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Abstract We conducted a 1-year survey in two

humic shallow lakes from the floodplain of the Lower

Paraná River, Laguna Grande Lake (LGL) and a

relictual oxbow lake (ROL). We aimed to test two

hypotheses: (1) the efficiency in light use of pico-

plankton (0.2–3 lm) is greater as light restriction

increases and (2) the contribution of picoplankton to

the total productivity is higher when the total photo-

synthetic biomass is lower. We performed P–E curves

for picoplankton and nano- and microplankton

([3 lm) using the 14C assimilation technique. The

light environments of the water bodies differed mainly

owing to the development of free floating plants on the

surface of the ROL and the dominance of phytoplank-

ton in LGL. Primary productivity patterns in LGL

were seasonality driven whilst in the ROL they were

related to the coverage of floating macrophytes, which

promoted light limitation and a lower productivity. In

LGL, nano- and microplankton were in general more

productive and the relative contribution of picoplank-

ton to the total phytoplankton production decreased

with the increase in total photosynthetic biomass.

Hence, our study extends previously observed patterns

to subtropical shallow lakes, where seasonality and

free floating plants may influence the dynamics of

phytoplankton production.

Keywords Pico-, nano- and microphytoplankton �
Productivity � Humic shallow lakes � Subtropical

wetland � South America

Introduction

Cell size is one of the determining factors affecting the

acquisition of resources (e.g. nutrients, irradiance) by

organisms and thus affecting their physiology and

growth rates, with consequences in the size structure

of populations and therefore, in the community

complexity. Small organisms possess higher rates of

nutrient uptake per unit of biomass than larger

organisms owing to their high surface to volume ratio

(Irwin et al., 2006). Also, the diffusive boundary layer

around small cells is thinner, which increases nutrient

availability when these are at low concentrations

(Raven, 1998). As picoplankton cell diameters fall in

the order of those corresponding to visible radiation

(400–700 nm) they possess a higher absorption per

unit of pigment in comparison to nano- and micro-

plankton (Raven, 1998). Furthermore, picoplankton

Handling editor: Luigi Naselli-Flores

P. Rodrı́guez (&) � H. Pizarro � M. S. Vera

Laboratorio de Limnologı́a, Departamento de Ecologı́a,
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and nanoplankton acclimate faster than microplankton

to new irradiance conditions (Helbling et al., 2001a,

b). Thus, relatively to larger phytoplankton, pico-

plankton possesses a competitive advantage in

resource-poor habitats.

It has long been recognised that the relative

contribution of phytoplankton size fractions to bio-

mass and primary production is a function of the

trophic status of water bodies. In this sense, the

picoplankton biomass tends to increase concomitantly

with the trophic status both in freshwater and marine

systems, while their relative contribution to the total

autotrophic biomass and primary production dimin-

ishes (Jasser, 1997; Agawin et al., 2000; Bell & Kalff,

2001). Thus, the picoplankton contribution to the

productivity of water bodies is in general more

important in oligotrophic systems (Raven, 1998).

Vörös et al. (1991) found that autotrophic picoplank-

ton contributed up to 50% of primary production in

mesotrophic and hypereutrophic lakes of Hungary.

On the other hand, Greisberger et al. (2008)

analysed the contribution of three phytoplankton size

fractions (\2, 2–11 and [11 lm) to the total chloro-

phyll-a (Chl-a) concentration and primary productiv-

ity in a mesotrophic alpine lake of Austria and found

that the contribution of smaller phytoplankton to

productivity depended upon seasonality, being up to

58% of primary productivity in autumn. In a shallow

oligotrophic lake of Austria, Steitz & Velimirov

(1999) found that picophytoplankton contributed with

up to 74% of carbon fixation in the growing season.

These previous studies showed that the relative

contribution of the different size fractions of phyto-

plankton to primary production depends mainly on

temperature seasonality, trophic status and light

availability.

In this study, we tested two hypotheses: (1) the

efficiency in light use of picoplankton is greater as

light restriction increases and (2) the contribution of

picoplankton to the total planktonic primary produc-

tivity is higher in winter, when the total phytoplankton

biomass is lower. To assess the first hypothesis, we

studied the P–E parameters of picoplankton

(0.2–3 lm) and nano- and microplankton ([3 lm) in

two water bodies, Laguna Grande Lake (LGL) and a

relictual oxbow lake (ROL) in a subtropical floodplain

wetland of the Lower Paraná River Basin. The light

environments of the humic water bodies differed

mainly owing to the great development of free floating

plants on the surface of the ROL. LGL showed small

patches of floating macrophytes that fluctuated in

coverage over time. Furthermore, considering that the

trophic status is an important variable that fluctuates

seasonally in LGL (Rodrı́guez & Pizarro, 2007), we

tested the second hypothesis by analysing the relative

contribution of each phytoplankton size fraction to the

total planktonic primary production in relation to

Chl-a variation along the year.

