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Primary productivity of the phytoplankton in a tropical Brazilian
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Abstract: Aim: To evaluate the primary productivity of the phytoplankton in the
Lake Monte Alegre, southeastern Brazil, and the factors that influence its fluctuations,
experiments were carried out in the lake and in mesocosm; Methods: Primary productivity
rates were measured using the “C technique, in experiments carried out monthly in the
lake, during one year, and in two mesocosm experiments, one in the winter and another in
the summer. Other factors also analyzed were temperature, dissolved oxygen, pH, electrical
conductivity, chlorophyll-2, alkalinity, nutrients, and nitrogen limitation. Hypotheses
on the influence of grazing and excretion by zooplankton and fish on phytoplankton
properties were tested in two mesocosm experiments; Results: Higher PP in the water
column of the lake occurred in the transition periods, when thermal stratification is
unstable, and lower PP in the cool season (frequent mixing) and in mid-summer (more
stable stratification). The limiting factor in the cool season seems to be mainly temperature
and in mid-summer lower light intensities, due to higher rainfall and overcast, N limitation
and physical disturbances caused by storms. PP was not influenced by the zooplankton
in the experiment I, despite the effect of grazing on other phytoplankton properties. The
excretion by the phytoplanktivorous fish (adults of 7ilapia rendalli) enhanced PP in the
experiment II, outweighing grazing on the phytoplankton; Conclusions: We suppose that
the preponderant factors which affected primary productivity in the lake were physical
and chemical ones, biotic factors having a secondary role. The thermal behavior of the
lake, which is warm discontinuous polymictic, governs nutrient losses and releases,
influencing PP in addition to other factors related to seasons.

Keywords: primary productivity, assimilation rates, chlorophyll-a, thermal behavior,
bottom-up and top-down control.

Resumo: Objetivo: Para avaliar a produtividade primdria do fitoplancton e os fatores
que influenciam suas flutuacoes foram feitos experimentos no Lago Monte Alegre ¢ em
mesocosmos; Métodos: Foram feitos experimentos mensais de produtividade primdria
(PP), usando o método do "“C, no lago, durante um ano, e em dois experimentos em
mesocosmos, um no inverno e outro no verdo. Outros fatores medidos foram temperatura,
oxigénio dissolvido, pH, condutividade elétrica, clorofila-4, alcalinidade, nutrientes
e limitagao de nitrogénio. Foram testadas hipdteses sobre a influéncia do consumo e
excregao do zooplancton e peixes sobre o fitoplancton em dois experimentos realizados
em mesocosmos; Resultados: Maior PP na coluna de 4gua do lago ocorreu nos periodos
de transi¢do, quando a estratificagio ¢ instdvel, e menor PP na estacio fria (circulagao
freqiiente) e no meio do vero (estratificacio mais estdvel). O fator limitante na estacio
fria parece ser principalmente a temperatura e no meio do veréo as intensidades luminosas
mais baixas, devido a maior pluviosidade e tempo nublado, limitagao de nitrogénio e
perturbagdes fisicas causadas por tempestades. PP nio foi influenciada pelo zooplancton
no experimento I, apesar do efeito do consumo sobre outros atributos do fitoplancton. A
excre¢do pelo peixe fitoplanctéfago (adultos de 7ilapia rendalli) causou o aumento da PP
no experimento II, superando o consumo do fitoplancton; Conclusées: Nos supomos
que os fatores preponderantes que afetam a produtividade primdria no lago sao fisicos e
quimicos, tendo os fatores bidticos um papel secunddrio. O comportamento térmico do
lago, que ¢ polimictico descontinuo quente, controla a perda e liberacio de nutrientes,
influenciando a produtividade primdria além de outros fatores relacionados as estagcoes
do ano.

Palavras-chave: produtividade primdria, taxas de assimilagdo, clorofila-a,
comportamento térmico, controle ascendente ou descendente.
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1. Introduction

Primary productivity fluctuations in temperate
lakes are more clearly defined and connected to
seasons than in the tropics. Primary production can
be much higher in tropical lakes due to the direct
effect of the temperature, under nutrient saturation
(Lewis, 1996), reaching values 2 to 3 times higher
than in temperate lakes (Lewis, 1996; Amarasinghe
and Vijverberg, 2002). The complex dynamics of
the mixed layer and the higher metabolic rates in
tropical lakes speed up the return of nutrients to
the euphotic zone (Lewis, 1996). General processes
in lakes of higher latitudes, where studies have
started earlier, are better known than in the tropics.
Most of the first studies in tropical limnology
have been carried out in African and Indonesian
lakes (e.g. Beadle, 1932; Ruttner, 1931, 1952;
Worthington, 1931; Worthington and Ricardo,
1936; complete historical background can be found
in the reviews by Beadle, 1974 and Talling and
Lemoalle, 1998).

