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Abstract In order to evaluate patterns of phyto-

plankton community structure and primary production

limitation, we analyzed the phytoplankton communi-

ties (chlorophyll a, biovolume, species richness, and

primary production) of a set of 20 shallow lakes

encompassing a wide range of phosphorus and light

levels. The degree of limitation or co-limitation by

phosphorus and/or light was estimated using a com-

bined index. We found a direct relationship between

irradiance in the water column (Imean) and the light

saturation parameter (Ik) and, a negative relationship

between Imean and total phosphorus (TP)

concentration. Lakes at the lowest and highest ends

of TP tended to display the simplest phytoplankton

communities (i.e., only one or two algal classes

accounted for the total phytoplankton biovolume). In

contrast, lakes with intermediate TP exhibited a more

complex phytoplankton composition. Low values of

phytoplankton abundance proxies (chlorophyll a and

biovolume), species richness, and primary production

could be observed at any combination of phosphorus

and light availability. However, the highest values of

the previous variables were observed only when the

relative availability of both resources was similar. The

combined index developed provides a single metric

for describing light versus nutrient limitation. The

importance of its use is that can be applied to the

analysis of clear lakes lacking vegetation and inor-

ganic turbid lakes, besides organic turbid and clear

lakes with vegetation.
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Introduction

The factors controlling phytoplankton primary pro-

duction (PP) have long been studied. Understanding

the factors and mechanisms involved in the PP

limitation has not only great theoretical interest, but

it is also an important issue from an applied perspec-

tive. Most studies have focused on the limitation of

phytoplankton PP by one single resource (Hecky &

Kilham, 1988; Beardall et al., 2001), although it may

be simultaneously limited by more than one resource

(i.e., co-limitation) (Tilman et al., 1982; Harpole et al.,

2011; Yamaguchi et al., 2015). During the last

decades, there has been a sustained interest in

understanding the effect of PP limitation due to the

combined effects of two or more limiting resources,

both on the structure of the phytoplankton assem-

blages (Flynn, 2001; Brauer et al., 2012) and on

overall lake functioning (Sterner et al., 1997; Dickman

et al., 2006).

The evidence supporting the notion that phyto-

plankton biomass and production are directly related

to nutrient load is overwhelming; however, there is

also a great deal of variability resulting from the

deviations from the predictions based on nutrient

inputs (Phlips et al., 2000; Mao et al., 2008; Squires

et al., 2009). Thus, nutrient inputs often, but not

always, lead to increases in phytoplankton biomass.

This apparent deficit in primary production may result

from light limitation for algal growth. Therefore, in

addition to quantifying the availability of nutrients, it

is important to take into account the physical envi-

ronment, particularly the underwater light climate and

the factors controlling light availability (Bastidas

Navarro et al., 2009; Bastidas Navarro & Modenutti,

2012; Gerea et al., 2016). As solar radiation is the

source of energy for photosynthesis in phytoplankton,

light availability can be a limiting resource to phyto-

plankton growth (Falkowski & Raven, 2007; Kirk,

2011). In many aquatic ecosystems with high trans-

parency, the phytoplankton structure, standing crop,

and dynamics are strongly correlated with the nutrient

supply (Dı́az et al., 1998; Queimaliños et al., 1998;

Dzialowski et al., 2005; Abell et al., 2010; Bergström,

2010). In contrast, in turbid systems, light availability

can be a major limiting factor for primary production

(Irigoien & Castel, 1997; Schallenberg & Burns, 2004;

Henry et al., 2006; Allende et al., 2009; Llames et al.,

2009; Torremorell et al., 2009).

In shallow lakes, the dominance of primary

producers varies according to the prevailing limiting

factor for phytoplankton primary production; nutrient

limitation typically results in the dominance of aquatic

macrophytes over phytoplankton, while increasing

nutrient loads tend to favor phytoplankton, which in

turn may outcompete macrophytes through increased

water turbidity (Scheffer, 1998; Scheffer & van Nes,

2007; Genkai-Kato et al., 2012). Thus, as long as light

availability is controlled by phytoplankton self-shad-

ing, nutrient levels may serve as a convenient

descriptive metric for shallow lakes. However, if light

availability becomes decoupled from phytoplankton

self-shading, independent proxies for nutrient and

light limitation are needed (Knowlton & Jones, 2000).

In order to evaluate a pattern related to the

limitation of the phytoplankton community, we

selected 20 shallow lakes within the Patagonia and

Pampa regions of Argentina, encompassing a wide

range of phosphorus and light levels. We expect that

phytoplankton biomass proxies (chlorophyll a and

biovolume), community descriptors (species rich-

ness), and primary production (PP) will reach maxi-

mum values in lakes that are not extremely limited by

either phosphorus or light, i.e., within a range of

conditions that would favor co-limitation by phos-

phorus and light. This prediction is based on the theory

of synergistic interactions of limiting resources (Elser

et al., 2007).

Materials and methods

Twenty shallow lakes were sampled during 2005 and

2006. Each shallow lake was visited once or up to

three times, totaling 32 occasions. This set of 20

shallow lakes was selected so that they encompassed a

wide gradient of optical and nutrient conditions.

