the primary foraging and repro-

ductive habitat for numerous species, including sev-

eral endemisms and threatened species. In particular,

this plateau has historically represented the core of the

Hooded grebe (Podiceps gallardoi Rumboll) distribu-

tion, which was categorized as critically endangered

species (IUCN Red List of Threatened Species). The

effects derived from trout introduction have been

proposed as one of the main causes of the critical

situation of the Hooded grebe.

For this study, 14 water bodies were sampled

considering differences in their regimes and the
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presence/absence of fish: fishless lakes including

clear-unvegetated (Rod 18 and Pif) and clear-vege-

tated (Justita, Las Coloradas, S94, S64, Nieve) water

bodies, and fish-stocked lakes referred as phytoplank-

ton-turbid systems (Herradura, 9, 8, Temp, Campa-

mento, Potrerillo, Verde). The geographical position

of water bodies was obtained with GPS (positioning

system geographical, Garmin, KS, USA) and it is

shown in Fig. 1. All stocked lakes analyzed in this

study were originally fishless, and stocked with

Rainbow trout before 2001 (but lake Temp in 2006).

Lakes were stocked with 60 alevins/0.01 km2. How-

ever, the rate of stocking and removal of trout differed

among lakes.

Two sampling campaigns were conducted, one

during December 2011 and the other during February

and March 2013 (late spring and summer, respec-

tively). All phytoplankton-turbid lakes and clear-

vegetated lakes were sampled on both occasions.

Clear-unvegetated lakes were sampled only in 2013

due to logistical and climatic difficulties.

Physical and chemical analyses

Samples and measurements were obtained from the

pelagic zone at the upper water layer, integrating

waters from the surface to 50 cm. Temperature, pH,

and conductivity were measured using a Horiba D-54

sensor, dissolved oxygen (DO) with a HI 9146 Hanna

Hatch device or a HQ30d portable meter. The

photosynthetically active radiation (PAR) was also

measured in situ and at 10-cm depth intervals with a

LI-COR radiometer equipped with a submersible

spherical quantum sensor (Li-Cor 3 SA Li-Cor PAR,

NE, USA). The vertical attenuation coefficient of PAR

(Kd) was calculated as the slope of the relationship

between ln (irradiance) and depth (Kirk, 1994).

Samples for nutrient analysis, chlorophyll a (Chl a),

and dissolved organic carbon (DOC) were transported

refrigerated and filtered throughWhatman GF/F filters

upon returning from field to avoid deterioration.

Dissolved nutrient analysis (nitrate, ammonium, and

soluble reactive phosphorus—SRP) was performed on

the filtered water with a Hach TMDR/2800 spec-

trophotometer and its corresponding reagent kits

(detection limit for all nutrients 0.01 mg l-1). Dis-

solved inorganic nitrogen (DIN) was obtained from

the sum of the concentrations of nitrate ? nitrite and

ammonium. The concentration of Chl a (corrected by

pheopigments) was estimated from the material

retained in the filter, which was preserved at - 20�C
and darkness until its processing. Chl a extractions

were performed using acetone as solvent; filters were

stored at 4�C overnight and then concentrations of Chl

a were determined by spectrophotometry at 665 and

750 nm absorbances. The correction by phaeopig-

ments was performed by the addition of 1 N HCl, and

the equations given by Marker et al. (1980) were used.

DOC was determined from filtered and acidified water

(pH \ 2) with sulfuric acid and using the high

temperature Pt catalytic oxidation method (Shimadzu

5000A TOC analyzer) following the recommenda-

tions of Sharp et al. (1993); determinations were

carried out by the technicians of the National Water

Institute (INA) (Buenos Aires, Argentina).