Studies on primary productivity of phytoplankton
in Brazilian freshwaters have been carried out in
reservoirs, a few natural lakes, and floodplain lakes
(e.g. Barbosa and Tundisi, 1980; Barbosa et al.,
1989; Calijuri etal., 1999; Calijuri and Dos Santos,
2001; Feresin, 1994; Fisher, 1979; Gianesella-
Galvio 1985; Henry, 1993; Henry et al., 1998,
2006; Nishimura et al., 2008; Petrucio and Barbosa,
2004; Petrucio et al., 2006; Rahaingomanana etal.,
2002; Roland, 2000; Schmidt, 1973; Toledo and
Hay, 1988; Tundisi et al., 1981, 1997).

The basic controlling factors of primary
production are light and nutrients, varying their
relative importance in the ecosystems according to
their dynamics. Phytoplankton losses in reservoirs,
related to flows diverted to turbines and spillways,
should also be considered (Calijuri et al., 1999).
Some reservoirs, however, resemble lakes, owing to
their high residence times, as for instance Jurumirim
(334 days) (Henry et al., 2006) and Paraibuna
(800 days) (Arcifa et al., 1981). However, the
reservoirs with low residence time, particularly the
“run-of-the-river” dams, are closer to lotic water
bodies. The internal processes in floodplain lakes
are related to the river dynamics, whose influence
can vary depending on the connection lake-river.
However, the allochthonous contribution of
sediments and nutrients plays an important role
in all the water bodies. Primary production can
be influenced by the joint action of flood pulses
and anthropic activities, as in the Amazonian
floodplain Lake Batata, impacted by bauxite tailings
(Roland et al., 1997; Roland, 2000).
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Shallow and deep lakes function in distinct
ways regarding nutrient regeneration and light
penetration. The intuitive idea on tropical shallow
lakes drives to conclusions that factors such
as nutrients and temperature are suitable for
production along the year. However, the definition
of shallow lake is not so easy (Scheffer, 2004; Padisak
and Reynolds, 2003), as well as the establishment of
the depth limit. Functionally, a shallow lake is prone
to frequent mixing and sediment resuspension
(Padisdk and Reynolds, 2003) in contrast with
deep lakes, where stratification periods can be long
enough to influence the whole community and
processes such as photosynthesis.

This study was carried out during a year in a
shallow reservoir that functions as a lake. Differing
from the continuous polymictic type, it does
not circulate every day. Experiments on primary
productivity were made in the lake and in two
mesocosm experiments that tested the effect of
grazing and nutrient excretion by the zooplankton
and fish on the phytoplankton properties. The
chlorophyll-a, alkalinity, and assimilation rates were
also evaluated. Profiles of temperature, dissolved
oxygen, pH, and electrical conductivity were
obtained during the productivity experiments, as
well as measurements of nutrient concentrations
and nitrogen limitation on some occasions.

The aim of this study was to evaluate the
primary productivity in the Lake Monte Alegre
and the factors that influence its fluctuations. The
hypotheses were that features connected to its
shallowness and the abiotic factors play a major role
in the phytoplankton production.

1.1. Study area

Lake Monte Alegre (21°10° 04” S and
47°51" 28” W, updated by GPS) is a small,
shallow, eutrophic, and warm discontinuous
polymictic reservoir located in Ribeirao Preto,
State of Sdo Paulo (Figure 1) (area 7 ha, Z max. =
5 m, z = 2.9 m). Macrophytes are not abundant
and are distributed in discrete small stands along
the margins, occurring in higher densities in the
area of the creek inflow. The margins are protected
by dense vegetation composed of trees and grass.
Located in southeastern Brazil, at an altitude of
500 m, the lake resulted from damming Laureano
Creek, which belongs to the Pardo River basin,
in 1942. It can stratify for relatively long periods
in the warm season, leading to oxygen depletion
near the bottom (Arcifa et al., 1990). As the outlet
is superficial and the dam is not manipulated, it
functions as a small lake, with a retention time of
ca. 45 days, during the period between the wet and
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Figure 1. Location of Lake Monte Alegre in Brazil, and a satellite photo of the lake.

dry seasons. Currently, it is ornamental and used for
research and teaching. According to Nimer (1989),
the region has a tropical semi-humid climate, with
a defined cool-dry season (May-September) and a
warm-wet one (October-April).

