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ABSTRACT
The composition, biomass and dynamics of autotrophic picoplankton
(APP, size range of 0.2–2 mm) in a subtropical reservoir (Cerrillos, Puerto
Rico) were examined from January to December 2013. Samples were
collected monthly in the limnetic zone. Because of their small size, APP
were identified and quantified using flow cytometry and epifluorescence
microscopy. The warm monomictic nature of this reservoir resulted in
thermal stratification during most of the year. Near surface dissolved
oxygen was relatively high (7.61 mg/L). However, hypoxic and anoxic
conditions were present in the hypolimnion during the whole period of
study. Flow cytometry analyses allowed the identification of two
populations of picoplanktonic organisms. Picocyanobacteria groups
(phycoerythrin-rich Synechococcus type) were dominant throughout the
study, with maximum summer abundances of 6.6 £ 104 cells/mL,
although picoeukaryotes were temporally important. Annual mean total
chlorophyll-a (Chl-a) in the euphotic zone was 7.54 § 3.41 mg/L.
Fractionated Chl-a exhibited a relatively constant pattern: ranging from
0.24 to 1.99 mg/L. The average contribution of APP to total Chl-a
concentration was 11%. Chl-a concentration reflected the annual variation
in picoplankton, being higher during summer when solar radiation was
also higher. The picoplanktonic community was structured in accordance
to thermal stratification, nutrients and light availability. Understanding the
dynamics of picoplankton and their response to environmental change
are important because they are a good indicator of the trophic status of
reservoirs, especially drinking water reservoirs, and can guide
management decisions.
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Introduction

Autotrophic picoplankton (APP) is defined as the fraction of phytoplankton within the size range of
0.2–2 mm, including prokaryotic and eukaryotic cells (Callieri et al. 2007). They are distributed
worldwide and are ubiquitous in all types of lakes of varying trophic states (Stockner 1991). The
APP community is composed predominantly of picocyanobacteria (Pcy), regardless of the trophic
status, while picoeukaryotes (Peuk) are numerically less abundant (Winder 2009). The genera
Procholorococcus and Synechococcus dominate the Pcy community in marine waters (DuRand et al.
2001). In freshwater ecosystems, species of the phycoerythrin-rich genus Synechococcus and phyco-
cyanin-rich genus Cyanobium are the most commonly observed (Callieri 2007; Winder 2009).

The APP community plays an important role in the carbon production in oceans and freshwater
ecosystems (Callieri et al. 2002). Picoplanktonic species are considered the main contributors to
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phytoplankton biomass and primary production (Worden 2004). They can fix annually 50%–70% of
the carbon in oligotrophic freshwater ecosystems (Caron et al. 1985). The activity of picoplankton
constitutes an important resource of energy in the aquatic microbial loop and plays a major role in
biogeochemical processes (Cotner & Biddanda 2002).

Changes in environmental conditions in temperate lakes seem to support the coexistence of mul-
tiple Pcy genotypes (Postius & Ernst 1999; Callieri et al. 2012). In temperate lakes, the typical sea-
sonal cycle of Pcy shows a bimodal pattern with a spring or early summer peak, which corresponds
to the onset of stratification, and a second peak during autumn (Stockner et al. 2000). In contrast,
peak abundances of Peuk are normally observed only during the spring isothermal mixing, early
thermal stratification (Callieri & Stockner 2002), while low numbers occur during the rest of the
year (Crosbie et al. 2003). In tropical freshwaters, Sarmento et al. (2008) reported a constantly high
abundance of photosynthetic picoplankton (mainly Synechococcus). Similar results were found by
Stenuite et al. (2009) in Lake Tanganyika, where the abundance of this group remained high
throughout the year. Tropical lakes and reservoirs generally have a constant temperature during the
entire year, with a monomictic thermal regime and a long period of stratification in deep water bod-
ies (Lewis 2000).