Phytoplankton analysis

Samples for the qualitative analysis of phytoplankton

(nano- and microplankton fractions) were taken with a

15 lm pore net, in order to concentrate the organisms
Fig. 1 Location of the studied water bodies from Strobel

Plateau
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and were preserved with 2–3% formaldehyde. The

observation was performed under binocular optical

microscope (Olympus CX31) at91000 magnification,

and identifications were carried out following special-

ized literature for each group of algae. Samples for

quantitative phytoplankton analysis were preserved

with a 1% acidified Lugol solution. Phytoplankton

counts were performed using an inverted Olympus

CKX41 microscope following the technique of

Utermöhl (1958), and counting error was estimated

according to Venrick (1978). In all cases, the individ-

ual algae were considered as units (unicellular, colony,

conglomerate, or filament). In order to characterize the

functional groups in the phytoplankton communities,

we classified the entire list of phytoplankton species

following the classification of Reynolds et al. (2002)

updated by Padisák et al. (2009).

The autotrophic picoplankton was quantified

through the use of flow cytometry technique. For this,

the samples of each water body were fixed with 10%

cold glutaraldehyde to a final concentration of 1% and

stored in cryovials in liquid nitrogen (during the

campaigns) and then at - 80�C. To the thawed fixed

samples, a known volume was added with a suspen-

sion of beads (Fluospheres � carboxylate micro-

spheres of 1 lm diameter = beads, yellow-green

fluorescent 505/515, Molecular Probes) and then

analyzed with the flow cytometer FACSAria II, which

is equipped with a solid state blue laser (488 nm[
20mW) and a red laser of Gaseous state (633 nm[
18mW). For the analysis of the populations, four

parameters were used: FL2 (PE, 488 nm excitation,

585/42 nm emission BP), FL3 (PERCP, 488 nm

excitation, 670 nm LP emission), FL4 (APC 635 nm

excitation, 661/61 nm BP emission) and SSC (light

scattered by the particle at an angle of 90�). The

samples were generally run for 300 s and with the

information of the set of detectors different cytometric

populations were differentiated. Cytometric popula-

tions are conformed by single cells that express the

same combination of parameters (SSC, PERCP, APC,

and PE), but not necessarily conform a homogeneous

taxonomical group; they share similar size/shape and

pigment composition, thus conferring similar ecolog-

ical properties. Data analysis was carried out with the

FlowJo program (Tree Star).

Statistical analyses

In order to corroborate the homogeneity of the group

of lakes, a discriminant analysis (DA) was performed,

followed by multivariate analysis of variance (MAN-

OVA), including DIN, SRP, Conductivity, pH, DOC,

and Chla as proxies of the trophic state of the lakes. A

logarithmic transformation was applied to the vari-

ables to meet the assumptions of multivariate normal-

ity and equality of covariance.

In order to evaluate the differences between the

abundances of the autotrophic communities among the

different types of lakes, a Kruskall–Wallis non-

parametric variance analysis was performed. All of

these analyses were carried out with IBM SPSS

Statistics 20 software.

Results

The surveyed shallow lakes from Strobel Plateau here

classified according to their different regimes and to

the presence or absence of trouts showed differences

both in the physical and chemical characteristics

(Table 1), and in the structure of their autotrophic

planktonic communities. The discriminant analysis

based on physical and chemical variables allowed the

ordination of the water bodies according to the

proposed classification (Fig. 2), thus corroborating

the homogeneity of the established groups: Axis 1

explained 64.3% of the variability with Conductivity,

DOC, and DIN as the main variables; Axis 2 explained

21.1% mainly associated to Conductivity and SRP.

The cross-classification analysis showed a correct

classification of the lakes with an error of 4.17%. The

multivariate analysis of variance evidenced that lakes

in each sampling campaign differed significantly

(Table 2). In 2011, clear-vegetated and phytoplank-

ton-turbid lakes differed from each other, whereas in

2013 clear-unvegetated lakes differed from the former

groups.