Based on climatic features and the lake thermal
behavior, four periods were identified (Arcifa et al.,
1998): A. January-March, warm-wet with more
stable stratification; B. April, a transition period
in the end of the warm-wet period, with unstable
stratification; C. May-August, cool-dry with more
frequent circulation; D. September-December,
transition period between the warm-dry and warm-
wet periods, with unstable stratification.

2. Material and Methods

2.1. Primary productivity in the lake

Experiments on primary productivity were
carried out monthly (except October), at a station

located at the deepest central area of the lake, from
August 1998 to July 1999, in four depths, according
to the light penetration. The "“C method was used,
following procedures and calculations according to
Wetzel and Likens (1991).

Water samples were collected with a Ruttner
bottle, in the layers of 50, 25, 10, and 1% of incident
light, measured with a Licor-250 photometer. Due
to strong inhibition of the productivity in the
surface layer, observed in a preliminary survey,
and the proximity to the 50% layer, the first was
excluded from this study. Two transparent bottles
and one dark bottle, to which 1 ml of NaH”CO3
(7.34 pCi.mL?; Amersham PLC, UK) was added,
were incubated in situ in each depth, for 3 hours, in
the morning. An additional dark bottle was taken in
cach depth for inorganic carbon measurement using
the alkalinity and pH method (Wetzel and Likens,
1991). The radioisotope activity was evaluated in
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a sample fixed with 1% formaldehyde before the
addition of the radioactive bicarbonate. At the end
of the incubation period, samples were filtered at the
laboratory, in Millipore filters (HA, 0.45 pm), then
dried in a desiccator, their activity being measured
using a scintillation counter (Beckman, 1L56500),
and following the method described by Wetzel and
Likens (1991).

Other factors were measured, in the water
column, such as temperature and dissolved
oxygen (Yellow Springs Inc., model 95), pH
(YSI 60), electrical conductivity at 25 °C (YSI
30), water transparency (30 cm-white Secchi
disk), alkalinity (Stumm and Morgan, 1996),
and chlorophyll-z (Jeffrey and Humpbhrey, 1975).
The use of Lorenzen’s method (1967) for also
evaluating phacopigments was precluded due to the
phytoplankton composition in some samples, which
invalidated the analyses after the acidification,
when a high turbidity biased the spetrophotometric
measurements. Dissolved N-NO, (Mackereth etal.,
1978), N-NH,* and P-PO* (Golterman et al.,
1978), and N limitation were analyzed in the winter
of 1998 and in the summer of 1999. Integrated
samples of the entire water column were collected
using an electrical pump (Jabsco, model 34600-
0000), which delivered 30 L.min™.

The assimilation rate was calculated as the
ratio between primary productivity rate and
chlorophyll-z concentration, in order to evaluate
the photosynthetic efficiency.

The nitrogen limitation was analyzed by
the ammonium enhancement response (AER),
according to Vanni and Layne (1997), values > 1
indicating N limitation. Phosphorus limitation
was also evaluated using the alcaline phosphatase
method, but as it was not sensitive enough results
were unreliable and discarded.

Meteorological data were provided by the
Institute of Agronomy, located ¢a. 5 km from the
lake. The wet and dry seasons were determined
by a relation between air temperature and rainfall
(Gaussen and Bagnouls 7z Nimer, 1989).