Study area

The region is humid-subtropical and there is a marked

seasonality with contrasting summers and winters.

The annual mean temperature during the 2004–2007

period was around 17.3�C. January was the warmest

month with a maximum temperature of 37�C and a

mean of 29.3�C, whereas July was the coldest month

with a minimum temperature of -3�C and a mean of

6.5�C. The mean rainfall for the 2004–2007 period

was 1,200 mm.

The two water bodies studied are shallow (maxi-

mum depth not exceeding 1.5 m) and with contrasting

limnological characteristics: the ROL is the smaller

(17 ha, maximum depth 0.5 m, mean depth 0.3 m),

whereas LGL is the largest water body of the

floodplain (156 ha, maximum depth 0.7 m, mean

depth 0.5 m). Both are located in the 3,000 ha Natural

Reserve Otamendi, Buenos Aires, Argentina (34�140S,

58�500W) (Fig. 1). These water bodies are rich in

humic content, being the summer average of dissolved

organic carbon (DOC) 28 mg l-1 in LGL and

50 mg l-1 in the ROL (Rodrı́guez & Pizarro, 2007).

Bottom sediments are loosely packed owing to the

deposition of large amounts of organic matter of

vegetal origin, which also contribute to the brownish

colour of the waters (Kirk, 2011). The presence of high

amounts of humic substances together with increased

concentrations of total phosphorus allows classifying

the systems as mixotrophic (Williamsom et al., 1999).

The abundant macrophytic community in the

region is characterised by stands of emergent plants

such as Schoenoplectus californicus and Typha lati-

folia and floating plants of different sizes such as

Pistia stratiotes (medium-sized taxa), Ricciocarpus

natans, Azolla filiculoides, Wolffiella oblonga and

Lemna minima (small-sized taxa) (Rodrı́guez &

Pizarro, 2007). These plants may constitute a dense

and complete floating carpet that covers the entire

286 Hydrobiologia (2012) 691:285–298

123

Author's personal copy



water body or may be restricted to the littoral zones,

depending on the year, temperature and the morpho-

metric characteristics of each lake (O’Farrell et al.

2011). For example, during the study period, LGL was

free of floating macrophytes but the presence of

emergent plants was observed in the littoral zone.

Conversely, 80% of the ROL was covered with

floating plants from March to July, whereas 100% of

it was covered from August onwards. The presence of

a complete and persistent coverage of floating plants

may trigger a complex response by the phytoplankton

through its effects on light interception (e.g. low

biomass, but high diversity and productivity poten-

tial), as it was experimentally shown by O’Farrell et al.

(2009).

Method

Samplings were performed monthly from February

2006 to March 2007 in LGL, and in March, May, July,

August and November 2006 and March 2007 in the

ROL. Environmental variables were monitored as

follows: depth was recorded with a metre stick, water

temperature, pH and conductivity were measured in

situ with a HANNA HI 991301 portable meter and

dissolved oxygen (DO) with a HANNA HI 9143

oximeter (HANNA meters, Atlanta, USA). Photosyn-

thetically available radiation (PAR, 400–700 nm) was

estimated with a submersible spherical quantum

sensor (LI-193SA, Li-Cor, Lincoln, USA) every

5 cm in the water column to calculate the vertical

attenuation coefficient (kd) (Kirk, 2011). When plants

were present, these measurements were performed

below the plants. We also estimated the mean

irradiance integrated in the water column as follows

(Neale et al., 1991):

Emean ¼ E0 1� e�kdz
� �

kdzð Þ�1

where E0 is the subsurface irradiance and z is the

depth. To estimate the humic content of the water, we

measured absorbance at 440 nm on water samples

filtered through polycarbonate filters of 0.2 lm pore

size and calculated the absorption coefficient at

440 nm (g440) (Kirk, 2011). Ammonia was determined

through the phenate method, total nitrogen and

nitrate ? nitrite were determined by the cadmium

reduction method, and total phosphorus and phosphate

by the stannous chloride method (APHA, 2005). Total

fractions of N and P (TN and TP, respectively) were

determined after the simultaneous digestion of N and P

compounds (APHA, 2005). Dissolved inorganic nitro-

gen (DIN) concentration was obtained as the sum of

ammonia and nitrate ? nitrite fractions.