Clear-vegetated lakes did not differ significantly

between the two sampling dates, and showed inter-

mediate values of Kd, DOC, and Chl a. By contrast,

samples of fish-stocked lakes (phytoplankton-turbid)

of both years ordinated towards higher Chl a values,

and differed between 2011 and 2013, displaying a

decline in Kd, Chl a, and DOC values due to higher

water level (as a consequence of the occurrence of a
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dilution process) in most of these shallow lakes. Clear-

unvegetated lakes showed the highest values of Chl a

and smallest Kd and DOC values with respect to the

other two groups of lakes in 2013. Regarding

dissolved nutrients, clear-unvegetated lakes displayed

the lowest concentrations of DIN and the highest SRP

values of the dataset (Table 1). From 2011 to 2013,

SRP and DIN values decreased in clear-vegetated and

Table 1 Mean values and standard deviation (between brackets) of physical and chemical variables of the water bodies studied in

Strobel Plateau

Year Clear vegetated (fishless) Phytop. Turbid (fish-stocked) Clear unvegetated (fishless)

n 2011 5 5 –

2013 5 7 2

Mean depth (m) – 4.0 (4.5) 9.7 (5.1) 4.0 (2.8)

pH 2011 8.6 (0.2) 8.4 (0.3) –

2013 9.3 (0.5) 8.4 (0.2) 8.3 (0.01)

Cond (lS cm-1) 2011 249.3 (187.7) 477 (280.2) –

2013 667.3 (742.4) 581.2 (404.5) 245.9 (89.2)

Chl a (lg l-1) 2011 5.6 (4.2) 13.4 (4.0) –

2013 2.7 (3.1) 3.8 (1.2) 5.8 (2.1)

DIN (mg l-1) 2011 0.2 (0.3) 0.06 (0.01) –

2013 0.06 (0.02) 0.1 (0.07) 0.03 (0.02)

SRP (mg l-1) 2011 0.5 (0.5) 0.4 (0.3) –

2013 0.2 (0.1) 0.2 (0.2) 0.8 (0.6)

DOC (mg l-1) 2011 25.3 (6.9) 52.9 (29.6) –

2013 38.9 (25.7) 33.9 (21.4) 20.7 (0.3)

Kd (m-1) 2011 1.6 (0.7) 3.6 (1.9) –

2013 2.07 (1.02) 1.5 (1.3) 1.1 (0.8)

Cond conductivity, Chla chlorophyll a, DIN dissolved inorganic nitrogen, SRP soluble reactive phosphorus, DOC dissolved organic

carbon, Kd vertical PAR extinction coefficient (PAR)

Fig. 2 Biplot of

discriminant analysis (DA)

based on physical and

chemical variables from

lakes of Strobel Plateau:

DIN dissolved inorganic

nitrogen, SRP soluble

reactive phosphorus, DOC

dissolved organic carbon,

Chl a chlorophyll a, pH and

Cond conductivity. Natural

logarithm transformation

was conducted in the

variables. Lakes were

classified according to the

regime and presence/

absence of fish. Lines

indicate the loading of each

variable on the two first axes
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phytoplankton-turbid lakes, with the exception of DIN

in phytoplankton-turbid that increased in this period.

Autotrophic picoplankton

Autotrophic picoplankton abundances differed signif-

icantly among lake types (H = 7.08; P = 0.03). Phy-

toplankton-turbid lakes had on average higher

abundances of picoalgae (8.4 9 105 ind ml-1) than

clear-vegetated water bodies (5.5 9 104 ind ml-1).

Clear-unvegetated lakes, with intermediate abun-

dances (3.5 9 105 ind ml-1), did not differ from the

other types of lakes (Fig. 3A).

The analysis of the cytometric populations revealed

differences in the composition of the groups of

autotrophic picoplankton among the types of shallow

lakes (Fig. 3B). The three types of lakes presented

picoeukaryotes and picocyanobacteria populations,

and also showed the presence of cyanobacterial

microcolonies. Both clear type lakes presented

picoeukaryotes and phycoerythrin-rich picocyanobac-

teria; a small population of colonial cyanobacteria was

also observed in a vegetated shallow lake in 2013.