2.2. Primary productivity in mesocosm experiments

Two mesocosm experiments were made in
the lake, the first in the winter of 1998 (August-
September) and the second during the summer of
1999 (January). The experiment I (winter) lasted
25 days and used the mesocosm closed at the
lower end, as described by Arcifa and Guagnoni
(2003). The effects of the zooplankton on the
phytoplankton properties, including productivity
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rates, were tested. The treatments (3 replicates each)
were: A. with zooplankton, and B. zooplankton-
free. The treatment A contained rotifers, copepods
and cladocerans, including larger species, such as
Daphnia gessneri and D. ambigua; the treatment B
was not totally free of zooplankton and contained
a very few rotifer species and individuals, tecnically
impossible to be retained on the net (60 um
meshed) located at the mouth of the enclosure.
The experiment II (summer) lasted 18 days
and tested the effects of the zooplankton and a
phytoplanktivorous fish on the phytoplankton with
the treatments (3 replicates each): A. zooplankton
+ fish (1 individual of the adult cichlid fish T7lapia
rendalli) and B. zooplankton- and fish-free. In this
experiment, the zooplankton was predominantly
composed of rotifers in the treatment A, and rotifers
in lower densities and diversity in B, due to the same
reasons explained above. Primary productivity rates,
physical and chemical factors, and N limitation were
also measured in both experiments, following the
methods already described.

The productivity measurements were made
in the layer of 50% of incident light inside the
enclosures and in the lake, at the beginning and end
of the experiments. Integrated samples of the water
column inside the enclosures for the experiments of
N limitation were collected with the pump.

2.3. Statistical analysis

Differences between means of the treatments
in both experiments were tested by ANOVA
and the posr hoc Tukey test (significance level
p < 0.05) (Nester and Wasserman, 1974). The
Principal Component Analysis (PCA) was used
for identifying possible patterns in the monthly
distribution of the factors (Peres-Neto et al., 2003)
Only the eigenvalues > 1 were considered in the
analysis.

3. Results

3.1. Meteorological data

Rainfall and temperature data indicated that
the warm-wet season lasted from October to
April (Figure 2). The maximum air temperatures
decreased slightly in the winter (June-September)
compared to the other seasons, while the minimum
temperatures declined more clearly. The winter
nights were cool and the days relatively warm.
Winds were usually weak during the year, not
exceeding 4 m/s, with peaks in September-October.
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Figure 2. Meteorological data of the period from August 1998 to July 1999.

The insolation hours decreased during the
warm-wet season, particularly from December 1998
to February 1999 (Figure 2), with frequent rains
and overcast days.

3.2. Physical and chemical factors

Longer or more stable periods of the thermal
stratification of the lake, as expected, were
observed during the warm season, from December
to February, a maximum temperature (28.2 °C)
being recorded in January (Figure 3). A tendency
for isothermy occurred in August 1998 and from
April to July 1999, the lowest temperature (19.5 °C)
occurring in June.

Dissolved oxygen was clearly stratified from
November to March, coinciding approximately
with the period of more stable thermal stratification
(Figure 3). Values lower than 1 mg.L"! were recorded
near the bottom, during summer. Despite the
tendency for water circulation during the cool
season, oxygen was usually unevenly distributed
in the water column. Short periods of thermal
stratification were sufficient to cause a slight decrease
of oxygen concentrations, particularly near the
bottom.

The pH values varied from 6.2 to 7.4 during
the study period. A seasonal variation was not clear,

but during periods of stratification, from November
to February, the pH values were heterogeneously
distributed in the water column, with higher values
near the surface. Conductivity values varied from
56 to 72.6 pS.cm’, indicating the accumulation
of ions near the bottom for a short period in the
summer.

The alkalinity ranged from 0.12 t0 0.97 meq.L",
the highest values being found in the superficial
layers in September and November (Figure 4). The
lowest values were recorded in the water column
from December to February.

The water transparency ranged from 1.70 to
2.05 m, during the cool-dry season, and was ca.
1.50 m, during the warm-wet season (Figure 5).
Accordingly, higher values of light intensity, in the
water surface, were recorded in the cool season-
beginning of the warm one. The light attenuation
was intense, 50% of surface light intensity being
recorded in the layers of 0.5 to 0.75 m, during the
year. In February and March, the light attenuation
in the water column was stronger, values lower
than 500 lux occurring from 1 to 4 m. The limit of
the euphotic zone varied from 3.5 to 4.6 m during
the study period, the lowest values being recorded
in the warm-wet season. The values of the ratio
Zmax/Zeu (maximum depth/euphotic zone) were
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higher during the summer when the transparency
and light intensity values decreased (Figure 5).
Higher concentrations of dissolved P-PO * were
found in the summer and N-NO;" in the winter
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Figure 3. Isopleths of temperature and dissolved oxygen
from August 1998 to July 1999.
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(Table 1). The concentrations of dissolved N-NH,*
were higher in the summer (data of treatments in
the beginning of the experiment II). There was
indication of N limitation in this season, with AER
values above 1.