Transparency and light conditions in the water column also have a major impact in the composi-
tion of the photosynthetic picoplankton (Sarmento et al. 2008). According to Stockner et al. (2000),
underwater light conditions are very important for the growth and production of photosynthetic
picoplankton whose abundance and distribution within the water column can change rapidly with
different thermal and light regimes. Waterbury et al. (1986) observed in laboratory experiments that
the optimum growth rate of Synechococcus occurs under low light conditions. However, during in
situ studies, Pcy and Peuk have been found at a variety of depths and light irradiances (Nagata et al.
1994; Callieri & Pinolini 1995), thus suggesting that vertical distribution of Pcy is directly related to
the penetration of light (Pick 1991).

The availability of light and nutrients exerts a strong effect on the seasonal dynamics of APP
(Winder 2009). According to Schindler (2006), phosphorus is considered the limiting nutrient in
temperate lakes. In contrast, studies in tropical lakes and ultraoligotrophic Patagonian Lakes show
nitrogen as the limiting nutrient of phytoplankton growth (Lewis 2002; Diaz et al. 2007). The impor-
tance of co-limitation by N and P has commonly been observed in marine, lakes and reservoirs sys-
tems throughout the world (Dzialowski et al. 2005; Smith 2006; Dove & Chapra 2015). Similar
results were observed in Caribbean warm tropical reservoirs (Pantoja-Agreda et al. 2009), where the
N/P ratios suggested a general trend towards co-limitation of both nutrients.

There is relatively scarce information on the abundance and the population dynamics of APP in
tropical freshwater systems (Stenuite et al. 2009). The large contribution of picoplankton to primary
productivity, biomass and trophic dynamics in tropical lakes and reservoirs has not received the
same level of inquiry that has been given to non-picoplanktonic cyanobacteria and other phyto-
plankton groups (Nagata et al. 1994; Ivanikova et al. 2007). The aim of the present study is to
expand our knowledge on the abundance and composition of picoplankton community of warm
subtropical reservoirs, while addressing the link between these communities with environmental
variables throughout an annual cycle.

Methods

Study area description

The research was carried out in Cerrillos Reservoir, a subtropical reservoir located in the south of
Puerto Rico (18804ˈ N; 66840ˈ W) at an elevation of 170 m above sea level. Constructed in 1991, this
reservoir provides flood protection, water supplies and recreation for the city of Ponce (Soler-L�opez
2011). The reservoir has a surface area of 1.32 km2, a drainage area of 45.3 km2; the mean depth is
25 m with a maximum depth of 65 m near the dam. The annual average annual rainfall is 236 cm.
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The typical dry season is from December to March, and the wet season is from May to November.
Sedimentation has reduced the storage capacity of Cerrillos Reservoir from 38.03 in 1991 to
37.26 million m3 in 2008 (Soler-L�opez 2011) and its mean water residence time is 0.87 year. Details
of the limnological characteristics in the Cerrillos Reservoir can be found in Sotomayor et al. (2008).

Sampling and environmental parameters

Water samples were collected monthly in the central region of the reservoir (25 m maximum depth)
from January to December 2013 using a 2 L horizontal Van Dorn bottle at surface, 1%, 0.1% and
0.01% of photosynthetically active radiation (PAR). Vertical profiles of temperature, dissolved oxygen,
pH, conductivity and oxidation–reduction potential (redox) were obtained using a multiparameter
probe (CTD12, Applied Microsystems Inc., http://www.amicro.com). PAR was measured at different
depths using an underwater quantum sensor (LI-192, LI-COR, http://www.licor.com). Vertical atten-
uation coefficients were calculated according to the equation of Kirk (1994). The euphotic zone was
defined as the depth where PAR reaches 1% of surface PAR (Z1%). Total nitrogen (TN) and total
phosphorus (TP) concentrations were determined after acid digestion by the molybdate-ascorbic acid
method (Valderrama 1981). Nitrate and orthophosphate were analyzed according to APHA (1998)
after sample filtration through GF/F (Whatman GF/F, 0.7 mm nominal pore size) filters.

