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Abstract The Central Plains of Argentina is a

heterogeneous environment, but the lakes there share

some fundamental features: they are all shallow and

polymictic as being well exposed to wind. First, we

provide a synthesis of the climate, geology, and

hydrological network. We also discussed shallow

lakes origin and their limnological and biological

salient features. Second, we focus on Pampean

shallow lakes from a global perspective, comparing

the limnological variables: total phosphorus concen-

tration (TP), total nitrogen concentration (TN),

chlorophyll a (Chl a) concentrations, and Secchi disk

reading (SD) from a compiled database. No significant

differences in the Chl a vs. TP relationship were found

between Pampean and other shallow lakes. Otherwise,

the chlorophyll yield per unit of phosphorus of

Pampean lakes is similar to the world shallow lakes

average. Moreover, the relationship SD vs. Chl

a differed significantly between Pampean and the

remaining world lakes, about 50–60%. When con-

fronted against other lakes worldwide, Pampean

shallow lakes depart from most of them as having

higher TP, TN, and Chl a concentrations and much

lower SD transparency, and therefore they stand as

extremes of the trophic-state continuum. Despite their

highly turbid state, these lakes provide valuable

ecosystem services that are highly appreciated and

mobilize important economic resources.

Keywords Phosphorus � Chlorophyll � Secchi disk �
Comparative limnology

Introduction

Shallow lakes have been notably misrepresented in the

early limnological literature. Former lake typologies,

such as the very influential classification proposed by

Hutchinson & Löffler (1956) focused exclusively on

lakes deep enough to stratify over seasonal timescales.

Shallow lakes and ponds are, however, the most
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abundant lake types in the global landscape (Downing

et al., 2006). Thus, the initial bias could not resist the

reality of numbers for too long. In fact, by the early

1980s Lewis (1983) presented a revised classification,

including two new lake categories, continuous cold

polymictic and continuous warm polymictic, which

encompass most shallow lakes. A more recent land-

mark in the field was the realization, inspired after

May’s (1977) classical paper, that shallow lakes may

alternate between different alternative stable states

(Scheffer et al., 1993), a concept that eventually

evolved into what is now known as the shallow lakes

theory (Scheffer & van Nes, 2007).

Limnological ideas are strongly influenced by

research performed in temperate regions of the

Northern Hemisphere (particularly Europe and North

America), and those from the shallow subfield are not

an exception. Therefore, comparisons with lakes from

other regions of the world (Rautio et al., 2011; Abell

et al., 2012; Kosten et al., 2012) may contribute to

broaden the ability of theories to predict and explain

the behavior of a wider range of systems (Collins &

Sprules, 1983). Previous studies compared Argentine

vs. other lakes worldwide, mainly focusing on Pata-

gonian and Pampean regions (Baigún & Marinone,

1995; Quirós et al., 2006; Diaz et al., 2007).

This article is intended to serve as an introduction to

the Hydrobiologia special issue devoted to shallow

lakes from the central plains of Argentina (hereafter

Pampean shallow lakes, for brevity). In the first

section, we provide synthesis of the climate and

geology of the region and its hydrological network.

The geomorphological process that originated most

shallow lakes and their most salient limnological

features are also discussed. In the second section, we

focus on Pampean shallow lakes from a global

perspective to investigate how shallow lakes from

the Argentine central plains fit within classical limno-

logical models. For this comparison, we have com-

piled a comprehensive database including 2,727 lakes

worldwide. We concentrated on fourth main variables:

total phosphorus concentration (TP), total nitrogen

concentration (TN), chlorophyll a concentration (Chl

a), and Secchi disk depth (SD). These fourth variables

capture a great deal of information about lake trophic

state (Carlson, 1977; Kratzer & Brezonik, 1981) and,

particularly for shallow lakes, they provide the raw

input for the classification of a lake into some of its

possible alternative steady states. Roughly speaking,

phytoplankton growth in clear lakes is assumed to be

limited by nutrient availability, while in turbid ones it

is thought to be limited by light availability. Phospho-

rus, and to a lesser extent nitrogen, are commonly

accepted as the most important limiting nutrients in

freshwater lake ecosystems (Schindler, 1975, 1977;

Vollenweider, 1976; Guildford & Hecky, 2000), while

SD readings provide a rough, but robust indicator of

water clarity (Preisendorfer, 1986). Chl a concentra-

tion is perhaps the most widely used proxy for

phytoplankton biomass. Conveniently enough, these

fourth variables are usually included in lakes surveys

or monitoring programs and, therefore, there are a

number datasets available for many lakes worldwide.

