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Abstract: Aim: We experimentally investigated the effects of nutrients (Nitrogen
and Phosphorus) enrichment on the density, biomass, and cell size of pigmented and
heterotrophic plankton nanoflagellates communities. Methods: The experiment was done
in mesocosms in a tropical reservoir during a 19-day period. Four different treatments
were carried out: Control (non-nutrient addition - C), phosphorus additions (P), nitrogen
addition (N) and phosphorus + nitrogen addition (N + P). Each treatment was performed
in triplicate, sorted randomly, thus giving a total of 12 experimental carboys, which were
placed transversely in the middle of the reservoir. Results: In general, pigmented and
heterotrophic nanoflagellates fractions responded to nutrient addition, increasing densities
and biomass values at the fertilized treatments. Opposed to expected, enriched treatments
resulted in a slight decrease in mean cell size of the pigmented fraction. Moreover, in
nutrient-rich treatments, pigmented nanoflagellates had higher relative abundance than
in the control. Conclusions: Our results indicate that: i) the density and biomass of
nanoflagellates responded to the nutrient enrichment, mainly when N and P were added
together; ii) the pigmented and heterotrophic fractions showed distinct time responses
to fertilization; iii) the growth of nanoflagellate community seems to be co-limited by
N and P; iv) the nutrient enrichment led to a greater pigmented than heterotrophic
fraction contribution; and v) among the analyzed variables, nanoflagellate densities seem
to be more sensitive to changes in nutrient availability than biomass or mean cell size.
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Resumo: Objetivo: Investigamos experimentalmente o efeito da adi¢io de nutrientes
(Nitrogénio e Fésforo) sobre a densidade e o tamanho celular da comunidade de
nanoflagelados planctonicos pigmentados e heterotréficos. Métodos: O experimento
foi desenvolvido em mesocosmos num reservatdrio tropical durante 19 dias. Quatro
diferentes tratamentos foram utilizados: Controle (sem adicio de nutrientes - C), adigio
de fésforo (P), adi¢io de nitrogenio (N) e adi¢do de f6sforo + nitrogénio (N + P). Cada
tratamento foi realizado em triplicata, sorteado randomicamente, totalizando 12 unidades
experimentais as quais foram instaladas transversalmente no meio do reservatério.
Resultados: Em geral, os nanoflagelados pigmentados e heterotréficos responderam
a adigao de nutrientes, com incremento na densidade e biomassa nos tratamentos
fertilizados. Ao contrério do esperado, os tratamentos enriquecidos mostraram um leve
decréscimo no tamanho celular médio da fragao pigmentada. Além disso, a contribuicio
relativa dos nanoflagelados pigmentados para a abundancia total foi maior nos tratamentos
fertilizados quando comparada ao controle. Conclusio: Nossos resultados indicaram
que: i) a densidade e a biomassa dos nanoflagelados responderam ao enriquecimento por
nutrientes, principalmente quando N e P foram adicionados em conjunto; ii) as fracoes
pigmentadas e heterotréficas apresentaram tempos distintos de resposta a fertilizagaos iii) o
crescimento da comunidade de nanoflagelados parece ser co-limitada por N e P; iv) o
enriquecimento por nutrientes tornou a contribui¢io da fragio pigmentada maior que a
contribuicio da fragio heterotréfica; e v) entre as varidveis analisadas da comunidade de
nanoflagelados, a densidade pareceu ser mais sensivel as alteracoes na disponibilidade de
nutrientes quando comparada a biomassa e a0 tamanho celular médio.

Palavras-chave: plancton, protozodrios, fertilizagio, mesocosmos.
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1. Introduction

The effects of nutrient fertilization and the
importance of bottom-up control on aquatic
communities are both current subjects of discussion
(Auer et al., 2004; Samuelsson et al., 2006). The
bottom-up hypothesis proposes that resources
regulate community structure, and that any increase
in resources results in a subsequent increase in algal
biomass production, followed by biomass increases
of higher trophic levels (Lampert and Sommer,
1997).