Picoplankton abundance and biomass estimation

APP cells were counted using flow cytometry and estimated cell biovolume measurements by epi-
fluorescence microscopy. For the flow cytometric counts of APP populations, 4 mL fresh water sam-
ples were collected from each depth and fixed immediately using cold 25%-glutaraldehyde (final
concentration 2%), stored in darkness at 4 �C, and processed within two weeks. Samples were ana-
lyzed in an Accuri C6 (Becton Dickinson) flow cytometer equipped with an air-cooled argon laser
(488 nm blue and 620 nm red excitation). Each sample was run for 4 min at fast flow rate (66 mL/
min). Filters for fluorescence emission were used forward scatter (FSC) and side scatter (SSC), indic-
ative of cell size, shape and refractive index, green fluorescence (FL1 D 530 nm) from phycobilin,
orange fluorescence (FL2 D 585 nm) from phycoerythrin and red fluorescence (FL3 D 670 nm)
from Chl-a. Fluorescent beads (yellow-green microspheres, Polysciences Inc., http://www.polyscien
ces.com) of 1 mm diameter were used to calibrate the side scatter signal and to control the internal
volume standards. Pcy and Peuk populations were identified and enumerated using a three-dimen-
sional gate base on red fluorescence (FL3) versus side scatter (SSC), and red fluorescence (FL3) ver-
sus orange fluorescence (FL2, Figure 1). Flow cytometry data were collected and analyzed using
CFlow software 2012.

Chl-a concentration was determined fluorometrically for total phytoplankton and picophyto-
plankton. Water samples of 250 mL were filtered on Whatman GF/F glass fiber filters (0.7 mm pore
size) for the phytoplankton chlorophyll-a content. To measure chlorophyll-a content of the pico-
phytoplankton fraction, a 250–500 mL water sample was separated by differential filtration, through
a 2 mm pore size polycarbonate filter and the filtrate was subsequently filtered through a 0.2 mm
pore size polycarbonate filter (Whatman, Nucleopore). Pigments were extracted in darkness and
�500 mm Hg partial vacuum. The filters were frozen at¡20 �C and analyzed within a month. Chlo-
rophyll was extracted following sonication of the filters for 5 min in 10 mL of hot 90% ethanol
(Nusch 1980) and kept over 24 hours in darkness at 4 �C. The extracts were analyzed in a Fluorome-
ter (10-AU, Turner Designs, Inc., http://www.turnerdesigns.com), using an emission wavelength of
650 nm before and after acidification with 100 mL of 0.12 N HCl. Calibration of the fluorometer was
accomplished using a Chl-a pure standard (C-6144, 1 mg, Sigma Chemical, http://www.sigmaal
drich.com).
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Data analysis

Analysis of variance (ANOVA) and t-test were used to determine seasonal and vertical differences (p
< 0.05) in abiotic and biotic variables. The data were normalized using logarithmic transformation.
Pearson correlations of picophytoplankton abundances and limnological variables were calculated
for stratification and circulation periods. All statistical analyses were completed using MINITAB
version 16.1. The values of APP abundance, Chl-a and selected environmental parameters were
plotted by isolines as functions of depth and time with the Surfer (Golden Software 2012) program,
using a kriging interpolation method.

Results

Environmental variables

The average surface water temperature was 28.1 § 1.46 �C and 26.04 § 1.16 �C at 25 m. Minimum
water column temperature occurred during February (24.3 �C at 25 m depth), whereas maximum
temperatures were observed in July (28.3 �C at 1 m depth) during the summer season. A stable ther-
mal stratification was observed during most of the year (April to October) with one mixing period
in the dry and cold season (November to February). The average thermocline depth was 8.3 m
which reached a maximum of 12 m in September. The seasonal change in the vertical profile was
typical of warm monomictic lakes. Maximum differences between the surface and bottom tempera-
tures >4.8 �C were observed in August. The largest gradient of temperature in the water column
about 1.2 �C/m which occurred during late stratification.

According to PAR values, the euphotic zone average was 8 m during the mixing period and 4.6 m
during the stratification period. The Zeup reached its maximum in March (9.8 m) and its minimum
in July (4.6 m). The depth of 0.1% of PAR was deeper than 12 m and that of 0.01% PAR was often
around 22 m.