Salient features of the study area and its shallow

lakes

Geology and hydrology

Central region of Argentina includes the Pampas and

Espinal subregions, which together cover an extension

of about 673,000 km2 (Viglizzo et al., 2011), and

represents one of the largest wetland areas of South

America (Quirós, 2005). From a geological and

geomorphological point of view, the region is a

heterogeneous environment, which includes the large

Pampean plains, crossed by rivers and scattered with

shallow lakes; extensive inland and marine dune

systems; and mountain ranges, such as Tandilia and

Ventania systems (Buenos Aires Province) and the

Sierras Pampeanas (Córdoba Province). Although the

origin of these formations can be traced back to the

Precambrian–Paleozoic (mountain ranges) or Ceno-

zoic–late Holocene (plains) eras (Zárate & Rabassa,

2005), the Pampean shallow lakes have a more recent

origin. In Argentina, the term pampa refers to a system

of quaternary geological units, which occurs between

latitudes 30�S and 38�S. These units are composed

basically of brown silt with variable concentrations of

CaCO3 concretions (Iriondo, 1989). The modern geo-

formations (i.e., dune fields, floodplains and fluvial

valleys, lake systems) was originated during the last

10,000 years (Zárate & Rabassa, 2005), under the arid

or semi-arid conditions and cold temperatures that

prevailed during the last glaciation; and were subse-

quently modified by the increase in temperature and

humidity that occurred during the last 10,000 years.
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These processes produced fertile, nutrient rich soils,

composed mostly by loess (Rodrigues Capı́tulo et al.,

2010). The Pampean region and adjacent areas may be

divided into five hydrological systems (Frenguelli,

1956) (Fig. 1): (1) The Salado river and its tributaries,

(2) Arroyo Vallimanca system, (3) Paraná and its

tributaries, and the estuary of Rı́o de la Plata, (4) direct

tributaries to the Atlantic Ocean, and (5) Eastern slope

of the Sierras Pampeanas. These systems are charac-

terized by very low regional slope (10-3 to 10-4) (Sala

et al., 1983 in Kruse & Laurencena, 2005) and

drainage densities (\0.16 km km-2) (Kruse & Lau-

rencena, 2005).

Climate

Situated in the Southern Hemisphere temperate belt,

the Pampean region is characterized by marked

thermal seasonality and the lack of a dry season. The

climate has been characterized as temperate humid

(Burgos & Vidal, 1951). However, the region can

hardly be considered uniform, due to its highly

heterogeneous character in geologic history, relief

types, hydrology, and climate. In fact, Dı́az &

Mormeneo (2002) identified six climatic subregions,

covering a range from warm humid to cold sub-humid

conditions (Fig. 2).

Across the region, from North to South, mean

temperatures vary from 20 to 14�C (Viglizzo & Frank,

2006). Precipitation patterns also display large vari-

ability, both geographically and inter-annually. From

the Northeast to the Southwest of the region mean

annual precipitation range from 1,000 to 400 mm

(Viglizzo & Frank, 2006). In relation to the inter-

annual variation, Scarpati & Capriolo (2011) com-

pared two consecutive time-series (1947–1976 vs.

1977–2006). The first series corresponds to a dry

period, with mean annual precipitation ranging from

300 to 1,200 mm y-1, while the second series corre-

sponds to a wet period, with precipitations ranging

from 400 to 1,400 mm y-1. The largest inter-annual

differences (*200 mm y-1) occur in the northern and

middle areas of the region (Fig. 3). This large inter-

annual variability in combination with poorly devel-

oped drainage systems results in recurrent and exten-

sive floods, alternating with drought periods. All these

processes affect the lake water residence time, the

water content of soils, and the depth of the water table.

Moreover, many semi-permanent rivers develop dur-

ing prolonged rainy periods, connecting individual

shallow lakes along the palaeo-valleys.

In many depressed areas of Pampean region, soil

water surplus is often unable to infiltrate because the

water table is too close the surface. Although water

Fig. 1 The Central Region of

Argentina, including the

Pampas and Espinal

subregions, and its main

hydrology basins (a), location

of this study area in South

America (b)
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Fig. 2 Climate classification

of the Pampas and Espinal

subregions modified from Dı́az

& Mormeneo (2002)

Fig. 3 Precipitation distribution and its inter-annual variation: a isohyets for the period 1947–1976 and b ı́dem for the period

1977–2006 (after Scarpati & Capriolo, 2011)
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surpluses occur in almost all years, they are particu-

larly marked during the El Niño phase of ENSO

(Scarpati et al., 2007). Analyzing the impact of ENSO

on monthly changes in evapotranspiration for a region

of the Pampas, Texeira Soria et al. (2013) demonstrate

that during La Niña (El Niño) events the monthly

evapotranspiration rate increase (decrease) in relation

to the historical mean. Therefore, ENSO events are

important to partly explain the distribution and

number of shallow lakes on the Pampas.