3.3. Primary productivity, chlorophyll-a, and

assimilation rates in the lake

Maximum values of primary productivity
(PP) rates were recorded in spring (September to
December), and late summer-beginning of autumn
(March-April) from surface to 2-3 m (Figure 4).
PP rates declined in August and from May to July,
during the cool-dry season, and in mid-summer
(January-February), particularly in February. The
production was limited to the epi- and metalimnion
during the summer. PP increased in the water
column with relatively high values in deeper layers
(3.0-3.5 m), from September to November. In
November, from the two peaks of PP in the water
column, one corresponded to the layer with 50%
of incident light (0.75 m), and the other to the
10% layer (2.5 m). The productivity rates per area
highlighted the highest value in November and the
lowest in August (Figure 6).

Higher concentrations of chlorophyll-z were
found in spring-early summer (September-January)
and in autumn-winter (April-July) (Figure 4).
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Figure 4. Isopleths of primary productivity rates, chlorophyll-z concentrations, assimilation rates, and alkalinity,

from August 1998 to July 1999.
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Figure 5. Fluctuations of Secchi disk transparency (SD), light intensities at the water surface, hours of insolation,

and Zmax/Zeu, from August 1998 to July 1999.

Table 1. Temperature, light intensities, nutrients (N, P), N limitation (NL), primary productivity rates (PP), and
chlorophyll-z concentrations in the mesocosm experiments. Different letters indicate significant differences (posz hoc

Tukey test, p < 0.05).

Experiment | - August-September 1998

T Light N-NH,* N-NO, P-PO* NL PP Chl-a
(°C) (Lux) (Mg.L") (Mg.L") (Mg.L") (AER)  (mgC.m*h")  (ug.L")
Start A 22.5 60 (a) 671 (a) 38 (a) 0.83 (a) 132 (a) 126 (a)
B 225 9442 90 (a) 844 (a) 33 (a) 0.81 (a) 6.8 (a) 5.2 (b)

Lake  22.0 10694 55 33 0.65 10.3 1.9
End A 22.8 7606 (a) 35 (a) 333 (a) 61 (a) 0.84 (a) 30.9 (a) 8.8 (a)
B 226 6884 (a) 38 (a) 463 (a) 46 (a) 0.82 (a) 25.1(a) 7.8 (a)

Lake 22.8 10766 60 28 0.86 34.6 12.8

Experiment Il - January 1999

Start A 27.9 21408 (a) 659.3 (a) 103.3 (a) 126.7 (a) 2.8 (a) 241 (a) 10.9 (a)
B 274 14445 (a) 671.3 (a) 110.0 (a) 126.0 (a) 38(a) 14.3 (a) 126 (a)

Lake 279 23410 178.0 96.0 1.7 20.8 10.7
End A 276 18300 (a) 929 96.0 (a) 99.7 (a) 38(a) 40.6 (a) 30.2 (a)
B 275 12137 (b) 100.3 (a) 166.7 (a) 5.1(a) 7.2 (b) 8.2 (b)

Lake 275 17721 302.0 68.0 24 17.0 121

The concentrations decreased in February-March,
during the summer. High concentrations of
chlorophyll-a were recorded near the bottom in
November. However, part of the chlorophyll-4
could be composed of phacopigments as they were
not separated from the active chlorophyll-2, and
could explain the high values in the aphotic zone.
Mid-autumn and winter (May-August) were
marked by the lowest productivity and assimilation
rates, despite relatively high chlorophyll-2
concentrations (Figure 4). Mid-summer (January-

February) was a period of intermediate productivity
and assimilation rates.

3.4. Experiments of primary productivity and N
limitation in mesocosm

PP rates were not significantly different in both
treatments at the end of the experiment I (Table 1).
The light intensities were similarly high in both
treatments, and other physical and chemical features
did not differ between the treatments. There was no
indication of N limitation (AER values < 1) in both
treatments and in the lake.
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At the end of the experiment II, PP rate was
significantly higher (p = 0.013) in the treatment
A (zooplankton + fish) than in the treatment B
(zoo- and fish-free) (Table 1). Light intensity was
lower in the treatment B than in A (p = 0.05).
There was indication of a strong N limitation in
both treatments, which was a little lower in the lake.