The dissolved oxygen (DO) concentration generally was higher in the upper water layer than in the
lower and followed the dry and wet seasonality. The average O2 in the water column was 3.26 §
0.61 mg/L. The average concentration at the surface was 7.61§ 0.72 mg/L while 2.26§ 1.3 mg/L below
the thermocline. Lake Cerrillos developed a clinograde DO profile during the months of July and
August, with dissolved oxygen concentrations greater than 7 mg/L in the epilimnion, and anoxic condi-
tions in the bottom with DO concentrations below 1 mg/L, the hypolimnion remained anoxic during a
large fraction of the stratified period. In the cold and dry months (December to March), a mixing trend

Figure 1. Cytograms by flow cytometry analysis of samples from the surface water: (A) chlorophyll (FL3) vs. side scatter (SSC) and
(B) chlorophyll (FL3) vs. phycoerythrin (FL2) fluorescence.
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was observed, forming a more homogeneous water column, where the average DO difference between
the surface and the bottom is 3.6 mg/L.

Nitrogen and phosphorus concentrations in Cerrillos Reservoir fluctuated through the year. The
mean photic zone TN concentration was 0.21 § 0.06 mg/L, with minimum values (0.09 mg/L) during
December and maximum values (0.33 mg/L) during May. A similar pattern was observed for TP, with
mean photic zone concentration of 0.01 § 0.0019 mg/L, minimum and maximum values of
0.006 mg/L and 0.011 mg/L in November and June, respectively. The patterns of seasonal change in
the levels of TN and TP showed similar tendency, higher concentrations during the summer months
(May to September) and lower at the onset and throughout the mixing period of the cold and dry
months (November to February). The mean concentration of nitrate in the photic zone was 0.025 §
0.008 mg/L; varied from 0.001 mg/L in April to 0.18 mg/L in July. The nitrate concentrations did not
exhibit any large differences between the upper and lower water layers in the reservoir. Phosphate
concentrations were always low, below the detection limits of the methods used (<0.005 mg/L).

Chlorophyll-a concentration

The mean photic zone total Chl-a concentration was 7.54 § 3.41 mg/L, with minimum values in
February (1.50 mg/L) during the mixing to 1% of surface PAR (6–8 m). Higher concentrations were
measured during the stratification in the upper layer (0–1 m) corresponding to 99% of surface PAR
with maximum values in August (24.4 mg/L; Figure 3(A)). APP chlorophyll-a concentration
(�2 mm fraction) was generally low with a mean photic zone concentration of 0.72 § 0.28 mg/L.
The maximum value was observed in June (1.99 mg/L) during the thermal stratification in the sur-
face and the minimum in February (0.24 mg/L) at a depth of 6–8 m (Z1%) during the circulation
period (Figure 2). The average contribution of APP to total Chl-a concentration in the surface, esti-
mated by size fractionation, during the study was 10.9% and varied from 0.99% (September) to
20.5% (June; Figure 3(B)). Chl-a concentration reflected the annual variation in picoplankton den-
sity with the highest concentration during summer, when solar radiation was also higher. The aver-
age difference in Chl-a concentration between the surface and the limit of the photic zone was 0.55
mg/L concentrations reached similar values in the entire column during the mixed period. The high-
est peaks were obtained in the rainy season and the lowest during the dry season. The Pearson corre-
lations analysis showed that Chl-a concentrations had significant positive correlations (p < 0.001)

Figure 2. Seasonal and vertical distribution of chlorophyll-a concentrations (mg/L) for the picoplankton fraction in the Cerrillos
Reservoir.
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with nitrate and TN (rD 0.54 and rD 0.62, respectively) and negative correlations with pH and DO.
Chl-a was significantly different between two depths: 1% and 0.1% of surface PAR (ANOVA p <

0.05).

Picoplankton abundances

According to the size determinations and the predominant pigments analyzed by flow cytometry
and epifluorescence microscopy, different populations of APP were identified in the Cerrillos Reser-
voir. These were composed of small prokaryotic and eukaryotic cells: one population of phycoery-
thrin-rich Pcy (Synechococcus) solitary coccoid, ovoid cells and two Peuk populations.