Phytoplankton-turbid lakes showed phycocyanin-rich

picocyanobacteria besides the mentioned populations;

Table 2 Results of the different multivariate analysis of

variance (MANOVA) conducted for the studied lakes, includ-

ing the physical and chemical variables: pH, dissolved

inorganic nitrogen, soluble reactive phosphorus, Chlorophyll

a, dissolved organic carbon, and conductivity

MANOVA comparisons dfnum dfden Fpillai P

Clear veg. 2011 9 phytopl. turb. 2011 6 3 13.66 0.028*

Clear veg. 2013 9 phytopl. turb. 2013 9 clear unveg. 2013 12 12 3.72 0.015*

Clear veg. 2011 9 clear veg. 2013 6 3 3.52 0.16

Phytopl. turb. 2011 9 phytopl. turb. 2013 6 5 14.10 0.005*

2011 and 2013 indicate the year of sampling

Clear veg. clear-vegetated lakes, Phytopl. turb. phytoplankton-turbid lakes, Clear unveg. clear-unvegetated lakes, dfnum degree of

freedom of numerator, dfden degree of freedom of denominator, Fpillai F statistic and P value

*Indicates significant differences (P\ 0.05)

Fig. 3 Picoplankton abundance (A) and composition (B) in the
three types of studied lakes from Strobel Plateau. Different

letters indicate significant differences (P\ 0.05) among lake

types. Cyano cyanobacteria; Peuk. picoeukaryotes, PC-rich Pcy

phycocyanin-rich picocyanobacteria, PE-rich Pcy phycoery-

thrin-rich picocyanobacteria. Error bars indicate standard error
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colonial cyanobacterial microcolonies were also

observed in samples of both sampling dates.

When grouping the lakes in fish-stocked and

fishless categories, higher abundances of pico-

cyanobacteria (Pcy) were observed in the former

lakes, especially phycocyanin rich (PC-rich Pcy),

which were completely absent in fishless ones (Fig. 4).

Regarding the number of cytometric populations, the

picoeukaryotes (Peuk) were the most frequent

picoplanktonic algal group in all the studied lakes,

usually represented by one or two populations almost

in all water bodies, and achieving three populations in

Rod 18, a clear-unvegetated lake. Pcy, when present,

never achieved more than one cytometric population

in fishless lakes and two populations in fish-stocked

lakes.

Phytoplankton

Total phytoplankton abundance differed among lakes

with different regimes (H = 6.32, P = 0.04). In clear-

vegetated lakes, the mean phytoplankton abundance

(1.9 9 103 ind ml-1) was significantly lower than

in phytoplankton-turbid lakes (fish-stocked) (1.2 9

104 ind ml-1) (Fig. 5A). In clear-unvegetated lakes,

the average phytoplankton density was 5.4 9 103 -

ind ml-1, with no significant differences with the

other types of lakes.

The composition of phytoplankton groups differed

among the studied systems: both clear systems showed

a dominance of Chlorophyceae (clear vege-

tated = 42.6% and clear unvegetated = 68.5%) where

Oocystis lacustris Chod., Monoraphidium circinale

(Nyg.) Nyg., Chlamydomonas spp., and Botryococcus

braunii Kütz. prevailed among others. On the other

hand, phytoplankton-turbid lakes had a high propor-

tion of Cyanobacteria in both sampling dates (64.5%),

mainly represented by Aphanocapsa delicatissimaW.

& G. S. West and Aphanothece caldariorum Richt.. In

clear-vegetated lakes, the sub-dominant group in

terms of abundance was Cryptophyceae (21.8%), with

Plagioselmis nannoplanctica (Skuja) Novar., Lucas et

Morr., and Cryptomonas marssonii Skuja as the best

represented species, whereas in clear-unvegetated

water bodies Chrysophyceae (Chromulina sp. forming

palmelloid aggregates) thrived (Fig. 5B).

Considering Reynolds functional groups classifica-

tion, clear differences in the best represented coda

were observed between fish-stocked and fishless lakes.