Samples for Chl-a estimation were taken in PVC

flasks previously rinsed with lake water and trans-

ported in cold and dark to the laboratory. In the field,

the water samples were passed through a sieve with

1 mm of pore size to remove small macrophytes and

their debris. The Chl-a of the two phytoplankton size

fractions were estimated as follows: 20 ml water

samples were filtered under low light and vacuum

pressure with 3 lm pore size polycarbonate filters and

then the filtered water was passed through 0.2 lm

polycarbonate filters (Callieri & Stockner, 2002). The

filters were stored at -20�C and pigments extracted

with ethanol (60–70�C), left overnight in cold (4�C)

and dark and then the absorbance at 665 and 750 nm

was measured spectrophotometrically before and after

acidification with HCl 0.1 N (Nusch, 1980). We

performed at each sampling date an extra determina-

tion of Chl-a employing fibre glass filters of 0.7 lm of

Fig. 1 Map of the study area showing the sampling points in

LGL and the ROL
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nominal pore size to get more guarantee on the

fractioned values. We employed the same technique as

above described to extract the pigment. Samples for

quantitative analysis of nano- and microplankton were

performed on unfiltered samples fixed in situ with acid

Lugol’s iodine solution (2%) and then counted using

an inverted microscope Zeiss (Utermöhl, 1958).

P–E curves were performed at each sampling using

the 14C assimilation method as described by Holm-

Hansen & Helbling (1995), employing a simulated in

situ technique. The incubations (2 h) were carried out

in the field on clear sunny days at around noon. Clear

acrylic bottles (62.5 ml, sharp cut off at 400 nm)

containing lake water were placed into a container

(0.75 m3) after the addition of 1 or 2 lCi NaH14CO3

(Perkin Elmer Life Sciences, Inc., USA) in water from

LGL or the ROL, respectively. The bottles were

exposed in duplicate to 6 or 7 irradiances between 0

and 100% of incident light (100, 75, 50, 35, 15, 5 and

1%), achieved using meshes of neutral attenuation.

The percentage of transmittance of the meshes was

previously determined several times at noon on clear

and sunny days. The spherical quantum sensor was

placed inside a black box with an opened rectangular

surface with the size of the meshes. In this way we

registered with the radiometer the irradiance transmit-

ted by the meshes. Two dark bottles per lake (0% of

incident light) were also incubated and their assimi-

lation values were subtracted from clear bottles. After

the incubation period, the samples were transported in

cold and dark to the laboratory.

In the laboratory, samples were filtered sequentially

as described above for Chl-a determination. The filters

were placed in scintillation vials in an atmosphere

impregnated in HCl, and then dried before scintillation

liquid was added (Opti-phase Hi Safe 3, Perkin Elmer,

Life Sciences, Inc., USA). Radioactivity incorporated

by algae was measured in a Beckman LS-6500 liquid

scintillation counter (Beckman Instruments, Fullerton,

CA, USA). To determine specific radioactivity in the

sample, 1 ml of the incubated water was added onto

three drops of 0.1 N NaOH, mixed with the scintilla-

tion cocktail, and counted as described previously.

Dissolved inorganic carbon (DIC) was determined

from alkalinity by Gran titration, pH and temperature

(Stumm & Morgan, 1996).

The parameters of the P–E curves were fitted by

iteration following Eilers & Peeters (1988):

P ¼ E aE2 þ bE þ c
� ��1

where P is primary productivity (lg C (lg

Chl-a)-1 h-1), E is irradiance (lmol photons m-2

s-1), and a, b and c are adjustment parameters. The

initial slope or photosynthetic efficiency (a) and the

maximum Chl-a specific photosynthetic rate (Pmax)

can be expressed as a function of a, b and c as follows:

a ¼ 1=c

Pmax ¼ 1= bþ 2 acð Þ1=2
� �

Irradiance corresponding to the onset of saturation

(Ek) was calculated as Ek = Pmax/a (Kirk, 2011).

Phytoplankton production per unit area per hour in the

water column (PA) was calculated as the area below

the productivity versus depth curve. Each depth point

(z) was obtained from the equation of irradiance versus

depth (E ¼ E0e�kdz) (Kirk, 2011).

Hourly PA rates were converted to daily values

through maximum irradiance of the sampling date at

around noon and the data of sunset and sunrise

provided by the Naval Hydrograph Service of Argen-

tina, using the following formula (McBride, 1992):

Et ¼ Emaxsinðp t � tsunriseð Þ=DtÞ;

where Et is the irradiance at hour t, Emax is the

maximum irradiance at around noon, tsunrise is the time

of sunrise and Dt is the difference in hours between

sunrise and sunset on the sampling day. Although this

formula assumes that irradiance behaviour is sinusoi-

dal along the day, it constitutes a good approach to

calculate daily PA values since we measured maxi-

mum irradiance at samplings.