Studies on planktonic communities have shown
that eutrophication leads to an increase not only in
the abundance of classical grazing food web, butalso
affects the microbial food web components such as
bacteria and protozoan communities (Sipura et al.,
2005; Pagioro etal., 2005; Samuelsson et al., 2006).
Many experimental studies carried out in temperate
region have shown that nanoflagellates (2-20 mm)
respond positively to the increase in available
nutrients (Jansson et al., 1996; Gilbert et al.,
1998; Samuelsson et al., 2002; Simek et al., 2003).
However, a recent study by Domeénech et al.
(2006) showed that nanoflagellates did not respond
significantly to fertilization, suggesting that the
increase of nanoflagellate abundance to fertilization
is not a general pattern for different ecosystems.

Regarding the nutrient effects on the abundance
of different fractions of plankton communities,
some studies observed that, in general, the
autotrophic fraction dominated at oligotrophic
conditions, and the heterotrophic contribution
increased with increase in trophic status of the
ecosystems (Auer et al., 2004; Samuelsson et al.,
2006). Nutrient enrichment can also affects the
size structure of communities. Specifically, more
resources lead to a replacement of smaller by
bigger individuals in distinct fractions of microbial
communities (Kress et al., 2005; Sabetta et al., 2005;
Sipura et al., 2005; Samuelsson et al., 2006).

Another important issue in aquatic ecology
refers to the main limiting nutrient for the
community development. In tropical regions, there
are controversies about the main limiting nutrient,
nitrogen (N) or phosphorus (P), to the aquatic
productivity. Recently, phosphorus was evidenced
as the main limiting nutrient to primary production
(Carvalho etal., 2003; Rejas et al., 2005). However,
Lewis Junior (2000) showed productivity limited
by nitrogen whereas Huszar (20006) suggested that
systems can be co-limited by N and B without
showing a uniform nutrient limitation.
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In this study, we carried out an experiment to
measure the effects of nitrogen and phosphorus
additions on the density, biomass and size structure
of the nanoflagellate community from a tropical
reservoir. We predicted that N and P fertilization
would lead to an increase in density, mean cell
size, and biomass values of the pigmented (PNF)
and heterotrophic (HNF) nanoflagellates. We
also predicted that N and P additions would
increase the contribution of the heterotrophic
fraction to the total biomass and density of
nanoflagellate community. Lastly, we hypothesized
that phosphorus is the main nutrient limiting the
growth of these populations in this environment.

2. Material and Methods

2.1. Experimental site

The mesocosm experiment was carried out in the
Corvo River, a tributary of the Rosana Reservoir.
The site presents oligo-mesotrophic conditions
(Roberto etal., 2005) and is located along the lower
stretch of the Paranapanema River in Parand State,
Brazil (22° 36’ S and 52° 50" W) (Figure 1).

2.2. Experimental design

The experiment was done in mesocoms
during a 19 day period, between November and
December 2004. Four different treatments were
carried out: Control (non-nutrient addition - C),
phosphorus additions (P), nitrogen addition (N)
and phosphorus + nitrogen addition (N + P).
Each treatment was performed in triplicate, sorted
randomly, thus giving a total of 12 experimental
carboys, which were placed 1 meter distant from
each other in a transversely line in the middle of the
reservoir. The mesocosms utilized were made with
polyethylene bags (1 m deep, with 1 m? volume)
and remained opened on the top, isolated from the
sediment and suspended by buoys. They were filled
at the beginning of the experiment with water from
the reservoir (sampled at subsurface), without any
previous treatment. In order to increase natural
concentrations (3.16 + 0.18 mmol of KNO, and
0.0882 + 0.019 mmol of KH,PO,) in the P, N and
N + P treatments, we added 9.89 pmol of KNO,
and 0.29 pmol of KH, PO, at the beginning of the

experiment.
2.3. Sampling schedule and methods

Subsurface samples (50 cm depth) for abiotic
and biotic measurements were daily taken until the
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Figure 1. Rosana Reservoir and the location of the mesocosm experiments.

4™ experimental day, every two days until the 16®
and on the 19" experiment day.

Limnological variables samples taken directly
inside the mesocosms were: temperature (°C),
oxigen concentration (mg L) (YSI), conductivity
(mS em™) and pH (Digimed).

‘The water to measure ciliate abundance (1 L),
total phosphorus, total nitrogen and chlorophyll-#
concentration (1 L) was collected using plastic
bottles and preserved in the cooler until later
laboratorial procedure.