Abbreviations, sampling dates, geographic locations,

and main morphometric features of the lakes are

shown in Table 1.

Vertical profiles of downward irradiance

(350–750 nm) were obtained with a spectroradiometer

(USB2000, Ocean Optics, Dunedin, FL, U.S.A.)
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Table 1 List of the studied shallow lakes, with their abbreviation, sampling dates, geographic location, and main morphometric

features

Lake Date Geographic location Zmax (m) Area (Ha) Elevation (m)

Burro

BU 2005/11/14 35�420S; 57�550W 2.2 1,020 6

Chascomús

CH 1

CH 2

CH 3

2005/11/15

2006/06/07

2006/09/05

35�360S; 58�020W 1.9 3,010 7

Escondido

ESC 2006/02/21 41�020S; 71�330W 8.0 10 770

Ezquerra

EZQ 2006/02/21 41�030S; 71�300W 3.5 10 765

Fantasma

FAN 2005/11/21 41�050S; 71�270W 0.5 1 780

Juncos

JUN 2005/11/23 41�040S; 71�030W 1.5 7 907

Juventus

JUV 2006/02/24 41�210S; 71�310W 11.0 4 1,010

Kakel Huincul

KH1

KH2

2005/11/09

2006/09/06

36�480S; 57�470W 1.5 2,000 8

Lacombe

LC1

LC2

2005/11/11

2006/09/07

35�490S; 57�490W 1.5 130 9

Limpia

LI 1

LI 2

LI 3

2005/11/16

2006/06/07

2006/09/06

35�370S; 57�480W 1.9 560 8

Ñireco

NIRE 1

NIRE 2

2005/11/22

2006/02/24

41�110S; 71�190W 1.0 1 9 10-2 906

Ñirihuau

NIRI 2005/11/22 41�050S; 71�110W 1.0 1 9 10-2 830

Patos

PAT 2006/02/21 41�150S; 71�170W 0.7 1 1,461

Salada

SA 2005/11/14 35�470S; 57�520W 2.0 450 8

San Jorge

SJ 1

SJ 2

SJ 3

2005/11/10

2006/06/07

2006/09/05

35�400S; 57�470W 1.7 300 7

Trébol

TRE 2006/02/21 41�030S; 71�300W 12.0 30 787

Triunfo
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attached to a fiber optic probe. For highly turbid lakes,

irradiance profiles were performed at noon inside a

black container (50 9 50 9 40 cm) filled with freshly

collected lake water. This procedure was adopted to

increase the accuracy of the measurements by elim-

inating the noise due to wave action observed in situ

profiles. Light extinctions observed within a few

centimeters of the surface and the waves do not allow

to make these measurements every one to two

centimeters. In clearer shallow lakes, the light profiles

were measured in situ. Diffuse vertical attenuation

coefficients for PAR, (KdPAR) were calculated by

regressing log-transformed irradiance measurements

against depth.

Total phosphorus (TP) and total dissolved phos-

phorus (TDP) concentrations were measured in water

samples collected at a point close to the surface

(20–30 cm) in the central area of each shallow lake

with a van Dorn bottle (10 l). The water samples were

placed in polypropylene bottles and transported insu-

lated and in darkness. Once in the laboratory, whole

water samples were digested to determine TP by the

molybdate-ascorbic method (APHA, 2005). For esti-

mating TDP, the water was filtered through glass-fiber

filters (Whatman GF/F, Whatman International Ltd.,

Maidstone, England) and determined by the molyb-

date-ascorbic method(APHA, 2005). Total alkalinity

was determined by titration with 0.1 N H2SO4 and F2

of Gran’s method (Gran, 1952). Dissolved inorganic

carbon (DIC) was calculated following Rebsdorf

(Rebsdorf, 1972).

Phytoplankton samples were collected directly in

PVC bottles and fixed with acidified Lugol’s iodine

solution (1% final concentration). Additional samples

for qualitative analyses were collected using a 15 lm

pore plankton net and fixed with 4% formaldehyde.

Phytoplankton counting was carried out following the

Utermöhl technique (Utermöhl, 1958) at 4009 and the

counting error was estimated according to Venrick

(1978). The Shannon diversity index was calculated

after Begon et al. (1987). The biovolume of each

species was calculated according to the algal shape

and the mean algal dimensions using the appropriate

geometric formulae (Hillebrand et al., 1999; Sun &

Liu, 2003). Phytoplankton composition was also

analyzed in the context of the functional classification

proposed by Reynolds et al. (2002) as updated by

Padisák et al. (2009) and Kruk et al. (2010).