Data analysis

Forward stepwise multiple regressions among pro-

ductivity estimations and environmental data were

performed for both phytoplankton size fractions in

LGL (N = 12). The environmental variables that were

highly correlated were deleted from the analysis. We

considered water temperature, pH, DIN, dissolved P

and Emean as independent variables. The dependent

variable (PA) was Log10 transformed to fulfil normal-

ity assumptions. Mann–Whitney test was used to test

for differences among productivity and Chl-a values

of phytoplankton of different size fraction and for
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organisms of the same size to look for differences

between the two water bodies studied (Zar, 1996).

Results

Environmental variables

The ranges and averages of the environmental vari-

ables recorded in LGL and the ROL for the study

period are shown in Table 1. The water level in LGL

was positively correlated with the rainfall accumu-

lated the month before the samplings (data not shown)

(Spearman rank correlation coefficient, rs = 0.78;

P \ 0.05) and was generally below ca. 0.5 m. In this

water body, the dynamics of DO fluctuations were

related to temperature (rs = 0.72; P \ 0.05). Incident

irradiance (E0) was positively correlated with water

temperature (rs = 0.69; P \ 0.05) and, conversely,

Emean fluctuated only around 400 lmol photons m-2

s-1 during the whole study period. The kd and g440 in

LGL showed a seasonal trend, with higher values

during summer and lower ones during colder periods.

DIN concentrations were in general below

1.62 mg l-1 and higher values were observed during

winter (June–August), while TN concentrations were

higher during the warm season. This trend was

supported by the negative correlation obtained

between temperature and DIN concentration (rs =

-0.5; P \ 0.05). Dissolved P concentration was in

general high in LGL and TP dynamic was positively

related to temperature (rs = 0.85; P \ 0.05).

During March and April 2006 samplings, the

surface of the ROL was partially (ca. 60%) covered

with floating macrophytes, mainly Ricciocarpus na-

tans. From July 2006 onwards, this coverage increased

(ca. 80%) and since August up to the end of the study,

the surface of the water body was completely covered

(100%) with free floating plants. Water depth in the

ROL was lower than in LGL (M–W, P = 0.002) and

no relation was detected in the water level dynamics of

the two water bodies. DO dynamics in the ROL was

related to the presence of floating plants, reaching

anoxia from November onwards; the DO values

recorded in the ROL were lower than those detected

in LGL (M–W, P = 0.001). The Emean values

decreased concomitantly with the increase in floating

plant coverage in the ROL and, in particular, E0 was

lower in the ROL than in LGL. The kd and g440

increased with the coverage of floating plants. DIN

and dissolved P concentrations were higher in the

ROL than in LGL (M–W, P = 0.02 and 0.03 for DIN

and dissolved P, respectively), with higher values in

colder months. TN and TP showed lower values in

winter and similar values in both water bodies.

Phytoplankton

Chl-a concentration for the phytoplankton fraction

[3 lm in LGL fluctuated between 26 and 475 lg l-1

and showed a seasonal pattern of variation (Fig. 2a),

supported by a positive and significant correlation

with temperature (T) and incident irradiance (E0)

Table 1 Ranges and mean values of environmental variables

recorded in Laguna Grande Lake (LGL) and the relictual

oxbow lake (ROL) during the study period

LGL ROL

Depth (m) 0.3–0.7 0.2–0.4

0.48 0.3

Water temperature (�C) 5.8–27.5 6.2–25.6

18.9 17.6

pH 7.8–9.5 7.3–7.8

8.5 7.5

Conductivity (lS cm-1) 1,005–2,580 1,070–3,460

1,783 2,300

DO (mg l-1) 3.4–14.3 nd–4.8

7.7 1.8

E0 (lmol photon m-2 s-1) 669–2,352 16–1,005

1,221 419

Emean (lmol photon m-2 s-1) 272–577 3.6–652

415 207

kd PAR (m-1) 3.8–20.4 2.4–30.2

7.4 12.7

g440 (m-1) 3.7–27.8 10.8–42.1

13.4 21.5

DIN (mg l-1) nd–1.62 0.04–0.8

0.18 0.27

Dissolved P (mg l-1) 0.08–2.2 0.13–1.7

0.47 0.8

TN (mg l-1) 0.01–3.6 0.5–3.5

1.7 2.1

TP (mg l-1) 0.22–3.3 0.48–2.9

0.94 1.25

Mean values are in bold

nd non-detectable
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(T: rs = 0.65, P = 0.02; E0: rs = 0.76, P = 0.005).