The Pcy cells, characterized by their high phycoerythrin content, were dominant APP during
most of the year. The mean concentration of total Pcy in the photic zone was of 2 £ 104 cells/mL,
with minimum values in February (0.6 £ 104 cells/mL) at Z1% during the mixing period. Higher
concentrations were measured during the stratification period with maximum values in June (6.6 £
104 cells/mL) at the surface (Figure 4). The vertical profiles showed high abundance in the photic
zone and a considerable decrease below the thermocline (Figure 5). At Z0.01% (22 m), the Pcy abun-
dance was the lowest (0.05–0.1 £ 104 cells/mL). The Pearson correlations between Pcy and environ-
mental variables showed that the abundance was positively correlated with nitrate (r D 0.75, p <

0.001), TN (r D 0.82, p < 0.001), light availability (r D 0.65, p < 0.001) and chlorophyll-a (r D 0.70,
p < 0.001).

The annual pattern of Peuk, characterized by their high chlorophyll-a, showed a less abundant
and more uniformly distributed population than Pcy. The overall average abundance in the euphotic
zone was of 1.2 £ 104 cells/mL, with maximum values of 2.1 £ 104 cells/mL in October at the

Figure 3. (A) Total chlorophyll-a (0.7 mm fraction) and>2 mm fraction of phytoplankton in the surface water of Cerrillos Reservoir.
(B) Autotrophic picoplankton (APP) chlorophyll-a concentrations (<2 mm fraction) and their relative contributions to total chloro-
phyll-a in the surface water of Cerrillos Reservoir. Bars represent standard error.
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surface, while the abundance decreased to a minimum of 0.3 £ 104 cells/mL in July at 1% of surface
PAR (Figure 6). No statistically significant differences were observed among depths within the
euphotic zone (ANOVA p< 0.05). In contrast to Pcy, the Peuk density was positively related to light
availability (r D 0.45, p < 0.001) and chlorophyll-a (r D 0.46, p < 0.001).

Discussion

The Cerrillos Reservoir behaves as a warm monomictic system, with a mixing period during the cool
dry season (November to February) and a stable stratification during most of the year (April to

Figure 4. Seasonal and vertical distributions of picocyanobacteria (cells/mL) in the Cerrillos Reservoir.

Figure 5. Vertical profiles of temperature (C), picocyanobacteria (Pcy, cells/mL) and picoeukaryotes (Peuk, cells/mL) during: (A)
mixing (February) and (B) stratification (September) in Cerrillos Reservoir. Bars represent standard error.
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October). Similar stratification and mixing patterns in reservoirs of Puerto Rico were found by Pan-
toja-Agreda et al. (2009) and Sotomayor et al. (2008), as well as in other latitudes (Macek et al. 2009;
Hernandez-Aviles et al. 2010). The high surface temperatures (>28 �C) and a long period of ther-
mal stratification are features of Cerrillos Reservoir, allowing higher rates of decomposition in the
hypolimnion and restricting the distribution of picoplankton and other aerobic organisms to the
top 12 m surface layer. The depth (Zmax � 65 m) and hydraulic residence time (0.87 times/year;
Soler-Lopez 2011) that characterize this reservoir sustain a long and stable stratification during the
summer, allowing for a better adaptation and development of APP. The formation of a stable ther-
mocline during most of the year decreases nutrient transport to the epilimnion, and results in low
hypolimnetic oxygen concentration and picoplankton abundance. The high temperatures, approach-
ing 26 �C in the hypolimnion support high oxygen consumption creating anoxic conditions and
subsequently high anaerobic microbial metabolism in deeper areas during most of the year.

Environmental and hydrological characteristics of the Cerrillos Reservoir are decisive for the
composition and abundance of APP. The temporal and vertical dynamics of APP coincide with the
period of circulation and stratification. Pcy abundance showed a unimodal seasonal cycle through-
out the year, increasing exponentially in late May after the onset of stratification, and reached the
largest number of organisms in the summer during the full stratification. The high peaks of abun-
dance were mainly in June with higher densities than 6 £ 104 cell/mL. This unimodal pattern is dif-
ferent to that which occurs in most lakes in temperate zones, where the peaks of Pcy follow a typical
bimodal pattern with high concentrations in spring or early summer and a second peak in the sum-
mer or fall (Stockner et al. 2000).