In most of the Pampean region, the winds blow

predominantly from N and NW directions, as a direct

consequence of the quasi-stationary South Atlantic

anticyclone position. Although less frequently, other

directions are also important, and so they are given

vernacular names, such as Pampero (W, SW) and

Sudestada (SE). The average wind speeds in the

Pampean region are moderate, and increase southward

as one approaches the westerlies belt. The average

wind speed ranges from 10 to 24 km h-1, depending

on the particular characteristics of each site (topogra-

phy, continentality, etc.). Maximum wind gust speeds

range between 150 and 200 km h-1 in northern and

southern areas, respectively.

Origins, size, and abundance of Pampean shallow

lakes

The low morphogenetic energy of a flat landscape

combined with the occurrence in humid to sub-humid

climates results in the accumulation surface water that

forms a variety of water bodies (ponds, shallow lakes,

and marshes) (Geraldi et al., 2011). The geomorphol-

ogy of these water bodies involved different process

acting alone or in combination. A large proportion of

Pampean shallow lakes were formed during dry

quaternary periods by the action of wind (aeolian

origin) (Tricart, 1973). These lakes lack effluents and

occupy ancient interdune depressions. Other lakes

were formed by fluvial action resulting from aban-

doned meanders or depression located along active

rivers and streams. A third group of lakes occupy

palaeochannels of presently inactive ancient rivers.

Another group of lakes, along the Atlantic Ocean

coastline, was formed by damming of coastal dunes

(Isla, 2002). These lakes have elongated shapes

oriented W–E. The Pampa also hosts lakes originated

by tectonic movements, and subsequently modeled by

fluvial and aeolian action. As these lakes lay along

structural axes (i.e., the lines formed by sunken crustal

blocks), they are conveniently named lagunas enca-

denadas (chained lakes). Still another group of lakes

were formed on tidal channels which corresponded to

ancient coastal wetlands. More recently, human

activities have greatly modified the shallow Pampean

lakes by emplacing different hydraulic structures (e.g.,

embankments, dams, and floodgates) or through the

construction of channels in an attempt to prevent or

alleviate floods. The latter have increased the connec-

tivity between lakes and facilitated the spread of

exotic species, such as the common carp (Colautti,

1997).

Fig. 4 Inter-annual variation in number of lakes (dashed line) and total lake area (solid line), in relation the mean annual precipitation

(bar graph), for Southern Pampean Region
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Considering only the province of Buenos Aires,

Geraldi et al. (2011) estimated that there are 13,824

large ([10 ha) and 146,000 small (0.05–10 ha)

shallow lakes and, according to Dangavs (2005),

there are about 200,000 microbasins (0.01–0.05 ha).

The patterns of abundance and size of Pampean

shallow lakes vary spatially depending on local

geomorphology, drainage density, soil type, mean

annual precipitation; and the inter-annual variability

in precipitation. For example, in the southern part of

the Pampean region, lakes occurring in the conti-

nental plain tend to have circular contours and small

surface area (*50 ha). These lakes are also more

abundant than those occurring on the coastal plain,

where they tend to have larger areas ([100 ha) and

elongated shapes. Individual lakes display consid-

erable inter-annual differences in lake area between

wet and dry periods (Bohn et al., 2011). At a

regional scale, the inter-annual variability can be

examined using satellite images (Fig. 4). Greater

abundance of lakes (2,539) and large total lake area

(41,500 ha) were recorded following a period of two

rainy year (2001–2002), while the minimum number

of lakes (645) and smaller total lake area

(17,900 ha) occurred after a run of three dry years

(2005–2007).