3.5. Principal component analysis

The principal components analysis (PCA)
reduced the variation of six variables (alkalinity,
primary productivity, chlorophyll-#, assimilation,
Zmax/Zeu ratio and temperature) to two principal
components, PC1 and PC2, which explained 47 and
42.9% of the total variance, respectively (Table 2).
The loading values obtained by PCA correspond
to the coefficients of correlation of each variable
with each component. Indirectly, these values
also indicate the relationship between the original
variables. The variables PP, chlorophyll-z and
temperature were highly correlated with the PCI1,
and the variables alkalinity, assimilation and Zmax/
Zeu ratio were highly correlated with the PC2.

Based on the PCl1 axis, of the PC1 and PC2
plot (Figure 7), it was possible to discriminate the
months composing the cool-dry season (April-
September) from those of the warm-wet season
(November-March). Analyzing the PC1 and PC2
plot, the formation of 4 groups of months was
evident. One group is composed of November,
which presented the highest productivity rates
(Figure 4), and May to August, another group, with
the lowest PP values. December to February is a
group with the highest temperatures (Figure 2), and
March, April, and September is a group belonging
to a transition thermal period of relatively high
productivity (Figure 4).

4, Discussion

The PP rates in Lake Monte Alegre (LMA)
are relatively high, approaching the lake to
Brazilian meso- to eutrophic water bodies. The
maximum values found in Salto Grande Reservoir
(Americana) (Calijuri et al., 1999) and LMA are
similar (200 mgC.m?2.h"). Its average PP rate
(77 mgC.m™.h") is much higher than those of nine
of the ten reservoirs studied by Gianesella-Galvao
(1985), which are mesotrophic or oligotrophic
(Paraibuna), and that of the oligotrophic Jurumirim
Reservoir (Henry et al., 2006). PP rates of LMA are
near values found in Rio Grande branch of Billings
Reservoir (Nishimura et al., 2008), and Promissao
Reservoir (Tundisi et al. 1993), but lower than
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values of Barra Bonita Reservoir (Calijuri and Dos
Santos, 2001).

Shallow lakes can be more productive than
the deep ones, except those with dense stands
of macrophytes (Feresin, 1994). The average
productivity in Camargo Lake (57.8 mgC.m™2.h"),
located near the confluence of Jurumirim Reservoir
and Paranapanema River, is ca. three times that of
the reservoir (Henry et al., 2006), and a little lower

AANS ND J FMAMIJ
Figure 6. Productivity rates per area, from August 1998
to July 1999.
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Figure 7. Spatial distribution of the cases’ loadings for the
principal component (PC) analysis. Z/Z — Zmax/Zeu.

Table 2. Eigenvalues and variables’ loadings for the
principal component (PC) analysis.

Variables PC1 PC2
Alkalinity -0.307046 0.857707
Phytoplankton Productivity -0.817299 0.555704
Chlorophyll-a -0.696486  -0.567976
Assimilation -0.600880 0.762176
Zmax/Zeu -0.658578  -0.710561
Temperature -0.884836  -0.352564
Eigenvalues 2.825066 2.577177
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than the average PP in Lake Monte Alegre. Lake
Carioca (Z max. 11.8 m) exhibited a much higher
PP (2247 mgC.m™2.h") than Lake D. Helvécio
(Z max 32.5 m), both warm monomictic (Petrucio
and Barbosa, 2004).

The influence of abiotic factors, such as light,
temperature, and hydrology is more evident on
the temporal fluctuations of productivity rates in
the lake, when compared to that of biotic factors.

The temporal and vertical distribution of PP
rates is directly or indirectly related to the thermal
behavior of the lake. Although the lake circulates
irregularly during the year, a period of more
stable stratification is evident in the warm-wet
season, particularly from December to February.
However, deepening of the thermocline, leading
to partial mixing, and periods of total mixing can
occur during the warm season, characteristic of a
polymictic lake (Arcifa et al., 1990). From April to
August, circulation can be frequent, when the water
column becomes isothermal and, consequently,
dissolved oxygen is almost evenly distributed. The
production extends to layers deeper than the mixed
layer, when the lake is stratified.