The increase in Pcy abundance during the stratification was possibly linked to the thermal struc-
ture of the lake, which affects the dynamics of Pcy in response to density gradients caused by the
thermocline that prevents sedimentation of organisms to deeper layers (Callieri et al. 2012). Accord-
ing to Winder and Hunter (2008), changes in the thermal stratifications processes affect the tempo-
ral and vertical dynamics of phytoplankton assemblages. The positive correlation between the
abundance of Pcy and temperature (r D 0.40, p < 0.01) indicates that the increase in water tempera-
ture in summer promotes the growth of APP in the photic zone, and corroborates the results of
other studies showing that the higher water temperatures during the stratification has a positive rela-
tionship with high concentrations of APP (Callieri & Piscia 2002; Crosbie et al. 2003; Horn & Horn
2008). The increase in picoplankton abundance in the epilimnion and its relationship with higher
temperatures has been observed in other lakes and reservoirs, including Alchichica (Macek et al.
2009), Kinneret (Yacobi 2006) and Saidenbach (Horn & Horn 2008). The abundance of the Pcy in

Figure 6. Seasonal and vertical distributions of picoeukaryotes (cells/mL) in the Cerrillos Reservoir.
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the period of stratification decreases significantly at depths below 0.1% PAR, possibly by the light
conditions and the long period of anoxia that prevails most of the year below metalimnion. In the
colder months, when the water temperature decreases, changes in the abundance coincide with the
mixing period, resulting a decrease in the density of Pcy from December to March. The densities of
Pcy have greater variations in the dry season, when mixing occurs in the water column. This break-
ing of the thermocline during the circulation period allows greater light penetration, being observed
microcolonies of Pcy at depths of Z0.1%. According to Moore et al. (1995), light limitation severely
restricts the development of Synechococcus to deeper layers due to the absence of accessory pigments
(e.g. Chl-b2).

The abundance of Peuk was lower than Pcy and with a temporal pattern different from the Pcy.
Sarmento et al. (2008) and Stenuite et al. (2009) have found two orders of magnitude lower in Peuk
density relation to Pcy in tropical lakes. In this study, the greatest abundances of Peuk were found
in October and November at the end of stratification. In contrast, a study on Lake Tahoe showed
that Peuk has opposite seasonal dynamics, the maximum abundance was during the mixed period
in late winter and early spring (Winder 2009). In our study, during mixing, the Peuk density
decreases, and its distribution in the water column was similar. Increased density of Peuk at the end
of stratification and the beginning of the circulation period can be related to resuspension and nutri-
ent availability from the hypolimnion toward the outer layers, regardless of loss in light penetration.

Other important factors that may be limiting the composition and abundance of APP are water
transparency and light penetration. In the Cerrillos Reservoir, the highest concentration of APP was
present in the photic zone (Z1% D 6.5 m), similar to other tropical marine ecosystems (Atlantic and
Pacific) and freshwater bodies (Lake Tahoe); the picocyanobacteria of the genus Synechococcus dom-
inates the surface layers and mostly above the thermocline (DuRand et al. 2001; Winder 2009). The
vertical profiles indicate that growth of Peuk and Pcy is limited to shallower region of the epilim-
nion. This was observed in September, with peak concentrations at 25% PAR (depth, 2 m), and APP
abundances decreased significantly at depths below 1% PAR. According to Passoni et al. (1997; cited
by Callieri & Stockner 2002), APP shows maximum abundance peaks between 25% and 50% PAR in
large and deep lakes. The great adaptability of Pcy to different light regimes allows greater develop-
ment in high light (Postius & B€oger 1998). Pcy concentration during the summer in the superficial
layers with higher solar radiation appears to be controlled by the light regime, which promotes
higher density of phycoerythrin-rich species (i.e. Synechococcus spp.) that is more resistant to high-
energy radiation than other picoplanktonic organisms such as Prochlorococcus spp. and Peuk (Som-
maruga et al. 2005). The Pcy of tropical freshwater ecosystems are well adapted to high solar radia-
tion in the surface (>1500 mE m/s). Stenuite et al. (2009) observed that the Pcy numbers were high
in the photic zone, and that these organisms are well suited to high light conditions that prevail
throughout the year in Tanganyika, a tropical lake where phytoplankton may be exposed to irradi-
ance above 2000 mE m/s at the surface level.