For the same phytoplankton size fraction, the Chl-

a range of variation in the ROL was 4–220 lg l-1

without a definite pattern of variation (Fig. 2b). The

higher values of Chl-a concentration in the ROL

detected for nano- and microplankton coincided with

the higher algal densities registered in this site. The

Chl-a concentration showed no significant differences

between the two water bodies. Picoplankton Chl-

a concentration fluctuated between 4.3 and 30 lg l-1

in LGL (Fig. 2a) and between 4 and 39 lg l-1 in the

ROL (Fig. 2b), and no significant differences were

observed for this size fraction between the two water

bodies. In LGL, Chl-a concentration differed between

size fractions (M–W, P \ 0.001), with higher values

for phytoplankton[3 lm; conversely, in the ROL, no

significant differences were detected between values

of Chl-a.

The algal composition (including Cyanobacteria)

of the nano- and microplankton in LGL fluctuated

among a Chlorophyceae dominated community from

February up to May 2006, a co-dominance of Crypt-

ophyceae and Chlorophyceae in June and then a

Cryptophyceae dominated community in July. In

August and September Chlorophyceae dominated

again, and from October to March, filamentous

Cyanobacteria reached the higher densities, with the

exception of January, when a bloom of the diatom

Cyclotella meneghiniana was observed. Total densi-

ties followed a seasonal pattern with higher values in

summer (210,000 ind ml-1 in January) and lower in

winter (3,300 ind ml-1 in July). In the ROL the algal

Fig. 2 Temporal variation of Chl-a values at a LGL and b the

ROL; Pmax temporal fluctuation at c LGL and d the ROL during

the study period for nano- and microplankton ([3 lm) and

picoplankton (0.2–3 lm). Coverage of floating plants as

percentage (FPC) is also indicated at the bottom of the figure
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composition of nano- and microplankton was mainly

comprised of diatoms (e.g. Lemnicola hungarica,

Navicula spp., Nitzschia spp.) in May, July and

November, and by cocoid Cyanobacteria in March

2007. In March 2006 the Chorophyceae and Crypto-

phyceae co-dominated the assemblage whilst in

August it was done by diatoms and Cryptophyceae.

Algal densities of nano- and microplankton in the

ROL fluctuated between 600 (July) and 21,400 ind

ml-1 (November).

The maximum photosynthetic rate (Pmax) was in

general higher for smaller organisms in LGL (M–W,

P = 0.01), with values ranging between 0.54 and 58

lgC (lg Chl-a h)-1 (Fig. 2c). The mean Pmax value for

picoplankton was ca. 21 ± 19 lgC (lg Chl-a h)-1

whilst the 25 and 75 percentiles were 3.6 and 39.4 lgC

(lg Chl-a h)-1, respectively. A seasonal trend,

supported by a positive and significant correlation

with temperature (rs = 0.71; P \ 0.01), was

observed. For nano- and microphytoplankton, the

fluctuation ranged between 0.6 and 11 lgC (lg

Chl-a h)-1 in LGL (Fig. 2c). The mean Pmax value

for this fraction was 4.8 ± 3.4 lgC (lg Chl-a h)-1

whilst the 25 and 75 percentiles were 1.6 and 7.1 lgC

(lg Chl-a h)-1, respectively. In Fig. 3 are shown four

representative P–E curves for both phytoplankton size

fractions in summer and winter.

In the ROL, Pmax ranged between 1 and 26 lgC (lg

Chl-a h)-1 for nano- and microphytoplankton (mean

6.2 ± 9.6 lgC (lg Chl-a h)-1), and between 0.2 and

37 lgC (lg Chl-a h)-1 for picoplankton (mean

8.8 ± 13 lgC (lg Chl-a h)-1) (Fig. 2d); no

Fig. 3 P–E curves for nano- and microplankton ([3 lm, upper curves) and picoplankton (0.2–3 lm, lower curves) for summer (left
panel) and winter (right panel) periods at LGL
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differences were detected in Pmax values between

phytoplankton size fractions since their high variabil-

ity. Accordingly, Pmax for nano- and microplankton

and Pmax for picoplankton did not differ between the

two water bodies. In Fig. 4 are shown four represen-

tative P–E curves for both phytoplankton size frac-

tions under contrasting scenarios of floating plant

cover.

In LGL, photosynthetic efficiency (a) followed the

same spatial and temporal trends than Pmax and the

smaller organisms were also more efficient (M–W,

P = 0.01). For phytoplankton [3 lm, a fluctuated

between 0.002 and 0.04 lgC m2 s (lg Chl-a h lmol

photon)-1 and did not show any temporal trend (mean

0.013 ± 0.01 lgC m2 s (lg Chl-a h lmol photon)-1).

For picoplankton, a ranged between 0.002 and 2.7 lgC

m2 s (lg Chl-a h lmol photon)-1 (mean 0.41 ± 0.84

lgC m2 s (lg Chl-a h lmol photon)-1; 25 and 75

percentiles = 0.02 and 0.17 lgC m2 s (lg Chl-a h lmol

photon)-1, respectively) and showed a significant

positive correlation with temperature and incident irra-

diance (rs = 0.69 and 0.59, respectively; P \ 0.05).