The chlorophyll a (Chl a) concentration was

estimated from water samples (110–250 ml), filtered

onto glass-fiber filters, following the acetone extrac-

tion method (Marker et al., 1980). The inorganic

carbon fixation was obtained using the 14C technique

(Steeman-Nielsen, 1952). Lake water samples were

collected in PVC bottles and transported to the

laboratory. Lake water aliquots were placed in 16

quartz tubes (45 ml) and each tube was inoculated

with 1 lCi-labeled sodium bicarbonate. Incubations

were performed inside a water bath during 3 h around

noon. The quartz tubes were kept horizontally right

under the water surface. In all cases, the incubation

bath was filled with highly transparent tap water

(optically similar to distilled water). The water

temperature was adjusted during incubations so that

it was the same as that measured in lakes. For each

incubation series, eight different light intensities

(transmittance ranging from 100 to \2%) were set

up by covering the tubes with different layers of

Table 1 continued

Lake Date Geographic location Zmax (m) Area (Ha) Elevation (m)

TR1

TR2

TR3

TR4

2005/11/10

2006/06/08

2006/07/13

2006/09/06

35�510S; 57�520W 1.2 150 9

Verde

VER 2006/02/20 41�150S; 71�170W 6.0 0.23 1,545

Vitel

VI 2005/11/08 35�320S; 58�070W 1.6 1,460 8

Yalka

YA 2005/11/10 35�350S; 57�540W 1.4 1,060 11

Hydrobiologia

123

Author's personal copy



neutral density filters. In addition, one tube was

wrapped in aluminum foil and served as a dark control.

All treatments were run with two replicates. At the end

of the incubation, each replicate was filtered through

Whatman GF/F filters. The filters obtained were

subsequently placed in 4 ml scintillation vials in an

HCl-saturated atmosphere and allowed to dry over-

night. The activity was measured in a scintillation

counter (Beckman LS 5000TD, Fullerton, CA,

U.S.A.) after adding 2.5 ml of OptiPhase ‘HiSafe’3

scintillation solution (Holm-Hansen & Helbling,

1995). The photosynthetic parameters for the PAR

treatment were estimated from P versus I curves by

fitting an exponential model (Platt et al., 1980):

P ¼ Ps � ð1�eð�a � I=PsÞÞ � eð�b � I=PsÞ;

where P is the photosynthetic rate at a given irradiance

(I); Ps is the maximum light-saturated photosynthetic

rate; a is the photosynthesis light efficiency at sub-

saturating irradiances; b is the negative slope of the

curve at high PAR irradiance (i.e., photoinhibition).

During phytoplankton PP determinations, PAR

irradiance was measured with a GUV 511 radiometer

(Biospherical Instruments, Inc., San Diego, CA,

U.S.A.) located in San Carlos de Bariloche (41�09’S;

71�180W) and with a portable radiometer ELDONET

(Real Time Computers, Inc., Erlangen, Germany) in

Chascomús city (35�370S; 57�590W). This information

was used to derive the curves P versus I. The daily

integrated phytoplankton PP was estimated using the

exponential model. For comparative purposes, we

used the mean irradiance measured on 2006/02/21.

Mean irradiance was calculated after Ferrero et al.

(2006):

Imean ¼ Io � 1 � eð�Kd�ZÞ
� �

=Kd � Z;

where Io is the superficial daily mean irradiance; Kd is

the vertical attenuation coefficients; Z is the lake

depth.

In order to assess the degree of phytoplankton

limitation by nutrients and light, we used the modeling

approach originally developed for estuaries by Cloern

(1999). Cloern’s model of phytoplankton growth

(Cloern et al., 1995) incorporates the rate of carbon

assimilation (as a function of photosynthetic effi-

ciency and light availability) and the ratio Chl:C (as a

function of temperature, photoadaptation, and nutrient

availability). As nitrogen (N) is typically the most

common limiting nutrient in estuaries whereas shal-

low lakes are more often limited by phosphorus (P),

we modified the parameters of the model accordingly

Hecky & Kilham (1988). The model uses the follow-

ing inputs for each lake: PP, lake depth, PAR

extinction coefficient (Kd), temperature, and TDP.

The nutrient resource (P0) is defined as the quotient of

TDP divided by the half-saturation constant for TDP-

uptake (Kp), i.e., P0 = TDP/Kp. The constant Kp was

calculated as the average of the Kp values reported for

several freshwater phytoplankton species (Smith &

Kalff, 1982). The light resource (I0) is estimated as the

daily mean irradiance (Imean) divided by the light half-

saturation constant, i.e., the daily irradiance at which

growth rate is half the maximum (I0 = Imean/Ki). The

constant Ki was calculated for each lake from the

curves P versus I. Cloern and co-workers (Cloern,

1999; Cloern et al., 1995) took a step further by

developing an index (R) that combines the estimates of

nutrient (P0) and light (I0) availability into a single

measure of nutrient and light limitation. R is a measure

of the phytoplankton sensitivity to light and nutrient

variability, R values greater than 10 correspond to

phytoplankton assemblages severely limited by light,

while values lower than 0.1 indicate severe nutrient

limitation. R values close to 1 are indicative of co-

limitation by both nutrient and light, and as rule of

thumb, values between 0.1 and 10 indicate potential

co-limitation. For more details of the calculations, see

Supplementary Information.