Table 1 Summary of the world lake sources dataset and main characteristics

Source Number of lakes and lake

type

Period Country

Lopes et al. (2011) 38 upland Amazonian

lakes

2004–2008 Brazil

Jackson (2003) 30 lakes 1998 and 1999 on

summers

Canada

Schallenberg & Kelly (2012) 5 lakes 2004 and 2012 on

March

New Zealand

Abell et al. (2012)—synthesis on Table 2 1,316 lakes World

Hessen (personal database) 16 shallow lakes Norway

Balogh et al. (2009) 30 lakes, reservoirs and

ponds

2003, 2004, and

2006 on

summers

Hungary

Pedrozo & Rocha (2007) 6 shallow lakes from

Coastal Plain of Rio

Grande do Sul

1997 on January,

May, July, and

October

Brazil

Gunn et al. (2001) 21 lakes from Killarney

Park

1998 Canada

ECOFRAME—database Version 7 66 European shallow

lakes (depth \3 m)

2000 on late

summer year

UK, Ireland, Poland,

Netherlands, Estonia,

Sweden, Germany, Spain,

Denmark, and Finland

Kruk et al. (2009) 18 coastal shallow lakes 2003 on summer Uruguay

NLA (National Lakes Assessment Data) 607 lakes 2007, 2011 USA

Fermani et al. (2014) 40 Pampean shallow lakes 2009–2010 on

spring–summer

Argentina

Dı́az & Colasurdo (2008) 26 Pampean shallow lakes 2004–2006 Argentina

Quirós (1988) 96 lakes and reservoirs,

including 24 Pampean

shallow lakes

1984–1986 on

summer

Argentina

Izaguirre & Vinocur (1994) 11 Pampean shallow lakes 1987–1989

annual

Argentina

Unpublished data from PhD thesis by Torremorell

(2010) and Lagomarsino (2011), plus data from the

PAMPA2 network

15 Pampean and 10

Patagonian shallow

lakes

2008–2013,

sampled on

different

seasons

Argentina
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Morphology and thermal regime

From a limnological perspective, the most salient and

unifying feature of Pampean lakes is their shallow-

ness. They show typical pfanne or wanne profiles and

tend to have rounded shapes (shoreline development

ratio \4) (Dangavs, 1976; Quirós, 2004). Most lakes

lay within the oligohaline (0.5–5 g l-1) and mesoha-

line (5–15 g l-1) range, but a few are polyhaline

(16–40 g l-1) or hyperhaline ([40 g l-1). Few lakes

exceed 3 m in maximum depth (Zmax) and mean depth

(Zmean) is, on average, 70% of Zmax. Owing to their

shallowness, the dynamics of Pampean lakes are

tightly tied to climate conditions, and the annual

precipitation and evaporation volumes are within the

same order of magnitude as their hydric volumes

(Fernández Cirelli & Miretzky, 2004). Thermally,

they behave as warm-polymictic lakes (Lewis, 1983),

which seldom stratify for more than a few hours if at

all. Upper sediments are sandy silt, silt, and clayey silt,

with a predominance of fine sediments (clays and silts)

over coarse ones (sands). Typically the calcium

carbonate fraction of sediments ranges from 1 to

20%, and organic matter content is lower than 15%

(Fernández Cirelli & Miretzky, 2004).The morphol-

ogy of Pampean shallow lakes and their occurrence in

nutrient rich, fertile soils determine their eutrophic

state and high biological productivity (Quirós, 1988),

which has probably been aggravated by human

activities (Quirós et al., 2006). Their shallowness

favors the interaction between sediments and the water

column through wind-driven turbulence.

Land use

The introduction of livestock (cattle, sheep, and

horses) in the sixteenth century, followed by the

development of agriculture by the end of the nine-

teenth century, has deeply modified the original

Pampean landscape and caused large losses of grass-

land habitat (Soriano et al., 1992). Recent technolog-

ical developments (i.e., transgenic, glyphosate-

resistant crops, and no tillage practices) have resulted

in the substitution of livestock and cereal production

by oilseeds crops (most notably soy), which further,

and significantly, increased the land area devoted to

agriculture. In addition, drainage modifications,

through channeling and damming (Quirós et al.,

2006) and invasion of the exotic Cyprinus carpio hasT
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probably aggravated the process of cultural eutrophi-

cation. As a result, many lakes have shifted from a

clear-vegetated, and presumably pristine, state to a

turbid state.

Biota

The ichthyofauna of the Pampean region belongs to

the Paranense province, within the Brasilica subregion

(Ringuelet, 1975; López et al., 2001). The Pampean

region is the southernmost distributional limit of the

parano-platense fish assemblage (López & Miquela-

rena, 2005). A total of 47 native species have been

recorded. Cyprinus carpio is the only exotic species,

which is presently widely distributed (Colautti, 1997).