The spatial and temporal fluctuations of a in the ROL

also followed the same trend as Pmax, with a range of

0.0017–0.06 lgC m2 s (lg Chl-a h lmol photon)-1 for

nano- and microplankton (mean 0.02 ± 0.03 lgC m2 s

(lg Chl-a h lmol photon)-1), and of 0.0009–0.15 lgC

m2 s (lg Chl-a h lmol photon)-1 for picoplankton

(mean 0.03 ± 0.04 (lg Chl-a h lmol photon)-1; 25

and 75 percentiles = 0.004 and 0.02 lgC m2 s (lg

Chl-a h lmol photon)-1, respectively). No significant

differences in a were observed between the phyto-

plankton size fractions in the ROL nor between the

same size fraction between the water bodies owing to

the strong range of variation of these values through

the study.

The irradiance at the onset of saturation (Ek) was

between 13 and 560 lmol photon m-2 s-1 for both

phytoplankton size fractions in LGL (nano- and

microplakton mean = 340 ± 160 lmol photon m-2

s-1, 25 and 75 percentiles = 248 and 437 lmol

photon m-2 s-1, respectively; picoplankton

mean = 296 ± 196 lmol photon m-2 s-1, 25 and

75 percentiles = 91 and 480 lmol photon m-2 s-1,

respectively) (Fig. 5a) and between 55 and 555 lmol

photon m-2 s-1 in the ROL (nano- and microplakton

mean = 292 ± 156 lmol photon m-2 s-1, 25 and 75

percentiles = 192 and 434 lmol photon m-2 s-1,

respectively; picoplankton mean = 309 ± 137 lmol

photon m-2 s-1, 25 and 75 percentiles = 222 and

367 lmol photon m-2 s-1, respectively) (Fig. 5b). Ek

values showed no significant differences between the

different phytoplankton size fractions and between the

two water bodies. Light limitation for phytoplankton

was detected when values of Emean were below Ek

values. In this sense, in LGL, picoplankton was light-

limited at four samplings, while nano- and micro-

plankton was light-limited three times, without

showing a defined temporal trend (Fig. 5a). In the

ROL, light limitation occurred since the water body

was completely covered with free floating plants, and

this trend was observed for both phytoplankton size

fractions (Fig. 5b).

Daily phytoplankton primary production integrated

in the water column (PA) showed a clear seasonal

pattern in LGL for both size fractions, as supported by

its positive and significant correlation with tempera-

ture (rs = 0.82 for micro- and nanoplankton and

rs = 0.86 for picoplankton). PA values for nano- and

microplakton fluctuated between 14 and 1,167 mg C

m-2 day-1 and this size fraction generally contributed

with more than 50% of primary production in LGL,

regardless of the period of the year. In LGL, pico-

plankton showed lower PA values that ranged from 9 to

1,365 mg C m-2 day-1(Fig. 5c). Stepwise multiple

regression analysis in LGL showed that picoplankton

PA fluctuation was explained by temperature

(PA = 0.095 T; P = 0.002; b = 0.96; R2 = 0.86).

Annual production rates were 140 gC m-2 year-1 for

nano- and microplankton and 80 gC m-2 year-1 for

picoplankton, accounting for a total of 220 gC

m-2 year-1, 36% of which was provided by

picoplankton.

In the ROL, daily PA values fluctuated between

0.14 and 56 mgC m-2 day-1 for nano- and micro-

plankton and between 0.45 and 46 mgC m-2 day-1 for

picoplankton, without showing a clear seasonal trend

(Fig. 5d). In general, the PA values of the larger

phytoplankton size fraction were higher, with the

exception of the winter samplings (July and August).

PA values in the ROL were lower than in LGL for both

phytoplankton size fractions (M–W test, P = 0.03 in

both cases). Annual photosynthetic rates in the ROL

were 7.3 gC m-2 year-1 for nano- and microplankton

and 4.8 gC m-2 year-1 for picoplankton, both one

order of magnitude below those estimated for LGL.

Finally, considering all PA values of both lakes, the

contribution of nano- and microplankton to total
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phytoplankton production tended to increase with the

trophic status, while the contribution of picoplankton

decreased (Fig. 6).