Fishless systems showed higher proportion of

Fig. 4 A Abundance and maximum number of cytometric

populations of each type of picoplankton group assessed in fish-

stocked/fishless lakes from Strobel Plateau. B Representative

cytograms of two studied lakes. Picoeuk. picoeukaryotes, PC-

rich Pcy phycocyanin-rich picocyanobacteria, PE-rich Pcy,

phycoerythrin-rich picocyanobacteria. PerCP-H, green fluores-

cence (488 nm excitation, 670 nm LP emission), PE-H orange

fluorescence (488 nm excitation, 585/42 nm BP emission),

APC-H red fluorescence (635 nm excitation, 661/61 nm BP

emission)
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nanoplanktonic groups, including some typically

mixotrophic species; by contrast fish-stocked lakes

presented higher proportion of species[ 20 lm and

contribution of cyanobacteria (Table 3).

Discussion

Our study showed that the three main types of water

bodies recognized in the Strobel Plateau differ in their

physical and chemical variables, as well as in the

composition of their planktonic autotrophic commu-

nities; both phytoplankton–macrophyte interaction

and fish introduction influenced community

structuring.

Shallow lakes in this region are typically stressed

by persistent winds that washout nutrients from soil

and by resuspension from the bottom, thus conferring

trophic states that vary from meso- to eutrophic (sensu

Vollenweider & Kerekes, 1982). Notwithstanding,

lakes are differentiated by the concentration of

Chlorophyll a, dissolved nutrients, and light penetra-

tion. These variables are central to the conceptual

model of alternative equilibria proposed by Scheffer

et al. (1993); nevertheless, it is interesting to discuss to

what extent this scheme is appropriate to describe the

differences between the studied systems.

Fig. 5 Phytoplankton ([ 20 lm) abundance (A) and composi-

tion (B) in the three types of studied lakes from Strobel Plateau.

Different letters indicate significant differences among lake

types. Cyano. cyanobacteria, Bacillario. bacillariophyceae,

Crypto. cryptophyceae, Chloro. chlorophyceae, Chryso.

chrysophyceae

Table 3 Main phytoplankton functional groups according to Reynolds et al. (2002) updated by Padisák et al. (2009) of fish-stocked

and fishless lakes from Strobel Plateau

Fishless lakes Fish-stocked lakes

X1 (small chlorococcaleans, eutrophic lakes) K (colonial cyanobacteria)

X2 (small flagellates, mesotrophic lakes) F (colonial chlorophytes)

X3 (small chrysophytes, oligotrophic lakes) Lm (some cyanobacteria, e.g., Microcystis)

Y (nanoplanktonic cryptophytes) P (diatoms, e.g., Fragilaria spp., Aulacoseira spp.)

D (diatoms, e.g., Nitzschia spp.) MP (tychoplaktonic algae associated to benthos)

J (non-gelatinous, non-motile Chlorococcales) X1 (small chlorococcaleans, eutrophic lakes)

X2 (small flagellates, mesotrophic lakes)
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Most phytoplankton-turbid lakes here surveyed are

connected by the snowmelt Moro stream that has a

variable discharge with torrential characteristics,

strongly affecting their water level; hence, limnolog-

ical characteristics and phytoplankton biomass are

influenced by these hydrological changes. Accord-

ingly, a recent study involving a great number of

shallow lakes from two Patagonian plateaus (Strobel

and Buenos Aires) showed that water level is an

important factor associated to the shift from clear to

turbid states in arheic systems of the region (Izaguirre

et al., 2018). Several studies performed in shallow

lakes elsewhere (e.g., Blindow et al., 1993; Medina-

Sánchez et al., 2004; de Tezanos Pinto & O’Farrell,

2014 and cites therein) also showed that water-level

variation constituted an important factor associated

with changes in the regime alternation of shallow

lakes.