Samples to establish bacteria and nanoflagellate
density and biomass were sampled with bottle glass
(100 mL) and preserved with a solution of alkaline
Lugol, formalin and sodium thiosulfate (Sherr and
Sherr, 1993).

The zooplankton community samples
(cladocerans, copepods and rotifers) consisted of
20 L of water collected using a plastic bucket. The
water sampled was filtered through a 68 pm mesh
plankton net and preserved immediately with
buffered formalin (4%).

Analyses of total phosphorus (P-total-mg L)
(Mackereth et al., 1978), total nitrogen (N-Total-
mg L) (Bergamin et al., 1978) and chlorophyll-«
concentration (pg L™!) (Golterman et al., 1978)
were done in the laboratory.

For bacteria enumeration (0.2-2 pm) and
nanoflagellates (2-20 mm), water samples
were stained with DAPI (4,6’- diamidino-2-
phenylindole: 0.001% final cons). Concentration
was done by gently vacuum filtration (<15 cm
of Hg) on to 0.2 pm (for bacteria) and 0.8 mm
(for nanoflagellates) Nucleopore polycarbonate
membranes. The volume filtered was in the range
0.1-15 mL. Between 400 bacteria or 50 fields
and 100-300 nanoflagellates or 100 fields per
sample, randomly distributed on the filter, were
counted with Olympus epifluorescence microscope
at 1000x magnification. Total bacteria and
nanoflagellates abundance was measured by UV
light (white-blue fluorescence). Pigmented and
heterotrophic nanoflagellates were differentiated by
filter set which provided blue excitation (resulting
in red autofluorescence by pigmented and green
fluorescence by heterotrophic organisms). HNF
abundance was the difference between total
nanoflagellates abundance and PNE

The individual cell volume of each measured
nanoflagellate was derived from mean cell size
estimated based on the largest dimension of each cell
and the approximated geometric shape (Wetzel and
Likens, 1991). Cell biovolume data were converted
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to carbon content using the expression proposed by
Fenchel (1982) (Equation 1):

1 um’ = 167 fg C. (1)

Considering ciliate density, the samples of
1000 mL were concentrated to 100 mL by filtering
the water through 12 pm mesh plankton net.
Subsequently, the organisms were analyzed in vivo
in optic microscopy Olympus CX41 at 100x and
400x by assessing sub-samples of 10 aliquots of
100 pL from the concentrated sample. The ciliates
density was expressed as ind. L.

Zooplankton counting was based on the
methodology by Bottrell et al. (1976), in which
three subsamples from each sample were analyzed.
The abundance was expressed as individuals per m=.

2.4. Statistical analysis

In order to analyze the effects of nutrient
enrichment (P and N) on nanoflagellate density,
biomass, cell size, and the ratio PNF:HNF (in
terms of both biomass and density), a repeated
measure Analysis of Variance (ANOVAR) was
performed. Moreover, data were tested regarding
homocedasticity (Levene’s test) and sphericity
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(Mauchley’s test). These analyses were performed
using STATISTICA, version 5.0 (StatSoft, 1997).
To equalize the variance in all statistical analyses
the variables were previously transformed log (x+1).

3. Results

3.1. Nutrients

A similar temporal pattern of a decrease of
nitrogen concentration was observed between
control and nutrient addition treatments after the
3 day. However, higher mean values were registered
after nutrient addition, with mean values between
206.3 and 1434 pg L' along the experiment
(Table 1). As observed for nitrogen, an increase on
the mean values of phosphorus was registered after
nutrient addition. Phosphorus mean values varied,
respectively, between 7.1 and 57 pg L', and between
0.6 and 21.5 pg L' (Table 1).

3.2. Nanoflagellate density

Nutrient enrichment had a positive effect on
the mean density of PNF and HNF (Figure 2).
PNF and HNF densities varied, respectively,
between 0.59 x 102 cells mL™" at the beginning of
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Figure 2. Variation of pigmented (PNF) and heterotrophic (HNF) nanoflagellate densities during 19 days of a nutri-
ent addition experiment. Data shown are mean + standard deviation.
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Table 1. Data of abiotic and biotic variables (mean and standard deviation) of the experiment carried out in the
Corvo River.