Discussion

The dynamics of environmental variables and primary

production in LGL were mainly related to seasonal

fluctuations of temperature and incident irradiance and

the water body was dominated by phytoplankton, thus

showing eutrophic conditions during most of the

study. Conversely, in the ROL, the free floating plants

were the most conspicuous autotrophic community

that conditioned most variables in the water body. In

this sense, owing to the complete coverage of floating

macrophytes on some sampling dates, the production

was restricted by the low light availability, therefore

leading to higher inorganic nutrient content than in

LGL due to the lower consumption of nutrients than in

the ROL. Consequently, the coverage of macrophytes

would be a key factor that conditioned the water prop-

erties, as experimentally demonstrated by O’Farrell

et al. (2009). The quasi-complete coverage of floating

plants during the study affected primary production

rates, with the annual PA estimated in LGL one order

of magnitude higher than those estimated in the ROL

for both phytoplankton size fractions, being the

picoplankton the community less productive at both

lakes. Particularly, in the ROL, dissolved P concen-

tration tended to decrease concomitantly with the

increase in floating plant coverage. The input

of organic material from macrophyte decomposition

could have produced high bacterial respiration

Fig. 4 P–E curves for nano- and microplankton ([3 lm, upper curves) and picoplankton (0.2–3 lm, lower curves) for 60% floating

plant coverage (left panel) and 100% floating plant coverage (right panel) at the ROL
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rates which would account for the anoxic condi-

tions recorded in this shallow lake from August

onwards.

In LGL, the Chl-a values estimated for picoplankton

were higher than those of other humic systems of

higher latitudes (Stockner, 1988; Drakare et al., 2003).

This observation is related to the differences in

temperature of the systems; however, it could also be

due to the method used in this work for pigment

fractioning. As a small fraction of nanoplankton could

be also retained in the 3 lm filters used, we may have

overestimated picoplanktonic Chl-a. However, taking

into account the contribution of picoplankton to the

total bulk of Chl-a, we measured values lower than

10% when the highest values of total Chl-a were

estimated. The same trend was recorded by Vörös et al.

(1991) in northern latitude systems for picocyanobac-

teria. Considering that this component is the main

constituent of picoplankton in the wetland (Sinistro

et al., 2006, 2007; Izaguirre et al., 2010), we consider

both data set comparable, and thus believe that our data

set is representative of middle latitude wetlands.

In the ROL, in spite of the shadowing caused by the

complete coverage of floating plants, the increase in

Chl-a concentration, from November onwards, both

for nano- and microplankton was unexpected but

Fig. 5 Temporal variation of Ek values at a LGL and b the

ROL; PA temporal fluctuation at c LGL and d the ROL during

the study period for nano- and microplankton ([3 lm) and

picoplankton (0.2–3 lm). The black arrows in a and b show the

samplings when light limitation was observed and the diamonds
represent the Emean values in each opportunity. Coverage of

floating plants as percentage (FPC) is also indicated at the

bottom of the figure
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coincident with the pattern followed by algal abun-

dances that also increased. These high values of

Chl-a were also found with the second filtration

through fibre glass filters of 0.7 lm of nominal pore

size (188 lg l-1 of Chl-a in November). This could

have been the consequence of the wind action on the

days previous to the sampling, which dispersed the

plant coverage allowing a higher penetration of

irradiance in the very shallow water column during

certain periods. Moreover, the development of phyto-

plankton would be also enhanced by higher summer

temperature. Hence, the dominance in plankton of

some periphytic algae such as Nitzschia spp. and

Lemnicola hungarica, coming from both bottom

sediments and epiphyton, supports this idea. Schal-

lenberg & Burns (2004) and Carrick et al. (1993)

observed that the re-suspension of the lake sediments

by mechanical wind action leads to higher values of

phytoplankton Chl-a and primary production. This

high growth of large ([3 lm) phytoplankton also

affected picoplankton Pmax and efficiency, which

values increased several orders of magnitude as a

consequence of the extra shadowing induced by nano-

and microphytoplankton, as shall be discussed bellow.

The higher assimilation numbers (Pmax) in LGL

recorded for the smaller plankton fraction are in

agreement with the explanation provided by Falkow-

ski (1981), who considered that smaller organisms

possess higher metabolic rates. It is important to

emphasise that there is a relationship between

Chl-a values of the planktonic fractions and their

production, e.g. when picoplankton reached high Pmax

values (e.g., during summer in LGL), the increase in

nano- and microplankton biomass was maximum. We

observed the dominance of larger phytoplankters in

the water column as light penetration in LGL

decreased, as supported by the seasonal trend of

Chl-a and kd values. Hence, the attenuation of the

irradiance due to large phytoplankton allowed pico-

plankton to reach exceptionally high Pmax and a
values, maximising in this way their photosynthetic

efficiency in comparison to nano- and microplankton

as a result of light impoverishment. In this sense, the

efficient use of low irradiances by picoplankton has

been previously described (Fogg, 1986; Stockner &

Antia, 1986; Raven, 1998; Callieri et al., 2007). Thus,

our more elevated values recorded for Pmax and a
values were even higher than those reported in other

studies (Stockner, 1988; Schweizer & Heusel, 1992;

Malinsky-Rushansky et al., 1997; Callieri et al., 2005;

Greisberger et al., 2008, among others), all of them

referred to systems less restricted in regard to irradi-

ance conditions.