A canonical correspondence analysis (CCA) was

performed based on the abundance of phytoplankton

species and environmental factors. CCA was selected

by performing previously detrended correspondence

analysis (DCA), which indicated the unimodal distri-

bution of the biological data. The significance of the

axes was tested by Monte Carlo permutation test, and

the significance of the environmental variables was

analyzed by forward selection. The analysis was

performed with the program CANOCO (terBraak &

Šmilauer, 2002).

Results

As a first step, we ordered lake samples by increasing

total phosphorus concentration. TP ranged widely

from 4.7 to 915.2 lg l-1 (Fig. 1A), while mean

irradiance in the water column ranged from 1.5 to
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79.4 W m-2 (Fig. 1B). These two resources show an

inverse relationship (R2 = 0.55, P\ 0.0001) when

both variables are log-transformed, but departures

from this trend are evident when comparing Fig. 1A ,

B. In relation to biological parameters, the Shannon

Diversity Index did not show a pattern along the TP

gradient; however, lakes at the lowest and highest ends

of TP displayed the simplest composition, with only

one or two algal classes accounting for the total

phytoplankton biovolume. In shallow lakes with low

TP t, the Bacillariophyceae and Dinophyceae con-

tributed mostly to the total biovolume, and in shallow

lakes with a high TP the chlorophyceae contributed

most to the total biovolume. In contrast, lake samples

at intermediate TP displayed a more complex phyto-

plankton structure (Fig. 1).

The dominant phytoplankton functional groups

differed among the studied lakes. According to the

classification proposed by Kruk et al. (2010), our

results showed that some of the lakes with lower light

availability were mainly dominated by groups IV, and

VII. Group IV includes organisms of medium size

lacking specialized traits, mainly represented in the

studied lakes by several species of Chlorococcales and

desmids (particularly Closterium aciculare T. West

very abundant in LI). Group VII is conformed by large

mucilaginous colonial species, including both Chloro-

coccales and Chroococcales. Likewise, the turbid

shallow lake SJ was almost exclusively represented by

group III (large filaments with aerotopes), due to the

absolute dominance of the cyanobacteria Raphidiopsis

mediterranea Skuja. At the opposite extreme, some of

the lakes with low nutrient availability exhibited a

higher prevalence of group II, which includes small

flagellated organisms with siliceous exoskeletal struc-

tures. This group was represented by several species of

Chrysophyceae and Haptophyceae (e.g., Dinobryon

spp., Ochromonas sp., Chrysochromulina parva

Lackey). Group II was also important in terms of

abundance in the lakes PAT and VER, but in terms of

biovolume, the phytoplankton of these water bodies

was better represented by group VII, which includes

non-flagellated organisms with siliceous exoskeletons

(basically diatoms). Lake NIRE showed a co-domi-

nance of this group (with relatively high abundance of

Aulacoseira granulata var. granulata (Ehrenberg)

Simonsen and Synedra acus Kützing) and the domi-

nance in biovolume of group IV (Dictyosphaerium

pulchellum H.C.Wood). In lake EZQ, the group V

(unicellular flagellates of medium to large size) had

the highest contribution to the algal biovolume, being

represented by the species Ceratium hirundinella

Schrank and Gymnodinium paradoxum Schilling,

whereas group II was co-dominant. The functional

classification proposed by Reynolds et al. (2002) and

updated by Padisák et al. (2009), also reflected the

differences among the lakes in the gradient of light and

nutrients. Following this classification, most of the

lakes more severely light-limited share some func-

tional groups. The dominant groups were as follows:

K, a codon that includes small-celled colonial, non-

gasvacuolated Cyanobacteria, (represented in the

studied lakes by several species of the genera

Aphanocapsa, Coelosphaerium, and Cyanodictium);

Sn (absolutely dominant in lake SJ), an association

constituted by Cyanobacteria typical of mixed layers

of light deficient environments, represented in lake SJ

by R. mediterranea; F, codon frequent in meso-

eutrophic lakes with high turbidity that includes

colonial chlorophytes; P, an association comprising

many diatoms and some desmids, frequently found in

continuous or semi-continuous mixed eutrophic lakes,

with a high contribution to the biovolume in Lakes LI

and KH due to the abundance of A. granulata and C.

aciculare. In addition, some of the relatively clearer

enriched lakes showed a high contribution of associ-

ations X2 (mainly composed by the nanoflagellates

Plagioselmis spp. and Chlamydomonas spp.), and Y

(Cryptomonas spp.). In KH, the functional group Lm

was also very important in terms of biovolume, and

was represented by small colonies of Microcystis spp.

On the other hand, most of the nutrient-limited lakes

showed a marked dominance of the codon X3, typical

in shallow oligotrophic environments, and was repre-

sented by nanoflagellated algae of the groups Chrys-

ophyceae and Haptophyceae. Some of these lakes also

had a relatively high contribution of group X2, more

typical in meso-eutrophic lakes, and best represented

by Plagioselmis nanoplanctica (Skuja) Novarina. In

some lakes, other functional groups also contributed to

the total algal biovolume. In particular, Lake VER was

characterized by the dominance of the association C,

frequent in mixed eutrophic small and medium-sized

lakes, and includes species sensitive to the onset of

stratification (e.g., Asterionella formosa Hassall). In

Lake NIRE, the codon F was dominant in terms of

biovolume due to the high abundance ofD. pulchellum

H.C.Wood. Finally, the codon MP including littoral
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diatoms drifted to the plankton (e.g., Fragilaria

construens (Ehrenberg) Grunow and Fragilaria spp.)

dominated in Lake PAT.