In turbid shallow lakes, fish abundance may be quite

high and dominated by Odontesthes bonariensis,

highly appreciated by sport fishermen and a very

important commercial resource in the past (Baigún &

Delfino, 2002), and Parapimelodus valenciennesi,

whereas in clear lakes the most relevant target species

is Hoplias malabaricus. Austrolebias nonoiuliensis is

the only endemic species of the Pampa region (López

et al., 2002).

The main features of phytoplankton are similar to the

other eutrophic temperate shallow lakes. The phyto-

plankton of turbid shallow lakes is dominated by

Cyanobacteria, Chlorophyceae and Bacillariophyceae.

Some lakes display absolute dominance of cyanobac-

teria, with algal blooms developing during the warm

season (Izaguirre et al., 2014). Other turbid lakes

present relatively long periods of stable phytoplankton

composition (Iachetti & Llames, 2014). In inorganic-

turbid shallow lakes, the dominant algal groups are

usually Bacillariophyceae and Chlorophyceae, with

species well adapted to low light intensities. Clear-

vegetated lakes exhibit lower phytoplankton biomass, a

higher proportion of nanophytoplankton, and a more

balanced representation of algal groups. These lakes

usually show high abundance of small flagellates

(Cryptophyceae, Chrysophyceae) together with Chlo-

rophyceae and small colonial cyanobacteria (Allende

et al., 2009; Izaguirre et al., 2012). The phytoplankton

of lakes heavily covered with floating plants is repre-

sented by species tolerant to low oxygen concentrations

and adapted to very low light conditions (Izaguirre

et al., 2004, 2010; O’Farrell et al., 2007).

The zooplankton is typically dominated by a few

species. Rotifers are the most diverse taxonomic

group. The genera Brachionus (B. caudatus, B.

havanaensis, and B. angularis) and Keratella (K.

tropica) are often dominant (Olivier, 1965; Rennella,

2007; Ardohain, 2008). Copepods are typically repre-

sented by the cyclopoid, Acanthocyclops robustus, and

the calanoid, Notodiaptomus incompositus (Menu

Marque, 2000). Among the most frequent genera of

cladocera are Bosmina, Ceriodaphnia, Daphnia,

Diaphanosoma, Moina, and Chidoridae. Cladocerans

are particularly abundant at places or periods of low

planktivore fish abundance (Sosnovsky et al., 2010;

Diovisalvi et al., 2014), as well as in lakes densely

populated with macrophytes (Ardohain, 2008). Sev-

eral endemic species of Dahpnia and Diaptomids have

been reported (Adamowicz et al., 2004; Perbiche-

Neves et al., 2014).

How do Pampean lakes compare to lakes

worldwide?

We assembled a comprehensive database of 2,727

lakes. Most data corresponds to dataset compiled by

other authors or online databases generated by lake

monitoring agencies or networks (Table 1). Infor-

mation on Pampean lakes was obtained from the

literature and our own unpublished data (generated

within the PAMPA2 network or in previous work).

For the comparative analyses, we made sequential

refinements of the dataset. We began by comparing

Pampean lakes vs. all other world lakes. In a second

step, deep lakes were excluded (i.e., Pampean lakes

vs. all other shallow lakes). Following Abell et al.

(2012), lakes were considered shallow according

their mean depth (Zmean B 3 m) or, when Zmean was

unknown, according to their maximum depth (Zmax -

B 10). Finally, we compared Pampean lakes vs.

shallow lakes occurring within the lower temperate

latitudinal range, defined as 23.6 – 44.5� N/S, for

comparison with Abell et al. (2012). A number

observations corresponding to the oligotrophic end

were excluded (=247 outliers) as the values of either

Chl a or TP were suspected to lay below analytical

detection limits.

The Mann–Whitney test of ranks was used for

univariate comparisons of TP, TN, Chl a, and SD

values. Least squares multiple linear regression was

used to analyze the relationships between (i) Log Chl

a vs. Log TP, (ii) Log Chl a vs. Log TN, and (iii) Log

SD vs. Log Chl a. A categorical variable, Location,
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was set to 1 for Pampean lakes and 0 for all other lakes.

Analysis of variance was used to test for the signif-

icance of the main effects (i.e., TP, TN or Chl a, and

Location) and the interaction term (i.e., TP * Loca-

tion, TN * Location, or Chl a * Location) (Quinn &

Keough, 2002, p. 135).