Water-level variation affects macrophyte develop-

ment in the shallow lakes of the region, as the strong

hydrometric decrease evidenced a demise of the

community (Izaguirre et al., 2018). Besides, other

environmental variables, such as sediment type,

nutrient concentration, direction and wind intensity,

sediment type (Feldmann & Nõges, 2007), and slope

and depth of the basin (Duarte & Kalff, 1986) were

also indicated to influence aquatic vegetation. In our

study, lake morphometry was the main determinant for

macrophyte cover. The lakes of the Strobel Plateau

with considerable depth only allowed for the devel-

opment of macrophytes arranged in rings in the

perimeter or outer area of the water body, whereas in

shallower ones a much larger surface was prone to

colonization, reaching 100% coverage in some of

them.

The differences in phytoplankton structure among

the lakes seem also to be related with fish introduction,

probably due to a top-down effect. In our study, the

higher phytoplankton biomass observed in fish-s-

tocked lakes supports this assumption. Likewise,

Blanco (2001) showed that fish introduction generates

direct or indirect effects on aquatic food webs, leading

to an increase in algal growth, higher turbidity, and

nutrients, which generates a decrease in the density of

submerged macrophytes and epiphytic algae. For the

lakes of the Strobel Plateau, previous studies con-

firmed the effect of trouts on both the structure of

species and sizes of zooplankton (Lancelotti et al.,

2017; Izaguirre et al., 2018) and consequently on the

diet of trout themselves (Lancelotti et al., 2015):

feeding trout significantly affected the abundance and

composition of the different groups of zooplankton.

The decrease in biomass and individual size of

zooplankton registered (Lancelotti et al. op cit) is in

accordance with the phytoplankton enhancement

observed in fish-stocked lakes in our study.

Our results cannot support a lower transparency in

fish-stocked lakes attributed solely to the presence of

fish; Mormul et al. (2012) using a long-term dataset

proved that the resuspension of sediments by benthic

fish in low-water phase mainly drives the transition

from a macrophyte-dominated state to a turbid state in

a floodplain pond. However, this statement should be

verified with further investigations in the area as other

factors not addressed until now, like lake size, spatial

heterogeneity, and internal connectivity, also deeply

contribute in the transition between states (Janssen

et al., 2014).

Additionally, our analysis showed that fish intro-

duction influences the composition of autotrophic

planktonic groups. As observed for pico-, nano-, and

microplankton, the composition of the fish-stocked

lakes is different from the two studied fishless

systems; the presence of fish was associated to higher

abundances of microplanktonic cyanobacteria and

also to the unique presence of PC-rich Pcy. These

results are in agreement with exploratory studies

performed by Izaguirre & Saad (2014) that showed

differences among dominant groups in a limited

dataset of lakes from Strobel Plateau with different

regimes and presence/absence of fish. In this sense,

phytoplankton composition shifts were also demon-

strated in experimental studies that aimed to assess the

impact of fish on food webs after trout removal via

rotenone treatment (Duggan et al., 2015), and after

nutrients and fish biomass manipulation (Romo et al.,

2004).

The application of the phytoplankton functional

classification (Reynolds et al., 2002, updated by

Padisák et al., 2009) to our data displayed marked

differences between fishless and fish-stocked lakes.

Coda grouping small unicellular species, a character-

istic of variable trophic state systems (X1,X2,X3, and

J), abounded in fishless systems most of them

vegetated, which may be explained by the selective

predation of zooplankton over higher size classes of

phytoplankton. As Borics et al. (2012) and citations

therein described, the presence of macrophytes (by
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generating light attenuation, rising sedimentation, and

bringing habitat for grazers) favors the dominance of

these small flagellated algae as well as the develop-

ment of chlorococcalean green algae in the mixed

open waters areas of shallow lakes. By contrast, the

dominance of colonial cyanobacteria and chloro-

phytes (K, Lm, F) and bigger cells like diatoms

(P) in fish-stocked lakes evidenced the higher trophic

state of this type of lakes as these groups typically

develop in more enriched systems. These results are in

line with Bartozek et al. (2016) who reported the

dominance of these groups during an experimental fish

culture under high-nutrient and good light conditions.