The ordination obtained of the CCA based on the

abundance of phytoplankton species and environmen-

tal factors reflects the differences among the lakes in

relation to light and P; lakes with higher Imean values

placed towards the right part of the figure, whereas

lakes with higher concentrations of TP falling towards

the left side (Fig. 2). The Monte Carlo test confirmed

that the environmental variables were significantly

correlated with the first axis (P = 0.004), and the test

of all axes was also significant (P = 0.006). The first

two axes accounted for 75.1% of the variance (axis 1

44.7%; axis 2 30.4%). The forward selection proce-

dure identified the following variables with significant

contribution and low inflation factors: Imean, Chl a and

TP. The first axis was inversely correlated with Imean

(intra-set correlation coefficients: -0.81, -0.61, and

0.84, respectively), whereas the second axis was

positively correlated with TP (intra-set correlation

coefficient: 0.44).

The photosynthetic parameters (Ps and a), PP,

temperature, Imean, and Ki of each shallow lake were

used to calculate nutrient (P’) and light availability

(I’), and the combined index of nutrient versus Light

limitation (R) (Table 2). None of the studied lakes was

simultaneously rich in both resources. Low values of

phytoplankton biomass proxies (Chl a, biovolume),

community descriptors (species richness), and PP

could be observed at any combination of P and light

availability. The highest values of the previous

variables were observed only when the relative

availability of both resources was comparable. In

contrast, only low values could be observed in lakes

where the availability of either P or light was

disproportionally high compared to the availability

of the other resource (Fig. 3). Essentially, similar

results were obtained when using the index R, which

combines the light and nutrient availability measure-

ments in a single metric of P and light limitation (low

values of R indicate nutrient limitation; high values,

light limitation; and intermediate values are indicative

of co-limitation by P and light). Low values of Chl a,

biovolume, species richness, and primary production

were measured all along the whole range of R, but the

highest values were found within a narrow range of

R (0.1[R[ 10) (Fig. 4). It is worth mentioning that

the absolute values of R are only indicative, as they are

heavily dependent on the choice of the model’s

parameters (see the discussion section). Within this

set of lakes (i.e., 0.1\R\ 10), the highest values of

biovolume, Chl a, species richness and PP were

observed in turbid organic lakes (Lakes CH, SA, SJ,

and LC).

Primary production varied widely within the set of

study lakes, from very low (NIRE: 0.03 gC m-2

day-1) to extremely high as in the most productive

lakes (i.e., CH: 18.4 gC m-2 day-1). The photosyn-

thetic parameters, Ps and alpha, derived from the

Fig. 2 CCA biplot of

phytoplankton and

environmental factors
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P versus I curves were significantly correlated

(r = 0.78). In relation to the phytoplankton composi-

tion and the availability of light and phosphorus, we

did not find correlation between the different phyto-

plankton classes and the diversity index with respect to

R, I0, and P0 (Supplementary Table). A significant

relationship was also observed between Imean (mean

irradiance in the water column) and the light saturation

parameter (Ik) (R2 = 0.80, P\ 0.0001, Fig. 5), indi-

cating that photosynthesis in the shallow lakes with

greater availability of light in water saturates at higher

irradiance. A significant negative relationship was

Table 2 Parameters used to calculate the R index

Lake Ps (mgC mgChl a
-1 h-1)

a (mgC m2 mgChl a-1

h-1 W-1)

PP (gC m-2

day-1)

Chl a (lg

l-1)

TDP (lg

l-1)

T (�C) Imean (W

m-2)

Ki (W

m-2)