Fig. 5 Relationship between chlorophyll a (Chl a) vs. total

phosphorus (TP) and total nitrogen (TN), and Secchi disk depth

(SD) vs. Chl a considering all world lakes (a, c, e) or only low

temperate (LT) shallow lakes (b, d, f). Black solid lines in panels

b, d, and f are the upper boundary of Chl a concentration

conditional on TP (Chl amax = 0.87 TP - 0.42) and TN (Chl

amax = 0.046 TN ? 4.14) estimated by Abell et al. (2012) and

the upper boundary of SD transparency conditional on Chl a

(1/SDmax = 0.16 ? 0.01Chl a), estimated by Portielje & Van

der Molen (1999), respectively
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On average, Pampean lakes are more eutrophic than

any other grouping of lakes considered in this study.

They tend to display higher nutrients (TP, TN1) and

Chl a concentrations, and smaller SD. All the previous

parameters were significantly different for Pampean

lakes when compared to the other groups of lakes

(P \ 0.0001). Basic descriptive statistics for TP, TN,

Chl a, and SD are provided in Table 2.

Although chlorophyll and nutrients concentrations

observed in Pampean lakes lay within the range of

values reported for lakes worldwide, they are strongly

biased toward the eutrophic end (i.e., they tend to fill

the upper right side of the scatter plots in Fig. 5a–d).

Multiple regression analysis showed significant dif-

ferences between Pampean lakes and all other lakes

for TP and TN. Pampean lakes differed from the whole

set of shallow lakes in the relationship of Chl a vs. TN,

but not in the relationship of Chl a vs. TP. No

significant differences were observed when comparing

Pampean lakes vs. lower temperate shallow lakes for

both Chl a vs. TN and Chl a vs. TP (Fig. 5a–d and

Table 3). In other words, the chlorophyll yield per unit

of phosphorus of Pampean lakes is significantly lower

than the world lakes average (although the magnitude

of this difference is small), but it is essentially

1 TN concentration in Pampean lakes is higher than for other

grouping of lakes even though it is underestimated in part of our

Pampean lakes dataset, as for a number of lakes only Kjeldahl

estimates were available.

Table 3 Equations for Chl a vs. PT, Chl a vs. NT, and SD vs. Chl a for contrasting all lakes, shallow lakes, and low temperate

shallow lakes take in or not Pampean shallow lakes

Lakes Equations R2 Log X Location

(Pampa vs. others)

Interaction

Chl a vs. TP

Pampean lakes Log Chl a = 0.248 ? 0.617 Log TP 0.55 \0.0001* 0.0236* 0.1155

All non-Pampean lakes Log Chl a = -0.306 ? 0.788 Log TP

Pampean lakes Log Chl a = 0.230 ? 0.623 Log TP 0.49 \0.0001* 0.0818 0.2210

All non-Pampean shallow

lakes

Log Chl a = -0.242 ? 0.772 Log TP

Pampean lakes Log Chl a = 0.230 ? 0.623 Log TP 0.45 \0.0001* 0.1924 0.5526

All non-Pampean low

temperate shallow lakes

Log Chl a = -0.046 ? 0.695 Log TP

Chl a vs. TN

Pampean lakes Log Chl a = -0.382 ? 0.614 Log TN 0.42 \0.0001* 0.0029* 0.1828

All non-Pampean lakes Log Chl a = -1.481 ? 0.848 Log TN

Pampean lakes Log Chl a = -1.392 ? 0.85 Log TN 0.40 \0.0001* 0.0191* 0.2032

All non-Pampean shallow

lakes

Log Chl a = -0.384 ? 0.614 Log TN

Pampean lakes Log Chl a = -1.548 ? 0.93 Log TN 0.46 \0.0001* 0.0549 0.0629

All non-Pampean low

temperate shallow lakes

Log Chl a = -0.381 ? 0.614 Log TN

SD vs. Chl a

Pampean lakes Log SD = 0.670 - 0.540 Log Chl a 0.59 \0.0001* \0.0001* 0.1682

All non-Pampean lakes Log SD = 0.223 - 0.465 Log Chl a

Pampean lakes Log SD = 0.205 - 0.459 Log Chl a 0.45 \0.0001* \0.0001* 0.3109

All non-Pampean shallow

lakes

Log SD = 0.483 - 0.402 Log Chl a

Pampean lakes Log SD = 0.205 - 0.459 Log Chl a 0.50 \0.0001* \0.0001* 0.6316

All non-Pampean low

temperate shallow lakes

Log SD = 0.430 - 0.433 Log Chl a

*Statistically significant differences
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identical to that of other shallow lakes, irrespective of

their geographical location. In contrast, geographic

gradients appear to affect the chlorophyll a yield per

unit of nitrogen, as observed by Abell et al. (2012).