Variables/Days Nitrogen Phosphorus Nitrogen+ Control
Phosphorus
Chlorophyll-a Mean/Standard Mean/Standard Mean/Standard Mean/Standard
(ng.L") deviation deviation deviation deviation

1 1.1 (20.5) 0.7 (x0.3) 0.7 (0.3) 2.0 (£1.6)
2 1.3 (20.3) 0.6 (£0) 0.7 (£0.3) 0.9 (£0.3)
3 1.3 (20.3) 2.5 (+1.1) 3.6 (£1.8) 0.6 (+0)
4 0.7 (£0.3) 2.4 (+0.3) 4.9 (+2.5) 1.3 (20.8)
6 0.8 (+0.4) 3.0 (£1.0) 21.5 (¢8.3) 0.9 (£0.2)
8 1.5 (x0.6) 2.0 (+2.4) 12.5 (+4.3) 0.7 (+0.3)
10 1.6 (x1.2) 2.2 (+0.8) 9.4 (+6.5) 1.3 (x0.6)
12 2.2 (x1.1) 1.8 (x0.8) 6.9 (£0.6) 1.8 (x0.3)
14 3.8 (¥2.5) 3.3 (x0.5) 5.8 (£1.7) 1.3 (20.3)
16 3.6 (0.3) 2.7 (x1.4) 6.9 (£1.1) 1.8 (£0.3)
19 2.4 (+0.8) 2.4 (+1.1) 6.2 (£1.1) 1.8 (£0.3)

Total phosphourus (ug.L™)
1 8.1 (£2.3) 10.2 (£3.6) 7.7 (£0.5) 7.1(£1.2)
2 11.3 (£0.6) 47.0 (x1.1) 46.5 (+2.9) 9.8 (£1.7)
3 14.1 (x1.1) 43.1 (x2.4) 44.5 (+1.0) 13.4 (+1.3)
4 28.7 (¥2.1) 43.1 (x1.9) 57.0 (£3.0) 28.2 (+3.0)
6 16.2 (+0.7) 43.1 (x3.4) 41.0 (x2.7) 14.5 (+1.3)
8 15.1 (0.9) 43.1 (+2.4) 41.5 (+6.5) 15.9 (¥2.2)
10 16.8 (x1.1) 43.1 (¢0.6) 40.4 (+6.5) 17.8 (+0.6)
12 16.3 (1.4) 43.1 (¢2.2) 36.7 (£4.9) 17.3 (20.8)
14 16.8 (¢2.5) 43.1 (¢£2.5) 33.6 (£3.1) 19.9 (¥2.1)
16 14.0 (x0.3) 43.1 (x2.4) 32.2 (£0.7) 17.6 (+1.3)
19 16.2 (+2.0) 28.4 (+1.4) 24.7 (x7.1) 17.0 (£2.1)

Total nitrogen (ug.L™)
1 329.0 (+25.3) 305.8 (+17.8) 312.5 (+13.4) 334.5 (x7.1)
2 1194.1 (+33. 8) 280.9 (+36.8) 1068.5 (+58.6) 345.6 (+14.7)
3 1434.6 (£112.4) 275.8 (+31.6) 1168.6 (+85.4) 384.0 (+1.5)
4 1199.7 (+198.4) 254.6 (+28.6) 1004.3 (£32.2) 352.6 (x17.4)
6 980.4 (+213.5) 227.1 (£10.9) 592.7 (+67.5) 239.4 (+5.5)
8 905.7 (x192.1) 255.5 (+51.8) 629.5 (+34.1) 221.3 (¢4.0)
10 799.0 (x172.2) 284.1 (+43.6) 555.6 (+114.6) 281.1 (£5.7)
12 678.7 (+290.9) 163.4 (£13.6) 509.2 (+157) 212.6 (£14.1)
14 587.4 (+194.0) 287.2 (+56.4) 457.8 (£102.3) 221.9 (+20.5)
16 432.2 (£187.2) 198.8 (£34.7) 387.2 (+47.4) 206.3 (+10.2)
19 431.0 (£121.9) 281.5 (£37.1) 361.0 (+50.6) 238.6 (£7.2)