BU 4.02 0.17 1.98 63.20 46.81 22.0 3.73 16.12

CH 1 13.84 0.52 11.50 244.83 160.24 21.5 2.05 18.30

CH 2 6.92 0.30 13.45 290.78 137.60 11.0 3.61 15.78

CH 3 11.42 0.61 18.40 323.65 57.50 9.0 2.17 12.94

ESC 3.24 0.64 0.69 1.29 6.80 20.5 10.09 3.49

EZQ 5.35 0.38 1.62 4.77 19.00 21.2 20.00 9.87

FAN 2.18 0.17 1.08 12.43 51.60 15.0 22.43 8.80

JUN 0.76 0.13 0.55 25.18 520.40 10.8 9.55 4.13

JUV 5.19 0.59 2.40 2.44 9.90 18.6 11.12 6.10

KH1 0.64 0.04 0.62 38.07 22.13 20.0 21.32 12.01

KH2 23.22 1.76 0.56 0.84 36.10 9.8 20.42 9.12

LC1 3.06 0.29 14.16 235.10 126.88 20.5 8.22 7.15

LC2 4.72 0.30 2.18 42.98 72.20 10.0 5.62 11.02

LI 1 6.75 0.20 1.95 131.50 646.66 23.0 1.62 22.71

LI 2 3.17 0.14 0.41 25.28 546.60 14.0 2.72 15.82

LI 3 4.68 0.13 0.63 58.16 688.70 8.0 1.87 24.74

NIRE

1

2.30 0.92 0.05 0.93 50.30 7.7 79.42 1.73

NIRE

2

2.69 0.60 0.03 0.47 4.70 21.0 75.41 3.09

NIRI 10.42 1.32 0.27 1.10 14.00 13.1 43.52 5.48

PAT 6.17 0.14 0.24 1.97 9.30 17.5 77.98 30.10

SA 3.80 0.16 5.09 64.45 62.16 21.0 13.91 17.00

SJ 1 8.64 0.56 13.48 173.20 99.00 18.0 3.90 10.76

SJ 2 1.34 0.07 4.98 347.67 74.20 14.0 5.82 13.31

SJ 3 2.68 0.10 5.69 359.05 118.20 8.0 4.03 17.84

TRE 7.93 0.84 3.48 1.41 9.00 22.7 18.92 6.58

TR1 1.42 0.04 0.30 16.20 157.00 20.0 19.73 22.35

TR2 2.20 0.77 0.69 10.95 62.20 18.0 13.74 1.97

TR3 4.84 0.56 0.21 1.90 126.00 11.5 13.74 5.94

TR4 16.98 1.07 0.50 2.53 194.30 10.0 8.24 11.04

VER 4.28 0.37 1.00 4.38 9.90 21.8 5.33 8.00

VI 5.19 0.08 1.08 228.87 80.18 22.5 1.51 43.87

YA 5.75 0.22 1.11 88.50 126.00 18.0 1.73 17.78

Ps maximum light-saturated photosynthetic rate, a photosynthesis light efficiency at sub-saturating irradiances, PP primary

production, Chl a chlorophyll a concentration, TDP total dissolved phosphorus concentration, T temperature, Imean mean irradiance,

Ki light half-saturation constant
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observed between the Imean and total phosphorus

(R2 = 0.55, P\ 0.0001; Fig. 6). That is, the euphotic

zone is lower in shallow lakes with higher

P concentration.

Discussion

The wide range of nutrient and light conditions

spanning in the studied lakes translated into very

different scenarios for phytoplankton PP, from severe

P limitation to strong light limitation. Thus, taken as a

whole, the studied lakes encompass a great deal of the

diversity of environmental conditions experienced by

phytoplankton assemblages in temperate shallow

lakes.

Regarding the phytoplankton structure, shallow

lakes at either extreme (strongly limited by light or P)

tended to exhibit phytoplankton communities domi-

nated by one or two classes, while less severely limited

environments displayed more varied communities

(i.e., more equitative at the class level). On the other

hand, the phytoplankton functional approach has

demonstrated to be an adequate tool to analyze the

differences among lakes across this gradient of light

and nutrients. Both functional classifications applied

allowed discriminating lakes with severe light limita-

tion from more transparent but nutrient-limited lakes.

The functional groups approach stems from the

phytosociological scheme of phytoplankton associa-

tions, coined many years ago (e.g., Margalef, 1978;

Reynolds, 1984) to describe groups of species sharing

certain common ecological attributes. The concept

was refined and expanded, leading to different func-

tional classifications (e.g., Reynolds et al., 2002;

Salmaso & Padisák, 2007; Kruk et al., 2010).

Although both functional approaches used in this

study showed clear differences in composition among

lakes, the Reynolds’s classification (Reynolds et al.,

2002) seems to be more sensitive to detect some

particular groups present in lakes. For example, groups

Y and X2 present in the vegetated shallow lakes from

the Pampa plain that includes some species capable of

mixotrophic nutrition (e.g., Cryptomonas spp. and

Plagioselmis spp.). Nevertheless, in general terms, the

morpho-functional approach tends to simplify the

taxonomical approach and has been useful in regional

characterizations of lakes, having potential utility in
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environmental biomonitoring (e.g., Tolotti et al.,

2005; Izaguirre et al., 2012; Naselli-Flores & Barone,

2012). Differences in phytoplankton composition

among the lakes were also evidenced from the results

of the multivariate analysis CCA. Light conditions in

the lakes and TP were the most important parameters

explaining the variance in the abundance of the

phytoplankton species.

There was a direct relationship between the photo-

synthetic parameters, which agrees well with the

expectations based on previous studies (Côté & Platt,

1983; Behrenfeld et al., 2004). In addition, the

significant direct relationship found between Imean

and Ik, suggested that phytoplankton acclimated to

high light intensities displays the highest light satura-

tion coefficient. Therefore, Ik could be taken as a fair
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proxy of light acclimation, as also suggested by

Sakshaug et al., 1997).