The analysis on mean values and percentiles for

Pmax, a and Ek values obtained in this study indicates

that the higher values obtained here for these param-

eters were generally an exception, and mean values

were in the range as those reported in the literature. By

the other hand, the patterns of photosynthetic effi-

ciency (a) and Pmax observed in the ROL were quite

irregular and their ranges fell among the data found in

the literature (Reynolds, 1984; Callieri et al., 2005).

This irregular behaviour of P–E characteristics was

probably related to the coverage of free floating plants

and high development of larger phytoplankton as it

was previously discussed.

Fig. 6 Percentage of

contribution of picoplankton

size fraction to total

phytoplankton PA in relation

to the concentration of

Chl-a for the two water

bodies during the study

period
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In the ROL, the Ek parameter indicated light

limitation of both phytoplankton size fractions from

August onwards, thus reflecting the consequence of a

complete coverage of plants in the water body that,

provoked communities less productive than in LGL.

The trend in light limitation of both phytoplankton size

fractions after the complete coverage of floating plants

was constant in the ROL, while Ek values were rather

variable, being this phenomenon typical of water

bodies which suffer mixing events (Sakshaug et al.,

1997). Particularly in the LGL, the Ek values for

picoplankton were quite variable (picoplankton vari-

ation coefficient = 66 vs 48% for nano- and micro-

plankton), which could be related to the higher

acclimation ability of the smaller organisms to new

irradiance conditions promoted by the water mixing

induced by wind action (Helbling et al., 2001b).

LGL was the more productive of the water bodies

studied, and nano- and microplankton were generally

the phytoplankters with the highest contribution to PA

values. This observation agrees with the improved

light environment in LGL in comparison with the

ROL. In this regard, Bell & Kalff (2001) asserted that

in shallow lakes, where the sediments frequently

suffer re-suspension, the picoplankton’s input to total

phytoplankton biomass would be small and affected

by the fluctuating contribution of microplankton. On

the other hand, in LGL, the PA dynamics was strongly

influenced by temperature and irradiance seasonality

and, in particular, temperature explained the PA

fluctuation along the year for picoplankton. This

observation has also been reported in several studies

regarding picoplankton abundance (Belykh et al.,

2006; Mózes et al., 2006).

In this study, we recorded the lowest contribution of

picoplankton to total PA with the increase in the

trophic status estimated from Chl-a concentration.

This observation is in agreement with previous studies

by Agawin et al. (2000) and Bell & Kalff (2001), who

found that the relative contribution of picoplankton to

total phytoplankton production decreased in produc-

tive waters owing to the increase in the productivity of

large-sized phytoplankton. Similar results have been

reported by Callieri et al. (2007) and Jasser (1997).

Here we found the same relationship between pico-

plankton productivity and trophic status among a high

range of Chl-a concentrations (i.e. 9 up to 500 lg l-1).

Our study extends previously observed patterns to

systems of different latitudes and limnological

characteristics (e.g. mixotrophic and subtropical veg-

etated shallow lakes), where seasonality plays a key

role and the floating plants are a driving force that may

influence the dynamics of phytoplankton production.

Conclusions

Picoplankton was the phytoplankton’s size fraction

that less contributed to total primary productivity in

the studied water bodies. In LGL the seasonal

dynamics of phytoplankton growth conditioned pro-

ductivity patterns; in this lake, nano- and microplank-

ton were in general the more productive fraction, thus

refuting our second hypothesis.

According to our first hypothesis, picoplankton was

much more efficient in the light use, and their

efficiency was seasonally driven in LGL. Our results

do not permit us to firmly conclude about the

photosynthetic efficiency of picoplankton in the

presence or absence of floating plants, although a

trend to higher values in LGL was observed. This is

the result of high range of variation of the parameters

we estimated that could be provoked by wind induced

mixing of the very shallow water columns. This

mixing induced by wind would be greater in absence

of floating plants, which may help to explain the

higher values observed in LGL, which is also less wind

sheltered than the ROL. Thus, in LGL the smaller

organisms would be better adapted to changing light

conditions.

Free floating plants in the ROL promoted light

limitation when their coverage was complete, thus

making the water body less productive in comparison

to LGL. Finally, we observed that when phytoplankton

photosynthetic biomass was higher, the contribution

of picoplankton to the total productivity of the systems

was lower, as it was also observed in other systems less

light restricted and also in the sea.
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