Total conductivity (uS.cm™)
1 36.2 (+0.5) 36.3 (£0.1) 36.4 (x0.4) 36.6 (+0.3)
2 47.4 (£0.9) 36.8 (+0.05) 47.3 (x0.3) 36.9 (£0.1)
3 47.4 (£0.8) 36.7 (£0.2) 47.5 (£0.3) 36.0 (£0.2)
4 47.2 (x2.) 35.2 (+0.05) 45.3 (x0.3) 35.5 (+0.4)
6 43.6 (¢2.0) 33.2 (¢0.4) 40.2 (x0.3) 33.1 (£0.6)
8 40 (+4.3) 33.2 (£0.5) 39.5 (£0.5) 33.2 (£0.3)
10 39.7 (¢1.5) 30.3 (+0.4) 36.0 (+0.4) 30.7 (£0.1)
12 42.3 (x1.9) 32 (+0.3) 38.9 (£0.1) 32.2(+0.2)
14 38 (+1.0) 29.2 (£0.2) 35.3 (£0.1) 32.6 (+5.8)
16 39.9 (£3.2) 31.6 (+2.2) 39.1 (£0.05) 33.6 (£0.6)
19 42.5 (+0.7) 34.5 (+0.7) 41.0 (¢0.2) 36.5 (£1.9)

Total oxigen (mg.L™")
1 6.6 (£0.2) 6.5 (£0.2) 6.5 (£0.1) 6.4 (£0.1)
2 6.1 (£0.1) 4.9 (20.3) 4.6 (£0.07) 6.1 (£0.1)

na = data no avaiable.
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Variables/Days Nitrogen Phosphorus Nitrogen+ Control
Phosphorus
3 6.3 (x0.1) 4.0 (+0.6) 2.5(x0.2) 6.4 (+0.4)
4 5.1(x0.2) 3.2 (x0.6) 1.8 (+0.2) 4.7 (£0.3)
6 4.8 (£0.1) 4.3 (x0.7) 3.0 (¥1.07) 4.4 (£0.1)
8 3.3 (x0.3) 3.8 (x0.8) 4.0 (£1.7) 4.0 (£0.3)
10 4.2 (£0.4) 4.4 (x0.7) 4.8 (£1.3) 5.1 (x0.03)
12 3.0 (£0.9) 3.6 (£0.9) 2.50 (+0.4) 4.3 (0.8)
14 2.7 (+0.6) 3.6 (£0.9) 1.7 (x0.6) 4.3 (x0.1)
16 2.3 (£0.5) 4.1 (x0.2) 1.6 (x0.7) 4.2 (£0.2)
19 3.7 (x0.3) 5.5 (+0.3) 4.7 (£0.05) 4.9 (+0.2)
Water temperature (°C)
1 25.5 (+0,1) 24.8 (£1.2) 25.5 (£0.1) 25.6 (£0.2)
2 26.2 (+0,0) 26.2 (+0) 26.2 (+0.05) 26.2 (+0.1)
3 27.8 (£0.1) 27.8 (+0) 27.8 (+0.05) 27.8 (+0.05)
4 28.5 (0) 28.5 (+0) 28.6 (+0.05) 28.5 (+0.05)
6 26.6 (+0) 26.6 (x0) 26.6 (x0) 26.6 (+0.0)
8 27.0 (+0) 27.0 (+0.05) 27.0 (+0.05) 26.1 (x1.7)
10 26.2 (+0.05) 26.2 (x0) 26.2 (x0) 26.2 (x0)
12 27.1 (x0) 27.1 (+0) 27.2 (+0.05) 27.1 (£0.05)
14 27.7 (+0.05) 27.7 (+0) 27.7 (£0.0) 27.7 (+0)
16 26.6 (£0.05) 26.7 (+0) 26.7 (+0.05) 26.7 (+0.05)
19 25.5 (+0.05) 25.4 (+0.1) 25.5 (+0.05) 25.5 (+0.05)
pH (°C)
1 6.8 (+0,06) (+0.5) 6.7 (+0.03) 6.7 (+0.06)
2 6.6 (£0,1) 7 (£0.2) 6.4 (+0.06) 6.6 (+0.08)
3 6.6 (£0.7) (£0.2) 6.4 (+0.07) 6.6 (+0.07)
4 6.6 (£0.09) 6.5 (+0.2) 6.3 (+0.05) 6.5 (+0.08)
6 6.6 (+0.07) 6.5 (+0.09) 6.6 (£0.1) 6.6 (+0.01)
8 6.5 (+0.03) 6.5 (+0.10) 6.9 (+0.3) 6.6 (+0.03)
10 6.1 (+0.04) 6.1 (+0.09) 6.4 (+0.2) 6.2 (+0.07)
12 6.5 (+0.04) 6.5 (+0.1) 6.5 (+0.01) 6.6 (+0.01)
14 6.2 (+0.04) 6.1 (+0.08) 6.1 (+0.05) 6.3 (+0.02)
16 6.5 (+0.01) 6.5 (+0.02) 6.4 (+0.03) 6.6 (+0.01)
19 6.2 (+0.08) 6.3 (x0.1) 6.3 (+0.01) 6.3 (+0.07)
Total organic carbon (mg.L™")
1 1.9 (x0.4) 1.8 (x0.1) 1.8 (¥0.20) 2.0 (x0.3)
2 1.4 (£0.03) 1.5 (+0.2) 1.5 (£0.08) 1.4 (+0.1)
3 1.5 (£0.3) 1.1 (£0.06) 1.8 (+0.2) 1.6 (+0.3)
4 1.5 (£0.2) 1.7 (£0.06) 2.2 (+0.5) 2.1(x0.4)
6 24 (x1.4) 0.2 (x0.2) 2.7 (0. 9) 2.9 (x0.7)
8 3.0 (x0.4) 2.9(x0.2) 3.6 (x0.2) 2.4 (x0.3)
10 2.9 (x0.6) 3.4 (x0.7) 3.0 (x0.3) 2.8 (x0.3)
12 3.2 (£0.1) 3.9 (+0.3) 4.5 (+0.6) 3.4 (£0.2)
14 3.7 (£0.6) 4,2 (x0.2) 4.9 (x0.7) 3.9 (£0.6)
16 4.1 (x0.2) 4.2 (x0.3) 3.5 (+0.5) 4.8 (x0.7)
19 na na na na
Bacteria (ind.mL"")
1 2088425 (+125030) 2356998 (+83160) 2687253 (+3386) 1853874 (+6437)
2 2336523 (+35353) 6724588 (£572987) 3996422 (£762995) 3263133 (+5089)
3 4063322 (+470377) 5717507 (+929358) 7254555 (+666798) 3143557 (+8049)
4 4135163 (x170733) 3937854 (+572008) 4117475 (+82495) 3270156 (+4166)
6 na na na na
8 3699773 (£295613) 5858299 (+828340) 4609003 (+1216547) 3368543 (£8437)
10 na na na na
12 na na na na