When plotted in the nutrient (P0) versus light (I0)
availability diagram proposed by Cloern (1999), the

distribution of lakes showed that (i) no single lake

presented high availability of P and light simultane-

ously; (ii) only one lake, NIRE (sampled on two

occasions) had extremely high I0 values; (iii) a few

‘‘inorganic turbid’’ lakes, such as JUN and LI (sam-

pled on three occasions) had extremely high P0 values;

and finally, (iv) most lakes displayed lower values of

both I0 and P0. This intermediate subset of lakes

belongs to the universe of shallow lakes for which the

shallow lakes theory was formulated (Kosten et al.,

2012).

Following Cloern (1999), we computed the R-value

for each lake. By combining measures of light (I0) and

nutrient (P0) availability, R provides a single metrics

for describing light versus nutrient limitation. Esti-

mating I0 and P0 requires the estimation of the half-

saturation constant of phytoplankton PP for light (Ki)

and phosphorus (Kp), respectively. Here, we measured

Ki from the individual P versus I response curve

developed for each lake and sampling date. In contrast,

the Kp values could not be measured for natural

phytoplankton assemblages, and was therefore esti-

mated using published values developed for algal

cultures. The range of published Kp values is relatively

narrow; nevertheless, it is wide enough to substantially

affect the absolute value of R. Cloern (1999) con-

cluded that R\ 0.1 corresponds to nutrient limitation,

0.1\R\ 10 to co-limitation by nutrient and light,

and R[ 10 to light limitation. For convenience, we set

Kp = 1.5 lM (Smith & Kalff, 1982) because doing so

resulted in R values similar to those reported by Cloern

and co-workers for estuaries. In the following discus-

sion, R\ 0.1 are referred to as low R values,

0.1\R\ 10 as intermediated R values, and R[ 10

as high R values, as a way to remind the reader (and

ourselves) our uncertainty on the absolute value of R.

With the previous caveats in mind, all shallow lakes

with low R (R\ 0.1, Kp = 1.5 lM) were clear-

vegetated. Intermediate values of R (0.1\R\ 10,

Kp = 1.5 lM) corresponded to an assortment of lakes

ranging from clear-vegetated to phytoplankton-turbid

shallow lakes. Thus, this intermediate range of R ap-

pears to be the domain of P and light conditions in

which lakes can adopt different stable states (clear-

vegetated or phytoplankton-turbid). This range of

R also included the highest variability of phytoplank-

ton community descriptors such as Chl a, biovolume,

species richness, and PP. Low values of these

descriptors were recorded regardless of the lake

position within the R gradient, but high values were

only observed at intermediate values of R. High values

of R were measured exclusively in phytoplankton-

turbid shallow lakes. However, the opposite does not

necessary apply, i.e., not all phytoplankton-turbid

shallow lakes displayed high values of all community

descriptors. Moreover, some phytoplankton-turbid

shallow lakes displayed high values of certain descrip-

tors and low values of others. For example, lake SJ

presented an algal bloom of R. mediterranea, which

resulted in high Chl a, biovolume, and production, but

low species richness. In high values of R, phytoplank-

ton community descriptors were low as a consequence

of the low Imean caused by inorganic turbidity.

Considering the math involved in the calculation

of R, it is not surprising that phytoplankton-turbid

lakes are associated with intermediate R values

(0.1\R\ 10, given our choice of Kp = 1.5 lM).

In these groups of lakes, phytoplankton growth is

supposed to be limited by algae self-shading which

implies low light availability (I0). On the other hand,

most P is in the form of organic particulates (Lago-

marsino et al., 2011), since high pH and high Ca

concentrations in Pampean lakes favor the co-precip-

itation of dissolved P as apatite (Quirós et al., 2006).

As a result, the availability of P, measured as P0 is also

low, which translates into intermediate values of R. Ac-

cording to Cloern (1999), those environments character-

ized by intermediate values of R (0.1\R\10) may be

co-limited by nutrients and light. In our opinion,

however, phytoplankton-turbid lakes are mostly (if not

exclusively) limited by light, because the large amounts

of P stored in the sediments could be mobilized to the

water column if the phosphorus demand by phytoplank-

ton increases (i.e., we suspect that P0 actually underes-

timates the availability of P in phytoplankton-turbid

lakes).

It is also not surprising that some clear-vegetated

lakes also occur within the intermediate range of

R (0.1\R\ 10), given that a substantial amount of

light is attenuated by colored organic matter, resulting

in low values of I0. Most likely all these lakes may be

actually co-limited by P and light. In fact, preliminary

experiments performed with phytoplankton from

clear-vegetated lakes (Lagomarsino, pers. com.) failed
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to stimulate phytoplankton growth by enrichment with

P and/or light. It could be due to the limitation of

phytoplankton PP by some other nutrient (e.g., nitro-

gen) in some clear-vegetated lakes (Sánchez et al.,

2013), resulting in intermediate R values, that may be

misleadingly interpreted as co-limitation by P and

light.