It would be interesting to confirm by an experimental

approach in the Strobel shallow lakes to what extent

shifts on phytoplankton composition are an effect of

fish-driven top-down and bottom-up effects. In this

sense, an experimental study of fish removal in a lake

of the region was conducted in order to analyze its

evolution over time (Lancelotti, com. pers.). Despite

differences among functional groups, fish-stocked and

fishless systems share groups X1 and X2, both

distinguished by their opportunistic characteristics

and the high surface/volume that confers a high

efficiency in nutrient acquisition. These characteristics

are suitable to succeed in highly seasonal and dynamic

environments as Patagonic plateaus lakes.

Among the unvegetated lakes of the Strobel

Plateau, a marked difference of the dominant algal

groups was observed, prevailing green algae in fishless

lakes and cyanobacteria in fish-stocked lakes. This

result is consistent with observations of Reissig et al.

(2006) for other lakes in the north-Patagonian plateau.

Phytoplankton compositional changes and in particu-

lar cyanobacteria dominance can be driven by changes

in nutrient recycling caused by alterations in the food

web structure such as the presence of fish in a water

body (Elser, 1999). In fact, Horppila et al. (1998)

presented the effect of large-scale fish removal in a

Finish lake, where it triggered the depletion in total

phosphorus followed by a marked reduction in

cyanobacterial biomass. This group is composed by

organisms that tolerate a wide environmental vari-

ability, most of them possess the ability to utilize

atmospheric nitrogen for growth and are thus selec-

tively promoted by high-phosphorus–low-nitrogen

conditions (Suikkanen et al., 2013). Also cyanobacte-

ria are known to be adapted to low-light environments

(Reynolds, 1984).

As for the composition of autotrophic picoplankton,

fish-stocked lakes were the only ones showing PC-rich

Pcy assemblies, together with PE-rich Pcy and Peuk,

which were also found in the other shallow lakes. PC-

rich Pcy are adapted to environments with limited light

as this group is more efficient at absorbing red light

that is prevalent in turbid waters (Stomp et al., 2007).

The same pattern was described in different water

bodies in Argentina and elsewhere (e.g., Schiaffino

et al., 2013; Izaguirre et al., 2014; Liu et al., 2014).

The occurrence of cyanobacteria due to the pres-

ence of trout could represent a potential threat for

waterbirds using those lakes. This result is particularly

relevant for the conservation of the Hooded grebe,

since large vegetated lakes (including stocked ones)

represent the only reproductive habitat for this species,

and the presence of cyanobacteria in lakes with trouts

could reduce their reproductive success and cause

mortalities in adults, as it was observed in other

species of grebes (Carmichael & Li, 2006). Likewise,

the occurrence of toxic cyanobacteria was proposed as

a potential cause of the declination Eared grebe

(Podiceps nigricollis) in the Salton Sea (Anderson

et al., 2007).

As the hydrology of the shallow lakes of this region

is highly dynamic (Lancelotti, 2009; Lancelotti et al.,

2010a, b; Izaguirre et al., 2018), changes in water level

surely also affect the structure of the microbial

autotrophic communities, and thus further field sur-

veys, complemented with experimental studies, are

needed to encompass contrasting hydrological

conditions.

These results provide evidences that lake regime

(mainly determined by the aquatic vegetation) and fish

introduction exert a marked influence on planktonic

autotrophic communities in arid Patagonia. The dif-

ferences found both in the phytoplankton frac-

tion[ 20 lm and in the autotrophic picoplankton

seem to be associated with the higher turbidity in lakes

with fish introduction or without vegetation, as well as

to a trophic cascade effect in fish-stocked systems. The

marked effect of fish introduction on the composition

of phytoplankton provokes changes in the food webs

of the studied lakes, among which the proliferation of

unwanted phytoplanktonic species may threaten the

conservation of these sensitive environments.
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