na = data no avaiable.
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Variables/Days Nitrogen Phosphorus Nitrogen+ Control
Phosphorus
14 na na na na
16 3584602 (£297729) 5721177 (+615503) 3667632 (+467773) 4096624 (+0616)
19 na na na na
Ciliates (ind.L™")

1 na na na na
2 2.0 (x0.2) 1.9 (x0.9) 1.5 (¢1.2) 1.3 (1.0)
3 2.0 (x0.9) 1.6 (x1.0) 3.0 (£1.3) 1.5 (x0.9)
4 1,15 (£0.4) 2.0 (£0.9) 1.4 (x0.2) 2.1 (£1.5)
6 2.4 (+0.5) 4.5 (+0.8) 3.7 (x0.4) 2.3 (¢1.2)
8 3.4 (x1.4) 2.8 (x0.4) 3.2 (x0.5) 3.0 (x0.7)
10 3.4 (x0.9) 4.0 (£1.1) 2.7 (x0.2) 2.6 (+0.3)
12 3.0 (+1.0) 3.1 (x2.0) 2.1 (x0.9) 2.5 (+1.6)
14 2.0 (x1.1) 4.4 (£2.7) 2.9 (x1.4) 3.0 (x0.3)
16 2.0 (¥1.5) 3.6 (+0.6) 1.6 (£0.4) 3.1(x0.4)
19 2.3 (1.5) 1.3 (x0.2) 1.1 (x0.9) 2.8 (+0.4)

Total Zooplankton (ind.mL-")

29200 (+1945)

13183 (£3293)

17967 (£7468)

6600 (£3328)