The biomass obtained by fractionated filtrations showed temporal and vertical dynamics in
accordance with the distribution of APP. Two peaks were observed during the study period: the first,
in full stratification (June), corresponding to maximum Pcy; and the second, at the end of the strati-
fication and start of mixing (October to November), which coincides with the highest peak of the
Peuk. Chlorophyll-a concentration in the water column also coincides with the vertical variation of
picoplankton with depth. The highest concentration was found at the top of the photic zone,
between 0 and 2 m depth. No Chl-a deep peaks were observed during the stratification period. Only
once a Chl-a peak was observed: 1.18 mg/L at 12 m (Z0.01%). This observation coincided with the
relaxation of the thermocline in the month of November during the onset of mixing. This deeper
peak coincided with a pulse in Peuk density, which has been attributed to a decrease in solar irradi-
ance and predation (Pilati & Wurtsbaugh 2003) and increased availability of nutrients from the bot-
tom, which favors Peuk growth relative to that of Pcy (Callieri & Stockner 2002). In our study, APP
contribution to the total phytoplankton biomass, expressed in terms of chlorophyll-a, was on aver-
age 11%. In summer, APP became responsible for up to 21% of photosynthetic activity, with values
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within the range from 0.2% to 43% reported for freshwater ecosystems (Stockner 1988). APP bio-
mass showed a contrasting behavior with the fraction of phytoplankton (>2 mm). In May, APP
chlorophyll (<2 mm fraction) increased exponentially and reached its maximum peak in June (1.99
mg/L), while Chl-a concentration in the larger fraction decreased. The opposite trend was observed
in August and September, when a maximum concentration of Chl-a was observed for the fraction
>2 mm and minimum concentrations for the APP. The increase in total chlorophyll was related to a
bloom of Ulnaria ulna, a large diatom species that dominated phytoplankton communities at Cerril-
los Reservoir during summer.

According to the Carlson trophic-state index, Cerrillos Reservoir was classified as in transition
from oligotrophic to mesotrophic (Sotomayor et al. 2008). The high abundance of APP is associated
with oligotrophic ecosystems (Stockner 1991) since higher surface-to-volume in Pcy and Peuk ena-
bles these species to compete advantageously for nutrients against larger phytoplankters, especially
during low nutrient conditions (Raven 1998; V€or€os et al. 1998; Drakare et al. 2003; Cellamare et al.
2010).

Pcy abundance and biomass were highest in summer and decreased gradually in winter, similar
to the dynamics of TN, which reached its maximum concentration during full stratification. Both
abundance and biomass of Pcy showed positive correlations with nitrate and TN concentrations.
These correlations suggest that rain, run-off and river discharge patterns modulate changes in the
development of APP populations. This ‘Nitrate trend’ was not observed for phosphate, as it was
always undetected, suggesting that this form of phosphorus is precipitated rapidly and, thus may
play a role in limiting phytoplankton growth in this system. Although TP was indeed detected, no
covariation with APP was found suggesting that this form of phosphorus may not be rapidly cycled
or it has limited importance for the production of APP (Horn & Horn 2008). Similarly, Callieri
(2010) and Lavall�ee and Pick (2002) did not find correlative support for inorganic phosphorus stim-
ulation of APP growth rates.

The dynamics of TN and nitrates similar to that of APP, the light penetration in the water col-
umn and thermal stratification are all important factors that limited the abundance and biomass of
APP. Understanding the ecology of picoplankton and their response to environmental change,
shows that it is a good indicator of the trophic state of reservoirs and may have important implica-
tions for the management of water quality, especially the potential use of reservoirs for drinking
water.
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