In September, in the first period of higher PT,
there was no indication of nitrogen limitation
and although phosphate concentrations were not
so high, they were probably non-limiting. The
threshold phosphorus concentration for algae
varies from 5 pug.L! (Reynolds, 1997) to 10 pg.L!
(Sas, 1989), lower than the concentrations
found in the lake. This period of high primary
productivity, assimilation rates, and chlorophyll-2
concentrations coincides with more frequent
circulation and unstable stratification, a transition
period (Arcifa et al., 1998). The factors favoring
the productivity enhancement might be suitable
conditions, such as temperature, light intensity, and
inorganic carbon. In September, other nutrients
(N and P) were non-limiting and although there are
no data in November in this study, analyses made
in 2001-2002 indicated that concentrations were
similar in both months (M. S. Arcifa, unpublished
data).

The second period of high PP (March-April)
matchs a time of stratification instability and the
onset of more frequent mixing, when presumably
nutrients trapped in the hypolimnion can be
driven to the euphotic zone. Assimilation rates
were high and chlorophyll-z concentrations were
relatively low, suggesting that the conditions
were favorable for a high production, despite the
relatively low biomass. Lower rainfall and overcast
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and increased light intensities, suitable temperatures
and inorganic carbon, and probably non-limiting N
and P concentrations might be the reasons for PP
enhancement. Arcifa (1999) reports that N and P
concentrations were not particularly low in March
and April of 1988, and in 2001-02 (M. S. Arcifa,
unpublished data) the same trend was observed.

The distribution and availability of nutrients
(N and P) in the Lake Monte Alegre maintain a
close relationship with the thermal behavior of the
lake. Forms of nitrogen show a tendency to stratify,
during the period of more stable stratification in the
warm season, when oxygen is low or depleted near
the bottom (Arcifa, 1999). Ammonium accumulates
in the hypolimnion and nitrate predominates in the
oxygenated epilimnion (Arcifa, 1999). Circulation
periods bring ammonium trapped in deeper waters
to the oxygenated euphotic zone which, in addition
to the contribution from the excretion by organisms,
can be assimilated by part of the phytoplankton
assemblage, before being nitrified. The phosphorus
loss or its release from the sediment connected to
the thermal behavior can be expected.

The dynamics of P in lakes involves a complex
interaction with several compounds and ions, by
sorption and adsorption (Sendergaard etal., 2003).
In the Lake Monte Alegre, due to the iron-rich solil,
the iron-bound phosphorus could be responsible for
most of the P loss to the sediment, as reported for
other shallow lakes (several references in Scheffer,
2004).

As a consequence of the circulation pattern of
the lake, both transition periods (early spring and
autumn) in between the more stable stratification
and circulation periods favor the phytoplankton
productivity, contrasting with the other periods,
mid-summer, late autumn, and winter. Limiting
factors during the summer might be lower light
intensities due to increasing overcast, N limitation,
and water turbulence caused by storms. These
perturbations not always disrupt stratification but
can resuspend sediments mainly from the shallow
littoral zone, contributing to the light attenuation in
the water. The reduction of the euphotic zone caused
mainly by allochthonous suspended solids, owing to
high rainfall in the summer, leading to the decline
of primary productivity rates, is relatively common
in Brazilian reservoirs (Calijuri et al., 1999; Tundisi
and Matsumura-Tundisi, 2008).

In late autumn and winter, lower assimilation
rates indicate the desacceleration of the
photosynthetic process, despite the relatively high
chlorophyll-z concentrations. Lower temperatures
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(ca. 20-22 °C) might be the major cause, as light
penetration in the water column was high. The
vertical distribution of PP is clearly related to light
attenuation, the deepening of the euphotic layer
allowing the photosynthetic process to extend to
deeper layers.

In addition to other factors, the effects of
hydrological disturbances promoted by high
rainfall, storms, and increased water turbulence
can be seen in Table 3. It shows accumulated
rainfall three days prior to the productivity
experiments in the lake, during the summer. The
influence of disturbances and increased overcast
also collaborated to lower PP rates in January and
February. The phytoplankton, expressed as weight
and density, also decreased, as well as chlorophyll-#
(Figure 4). The recovery of PP rates in March, which
was not coincident with increased phytoplankton
density and biomass, and chlorophyll-4, evidenced a
high photosynthetic capacity. However, fluctuations
of PP can be expected in between the monthly
productivity experiments in the lake and the
phytoplankton performance might improve on
some occasions during the summer, stimulated by
high temperatures. The phytoplankton biomass is
notalways low in summer in the Lake Monte Alegre,
including January and February (Arcifa et al.,
1998). Interannual variability in the phytoplankton
abundance and processes is common, changing
only the hierarchy of causal agents. The intensity
of unpredictable events, such as storms, wind
fetch, and cold fronts (Arcifa et al., 1990) may
vary interannually, affecting the phytoplankton
dynamics and production.