Resource limitation theory states that the yield of

phytoplankton biomass is controlled by the availabil-

ity of the factor most deficient in relation to algal

growth requirements. Here, as well as in most

comparative studies, phytoplankton biomass is

inferred from Chl a concentration. Researchers typi-

cally focus on the mean response of Chl a. However,

as pointed out by Abell et al. (2012), what the law of

limiting factors actually imposes is not a mean

response, but rather a ‘‘factor ceiling’’ to data distri-

butions. It is therefore useful to examine the edge of

the Chl a–PT relationship. Figure 5b shows the upper

boundary of Chl a concentration conditional on TP

concentration estimated by Abell et al. (2012) using

quantile regression (s = 0.95). The 98% out of 94

observations in Pampean lakes are lower than this

conditional maximum. Similarly, the equation for the

upper boundary of Chl a concentration in function of

TN is plotted in Fig. 5d. In this case, the 89% of

Pampean lakes (n = 88) falls below this maximum.

These analyses also confirm that the phosphorus

requirement of phytoplankton in Pampean lakes is

comparable to other shallow lakes. Phosphorus limi-

tation of phytoplankton seems more common in lakes

than nitrogen limitation, but with certain differences in

the latitudinal gradient (Abell et al., 2012).

On the other hand, the relationship between SD

depth and Chl a differed significantly between Pam-

pean lakes and the remaining world lakes. The effect

of Location (Pampean vs. other places) resulted

significant, but there were no significant differences

due to the interaction between Chl a * Location. The

statistical significance of these comparisons remained

qualitatively identical after (i) excluding lakes con-

sidered deep and, subsequently (ii) shallow lakes

located outside the lower temperate latitudinal range

(North and South) (Fig. 5e, f, Table 3). The estimated

upper boundary of SD transparency conditional on

Fig. 6 Scatter plot of SD vs. Chl a for Pampean shallow lakes

and the fitted regression equation, several published regression

estimates for different lakes and ponds are shown for compar-

ison. (open circle) Pampean lakes data, (solid thick line)

Pampean lakes: Log SD = 0.205 – 0.459 Log Chl a, (thick line)

Carlson (1977): Ln SD = 2.04 – 0.68 Ln Chl a, (dotted line)

Mazumder & Havens (1998) for subtropical lakes SH: Log

SD = 0.59 – 0.43 Log Chl a, (dashed line) Mazumder & Havens

(1998) for template North American & European-SH lakes: Log

SD = 0.74 – 0.46 Log Chl a, (dashed-double dot line) Mazum-

der & Havens (1998) for template North American & European-

LH lakes: Log SD = 0.85 – 0.42 Log Chl a, (long-dashed line)

Lambou et al. (1983) for EEUU lakes: Ln SD = 2.51 – 0.86 Ln

Chl a, (dashed-single dot line) Almazan & Boyd (1978) for

aquaculture: Log SD = 9.69 – 0.51 Log Chl a
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Chl a abundance for 231 sites (lakes and ponds) of

Netherlands (Portielje & Van der Molen, 1999) is also

presented in Fig. 5f. The lower SD values of Pampean

shallow lakes are also evident when plotting SD vs.

Chl a observations for Pampean lakes along with

published relationships for other sets of lakes (Fig. 6).

These analyses indicate that, at comparable Chl

a concentrations, Pampean lakes have, on average,

lower SD than the other groupings of lakes considered

here. This result is in agreement with the findings

reported by Quirós et al. (2006) for an unidentified set

of Pampean lakes. The magnitude of this difference is

quite considerable: over a wide range of Chl a con-

centration (1–1,000 lg l-1), SD readings of Pampean

lakes are on average, only 60–50% of the expected

values for other shallow lakes.

Absorbance and scattering due to non-algal com-

ponents contribute reduce the depth of disappearance

of the disk. This is particularly noticeable in two

Pampean lakes: La Limpia and Yalca (Allende et al.,

2009; Pérez et al., 2010). In La Limpia, for example,

light absorption is dominated by unpigmented par-

ticulates and CDOM (Pérez et al., 2013). Under

conditions of light limitation, theoretical (Scheffer,

1998), and experimental (Huisman et al., 2002)

developments predict that an increase in background

turbidity2 should result in a proportional decrease in

algae density. In agreement with such prediction, La

Limpia and Yalca have relatively low Chl a concen-

trations (Allende et al., 2009; Pérez et al., 2013). It

would be tempting to extrapolate these results to the

whole set of Pampean shallow lakes to conclude that

the lower SD values of Pampean are due to higher

background turbidity (i.e., light absorption by all

non-phytoplankton components, sensu Huisman

et al., 2002), as suggested by Quirós et al. (2006).