2 4767 (+4544) 1483 (+2569) 19708 (+18083) 19602 (+17491)
3 0883 (+4177) 11150 (+4481) 10433 (£2050) 5950 (+2555)
4 9117 (£7425) 21717 (£3201) 12617 (£2470) 6299 (+3593)
6 9800 (+7889) 20800 (+6954) 17450 (+3780) 3425 (+895)
8 12561 (£9242) 40114 (+24950) 55367 (+8697) 7117 (£3693)
10 15683 (+6634) 70720 (+23138) 69155 (+39674) 6250 (+4653)
12 60438 (+30046) 64625 (+31910) 38367 (+40799) 5263 (+2650)
14 34269 (+6361) 92193 (+44661) 158565 (+98687) 14238 (+931)
16 85678 (+23525) 9893 (+59667) 316533 (+264486) 99882 (£7406)
19 96736 (+101822) 116224 (£73587) 275561 (£151172) 52196 (+17008)

na = data no avaiable.

the experiment and 2.9 x 107 cells mL™ on the last
day, and between 0.44 x 10*cells mL™! on the 4%
day of experiment and 5.3 x 10° cells mL™" on the
14* experimental day. PNF density responded more
quickly (1* day after fertilization) and seems to have
reached higher cell density in all nutrient addition
treatments than did HNE The time lag detected for
HNF was of ca. 8 days after fertilization (Figure 2).

Furthermore, an interesting result concerning
the pigmented fraction is the different patterns
registered for P and N+D, with fast response (after
Day 1%) and N (important increase only after 6
day; see the lowest F estimated for the interaction)
compared to the Control treatment. These and the
PNF density response to nutrient addition were
confirmed by the significant interactions among N
(F=2.3;p=0.020) and P (F = 4; p = 0.000) and
the time of the experiment resulted from ANOVA.

3.3. Nanoflagellate mean cell size

In general, the mean body size of PNF
nanoflagellates decreased in all treatments from the
highest value on the 4™ day (8.4 mm) to minimal
values (2.41 mm) on the 12* day (Figure 3). The

results of the ANOVAR indicated significant effects
of N (F = 20.6; p = 0.002), P (F = 2; p = 0.015)
and N + P addition (F= 5.82; p= 0.042). However,
values varied through time (F = 3.63; p = 0.001).
Within the heterotrophic fraction, we observed
mean cell sizes from 8.4 pm on the 3 day to
2.41 pm on the 19™ day. However, unlike in the
pigmented fraction, a clear trend was not observed
for the cell size changes (Figure 3). The ANOVAR
showed a significant effect of N-addition (F = 6.85;
p = 0.034) and a variation of values with time in
fertilized treatments (F = 2.9; p = 0.003).

3.4. Nanoflagellate biomass

Pigmented total biomass increased from the
initial value of 0.33 mg C L' (1 day) to0 102.9 mg
C L' on the last day. The HNF biomass on the 3
day (0.21 mg C L) increased to 173 mg C L' on
the 14 days. Moreover, a time lag in the response
of nanoflagellate biomass increase was observed. In
N+P-addition, the initial increase occurred on the
1** day after fertilization (Figure 4).

The effects of P and N addition on the PNF
biomass fraction were significant but varied through
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Figure 3. Variation of pigmented (PNF) and heterotrophic (HNF) nanoflagellate mean cell size during 19 days of
a nutrient addition experiment. Data shown are mean + standard deviation.

time, as indicated by the interactions (F = 3.3;
p =0.001 and F = 2.2; p = 0.026 for P and N
along the time, respectively). On the other hand,
no significant response of HNF biomass to nutrient

enrichment was detected.
3.5. PNF: HNF ratio

Nutrient enrichment caused an increase in the
ratio of PNF to HNF density. The greatest difference
between fractions occurred when both P and N
were added (Figure 2). Moreover, the effect of
N-alone and P-alone addition varied along the time
as indicated by the significant interactions among
these treatments and time (F = 1.996; p = 0.044;
F=3.510; p = 0.001).

The effect of nutrient addition on the ratio PNF:
HNF biomass suggested an effect only with regard
to the N+P-addition treatment, where a temporal
increase of the PNF contribution was observed
(Figure 4). However, significant effects of nutrient
addition were not observed, with only significant
changes in biomass values along the time (F= 2.30;
» = 0.020).