In addition to physical aspects (Reynolds, 1989),
competition for resources and allelopathy, grazing,
and parasitism are important biotic factors in
phytoplankton sucession in lakes (Sommer, 1989;
Sterner, 1989; Van Donk, 1989; Reynolds, 1997,
2006; Legrand et al., 2003).

The control of biotic factors on phytoplankton
properties in the Lake Monte Alegre is not so
evident as that of physical and chemical factors.

Primary productivity of the phytoplankton...

393

Silva (2004) concluded that the zooplankton,
when composed of efficient filter-feeders such
as large cladocerans (Daphnia gessneri and D.
ambigua), can exert a top-down effect on the
phytoplanton densities and biomasses, thorough
herbivory. However, this effect was not evident on
the primary productivity rates and chlorophyll-2
concentrations in the mesocosm experiment. A
secondary role of zooplankton in controlling PP
in Jurumirim Reservoir was also suggested by
Henry et al. (2006). Hubble and Harper (2000)
found that grazing can be a secondary factor as a
top-down control on phytoplankton productivity
in the African shallow Lake Naivasha, becoming less
important with increasing productivity rates and
negligible when productivity reaches a very high
value (200 mC.m?>.h").

Other evidence that grazing plays a secondary
role in controlling phytoplankton properties in
the lake is that the low values of the primary
productivity and algae abundance, in February
1999, coincided with low densities of planktonic
microcrustaceans (cladocerans and copepods)
(Fileto, 2001). Low densities of microcrustaceans
was also observed in June-July 1999, when PP
rates were low. Therefore, it is difficult to attribute
the lower PP, in mid-summer and early winter,
to a biotic factor such as zooplankton grazing on
phytoplankton.

Silva (2004) suggested that the preponderant
effect of fish on the phytoplankton was through
excretion, a bottom-up control, PP rates increasing
in the presence of fish, despite the N limitation
observed.

Grazing by fish is possibly low in the lake because
the only planktivore (mostly phytoplanktivore) of
the fish fauna are the adults of the exotic cichlid
T rendalli (Arcifa and Meschiatti, 1993, 1996),
which occur in relatively low abundance. Filtration
rates of 7ilapia rendalli in laboratory varied from
0.09 +£0.6.10° to 1.66 + 0.83.10°algae/weight (g)/h
(Adriana J. Meschiatti, unpublished data). One
fish in each enclosure of the experiment, holding

Table 3. Rainfall and phytoplankton properties during the summer of 1999.

Months Accumulated rainfall (mm) 3 Primary productivity ~ Phytoplankton Biomass  Phytoplankton Density
days prior to PP experiments (mgC.m2.h) (mg.LY) (ind. mL")
December 1.1 110 3.85 12597
January 58.7 85 1.75 4855
February 75.2 40 0.60 2255
March 7.8 100 0.56 804

Sources: Silva (2004), this study.
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ca. 2500 L, would consume a maximum of ca. 20%
of the phytoplankton during the experiment, but
nutrients introduced by fish excretion enhanced
algae growth, outweighing the fish grazing rate
(Silva, 2004). The whole fish fauna excretion in
the lake might enhance PP, but does not explain
its temporal variations.

In summary, our hypotheses were confirmed as
evidences point to physical and chemical factors as
the preponderant factors influencing the primary
production of the phytoplankton in the Lake
Monte Alegre. The primary productivity has a close
relationship to the thermal behavior of the lake,
whose features are connected to its shallowness
and low wind strength. We suppose, however,
that in between strong physical disturbances and
nutrient limitation, biotic factors may act in some
periods. Although grazing by zooplankton can be
a top-down control on phytoplankton abundance,
particularly when larger and more eflicient filter-
feeders are present, it is a secondary top-down
control on productivity. The bottom-up control
on productivity by adult 7. rendalli outweighs the
top-down one.
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