However, this would also lead to the prediction that

Pampean lakes should have lower Chl a concentra-

tions, on average, than other shallow lakes, while in

practice we have found exactly the opposite result

(Table 2).

The conditional maximum SD (dark gray line in

Fig. 5c) presumably corresponds to plankton

assemblages with low Chl a-specific absorption

and/or scattering coefficients. An increase in the

Chl a-specific light absorption coefficient (e.g.,

smaller package effect) would tend to decrease SD.

In Laguna Chascomús for instance, changes in

package effect account for up to 63% of the

seasonal variation in light absorption coefficients

(Pérez et al., 2011). The plankton size distribution

would also affect SD readings. The effectiveness of

particulates to scatter light per unit of mass is

maximum at particle sizes similar to the light

wavelengths (0.4–0.7 lm) (Kirk, 1983). Therefore,

the pico-plankton fraction (\2 lm) is more effec-

tive at scattering light than the nano- (2–20 lm) or

micro- ([2 lm) plankton fractions. It is suggestive

that the abundance of bacterioplankton in Pampean

lakes is roughly an order of magnitude higher than

in most other aquatic systems (Fermani et al.,

2014). Therefore, smaller SD readings do not

automatically indicate the presence of inorganic

background turbidity, as they may also be indica-

tive of higher chlorophyll a-specific absorption or

scattering coefficients, among other factors.

Summarizing, when confronted against other lakes

worldwide, Pampean shallow lakes limnological

characteristics depart from most of those located in

temperate regions as having higher TP, TN, and Chl

a concentrations and much lower SD transparency,

and therefore they stand as extremes of the trophic-

state continuum. These highly productive environ-

ments support a number of valuable ecosystem

services that are highly appreciated providing recre-

ation opportunities. Sport fisheries is the most relevant

activity collectively mobilizing high economic

resources (Baigún & Delfino, 2003), although they

can strongly fluctuate due to lakes variability related to

climatic events (Colautti et al., 2014).

2 There is some ambiguity in the use of turbidity in the

limnological literature. In water optics studies, the word

‘‘turbidity’’ has been used in general terms to indicate the

extent to which a liquid lacks clarity, i.e., scatters light as

perceived by the human eye (Kirk, 1983). Within this context

‘‘turbidity’’ is commonly measured in nephelometric turbidity

units (NTU), which for moderate to high turbidity waters has,

rather conveniently, the same numerical value than the

scattering coefficient (m-1) (Kirk, 1983). On the other hand,

phytoplankton ecologists sometimes assimilate ‘‘turbidity’’ with

light absorption. For example, Huisman et al. (2002) refer to

light absorption by all non-phytoplankton components as

background turbidity. There is an important distinction between

scattering and absorption. Pure non-phytoplankton scattering

does not decrease the amount of light available to the algae; it

only increases the pathway of photons before they are ultimately

absorbed. In contrasts, absorption by non-phytoplankton com-

ponents effectively reduced the total amount of light available to

algae. Therefore, the context within which the word ‘‘turbidity’’

is used is critical to understand what an author meant to say.
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In de Barrio, R. E., R. O. Etcheverry, M. F. Caballé & E.
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fenómeno ‘‘El Niño – Oscilación del Sur’’ sobre la evap-

otranspiración de la localidad de San Pedro, Buenos Aires,

Argentina, para el periodo 2005–2011. Revista de Cli-

matologia 13: 27–34.

Torremorell, A., 2010. Producción primaria fitoplanctónica en

lagos someros: el papel de la disponibilidad de luz y los

nutrientes. PhD thesis, Universidad Nacional de Comahue,

Bariloche, Argentina: 265 pp.

Tricart, J. L., 1973. Geomorlologı́a de la Pampa Deprimida.

Base para los estudios edalológicos y agronómicos. INTA,
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Pereyra, J. Clatt, D. Pincén & M. F. Ricard, 2011. Eco-

logical and environmental footprint of 50 years of agri-

cultural expansion in Argentina. Global Change Biology

17: 959–973.

Vollenweider, R. A., 1976. Advances in defining critical loading

levels for phosphorus in lake eutrophication. Memorie

dell’Istituto Italiano Di Idrobiologia Dott. Marco De

Marchi Verbania Pallanza 33: 53–83.
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