4, Discussion

The density, biomass, and mean cell size of
the nanoflagellate community were affected by
nutrient addition, paralleling results obtained in
several experimental studies (Jansson et al., 1996;
Gilbertetal., 1998; Simek et al., 2003). The increase
in the abundance of PNF and HNF as a response to
the increase in nutrient availability is also frequently
reported in non-manipulative studies (Gasol et al.,
1995; Hwang and Heath, 1997; Hobbie et al.,
1999; Auer and Arndt, 2001; Samuelsson et al.,
2002, 2006; Auer et al., 2004) showing the
influence of the lake trophy on the abundance and
biomass of distinct compounds of the planktonic
food web. Studies have shown that the increase in
availability of resources in the environment affects
the propagation of all components of the planktonic
food web, evidencing the relevance of the bottom
up control mechanism (Andersson et al., 2000).

Concerning to the cell size, our results differ
from the general trend of a positive relationship
between resources and mean cell size (Kress et al.,
2005; Sabetta et al., 2005; Sipura et al., 2005;
Samuelsson et al., 2006). Small organisms are
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Figure 4. Variation of pigmented (PNF) and heterotrophic (HNF) nanoflagellate biomass during 19 days of a nutri-
ent addition experiment. Data shown are mean # standard deviation.

supposedly better adapted to exploit resources in
lower concentrations (Berninger and Wickham,
2005) due to their higher surface:volume ratio,
which allows a rapid utilization of resource
(Pirlot et al., 2005) and provides competitive
advantage in oligotrophic environments.

The significant decrease of PNF mean cell size
in fertilized conditions registered in the present
study was also observed by Racy (2004), studying
the bacterial community in a tropical reservoir with
different trophic scales. This author suggested that
greater densities observed in eutrophic environments
would result from an increase in reproductive rate by
cell division, leading to a decrease in mean body size.

Another factor that could be related to the
decrease of PNF mean cell size relates to top down
control mechanisms. The increase in predator density
caused by propagation of bottom-up effect, at all
levels of the food web after nutrient fertilization,
results in higher predation pressure on large bodied
nanoflagellates, and a subsequent decrease in mean
body size for this community is expected. According
to Samuelsson and Andersson (2003), predation
pressure seems to be size-dependent, increasing with
the body size of nanoflagellates.

Considering the short generation time (hours),
and the high growth rate of nanoflagellates (1 to 5

times/day in good growth conditions) (Laybourn-
Parry, 1992), these organisms respond with a rapid
increase in abundance after nutrient fertilization
(e.g Burns and Schallenberg, 1998). However, we
observed time lag differences of PNF and HNF
abundances. The PNF tended to respond faster than
HNF because they have the capacity to assimilate
the nutrients directly from the environment while
the HNF incorporate nutrients mainly through
bacteria and autotrophic nanoflagellates, and
therefore responded indirectly to the nutrient
fertilization.

In our study, the faster and greater amplitude
of response observed in treatments fertilized with
phosphorus (P- alone addition), over those fertilized
with nitrogen (N-alone addition), seemed to
corroborate the hypothesis that phosphorus is the
main limiting factor for the growth of freshwater
aquatic communities. However, a similar trend of
abundance increase was observed in the N addition
treatment, although at a lower scale and later (after
the 4™ day) than in the P addition, thus arguing
with the idea of co-limitation of N and P suggested
by Huszar (2006).

The nearly 1:1 relative contribution of
autotrophic and heterotrophic fractions to the total
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density and biomass of nanoflagellates observed
in controlled experimental units and on the first
days in fertilized ones has not been often recorded.
Conversely, it has been registered the predominance
of autotrophic organisms in natural environments
(Safi and Hall, 1997) and independent of trophic
state (Samuelsson et al., 2002).

In summary, our results indicate that: i) the
pigmented and heterotrophic fractions showed
distinct time responses to fertilization ii) the growth
of nanoflagellate community seems to be co-limited
by N and P; iii) the nutrient enrichment led to
a greater pigmented than heterotrophic fraction
contribution; and v) among the analyzed attributes,
nanoflagellate densities seem to be more sensitive
to changes in nutrient availability than biomass or
mean body size.
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