From the above discussion, it appears that an

intermediate range of R values is the natural domain

within which different stable states are possible. On

one hand, it is interesting to note that the coexistence

of alternative states may be restricted to a narrow (two

orders of magnitude) range of R values. The other side

of the coin is that within this narrow range of R values,

the actual value of R provides no clues for predicting

the actual state of a lake.

In this study, inorganic turbid shallow lakes

presented very high R values. This is reasonable

because (i) inorganic turbidity results in very low I0

and, (ii) fine grain particles have great affinity for

P (Havens et al., 2007). However, in contrast to some

turbid lakes a substantial proportion of P is present in

the dissolved form, resulting in high P0. This group of

lakes resembles the tidally energetic estuaries studied

by Cloern and co-workers, but the available data are

still insufficient to warrant a generalization.

To the best of our knowledge, this is the first study

that attempted to use Cloern’s model in freshwater

shallow lakes, and although we attempted to cover a

wide range of nutrient and light condition, the

available data are still insufficient to generalize

conclusions. Our exercise, however, revealed some

potentialities and also some shortcomings. On the

faulty side, we must emphasize that the absolute

values of R are dependent on the choice of two

important parameters, namely Ki and Kp. As men-

tioned before, Ki may be measured for each sample,

while Kp was arbitrarily estimated here from biblio-

graphic data. For the reasons discussed above, we set

Kp = 1.5 lM. This figure is well within the range of

values reported in the literature, but it is important to

keep in mind that relatively small changes in this

parameter can substantially affect the absolute value

of R (Fig. 4). Therefore, our advice is to consider R as

a relative metric, or better yet, to plot the data on the

I0–P0 plane, rather than combining these two metrics

into a single index. In addition, the inferences on

potential co-limitation by phosphorus and light must

be carefully evaluated along with the potential

limitation by some other resource (e.g., N), as

discussed above.

Overall, our approach permitted the analysis of a

wide set of lakes within a single conceptual frame-

work. More specifically, the model allowed the

treatment of clear lakes lacking vegetation and

inorganic turbid lakes. Our study includes only one

clear lake without vegetation, but this type of lakes is

common in polar and alpine regions (Vincent &

Laybourn-Parry, 2008). In principle, we see no reason

for not including these lakes into a more general

shallow lakes theory: increasing nutrient from extre-

mely low levels would shift the dominance of primary

producers from benthic algae to submersed macro-

phytes to phytoplankton or, it may be abbreviated

from benthic algae to phytoplankton(as it is often the

case in polar regions). The case of inorganic turbid

lakes differs in that light limitation does not arise from

increases in nutrient levels. In such cases, where light

availability does not correlate with nutrient levels, the

use of two independent axes appears as unavoidable.
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Gerea, M., G. Pérez, F. Unrein, C. Soto Cárdenas, D. Morris &

C. Queimaliños, 2016. CDOM and theunderwater light

climate in two shallow North Patagonian lakes: evaluating

the effects on nano and microphytoplankton community

structure. Aquatic Sciences. doi:10.1007/s00027-016-

0493-0.

Gran, G., 1952. Determination of the equivalence point in

potentiometric titrations. Analyst 77(920): 661–671.

Harpole, W. S., J. T. Ngai, E. E. Cleland, E. W. Seabloom, E.

T. Borer, M. E. S. Bracken, J. J. Elser, D. S. Gruner, H.

Hillebrand, J. B. Shurin & J. E. Smith, 2011. Nutrient co-

limitation of primary producer communities. Ecology

Letters 14(9): 852–862.

Havens, K. E., K.-R. Jin, N. Iricanin & R. T. James, 2007.

Phosphorus dynamics at multiple time scales in the pelagic

zone of a large shallow lake in Florida, USA. Hydrobi-

ologia 581: 25–42.

Hecky, R. E. & P. Kilham, 1988. Nutrient limitation of phyto-

plankton in freshwater and marine environments: a review

of recent evidence on the effects of enrichment. Limnology

& Oceanography 33: 796–822.

Henry, R., M. G. Nogueira, M. L. M. Pompeo & V. Moschini-

Carlos, 2006. Annual and short-term variability in primary

productivity by phytoplankton and correlated abiotic fac-

tors in the Jurumirim Reservoir (São Paulo, Brazil).

Brazilian Journal of Biology 66(1B): 239–261.

Hillebrand, H., C. D. Dürselen, D. Kirschtel, U. Pollingher & T.

Zohary, 1999. Biovolume calculation for pelagic and

benthic microalgae. Journal of Phycology 35: 403–424.

Holm-Hansen, O. & E. W. Helbling, 1995. Técnicas para la

medición de la productividad primaria en el fitoplancton. In

Alveal, K., M. E. Ferrario, E. C. Oliveira & E. Sar (eds),

Manual de Métodos Ficológicos. Concepción, Chile:

329–350.

Irigoien, X. & J. Castel, 1997. Light limitation and distribution

of chlorophyll pigments in a highly turbid estuary: the

Gironde (SW France). Estuarine, Coastal and Shelf Science

44(4): 507–517.

Izaguirre, I., L. Allende, R. Escaray, J. Bustingorry, G. Pérez & G.
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