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SUMMARY

1. Equilibrium and non-equilibrium hypotheses have often been used to explain
observations in community ecology. Published case studies have demonstrated that steady
state phytoplankton assemblages are more likely to occur in deep lakes than in shallow
mixed ones.

2. Phytoplankton seasonal succession was studied by weekly sampling in Faxinal
Reservoir (S Brazil), a subtropical deep, clear, warm monomictic and slightly eutrophic
reservoir. This study demonstrated an alternation of steady and non-steady state phases of
phytoplankton assemblages with different dominant species during the steady states.

3. During the studied period, three steady states were identified with different dominant
algal species: Anabaena crassa (Cyanobacteria), Nephrocytium sp. (green algae) and
Asterionella (diatoms).

4. Each steady state in Faxinal Reservoir developed under stratified conditions of the water
column according to the predictions of the disturbance concepts. Apparently, the major
forces driving the development and persistence of these steady-state phases were closely
related to thermal stratification and its consequences.

5. This study is the first report on development of more than one steady state within a year
in a stratified water body. The development of three steady states might be the result of the
relatively long stratification period in the Faxinal Reservoir and to its unique geochemical

features.
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Introduction

Equilibrium and non-equilibrium viewpoints may
simply be considered as two ends of an ecological
spectrum (Harris, 1986). In unstable environments,
growth rates may be reduced and populations are
limited by environmental factors (non-equilibrium).
In more stable environments, population size may rise
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as a result of higher growth rates and competition
between species becomes important (equilibrium).

Equilibrium and non-equilibrium hypotheses have
often been used to explain community ecology. Steady
state conditions are expected to be more likely to
occur in deep lakes than in shallow mixed ones
(Mischke & Nixdorf, 2003). Most reported phyto-
plankton steady-states have been related to stratified
conditions (Dokulil & Teubner, 2003; Leitdao et al.,
2003; Morabito, Oggioni & Panzani, 2003).

In natural phytoplankton communities, it is often
difficult to determine whether a given ‘phase’ in a
seasonal sequence can be considered to be in
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equilibrium or not, due to a lack of chemical data
and/or to insufficient sampling frequency (Sommer
et al., 1993). Constancy of biomass is needed as a
measure of functional persistence of the ecosystem
(top-down and bottom-up controls are probably
equilibrated or bottom-up dominates; Padisak et al.,
2003a). A maximum of three species contributing to at
least 80% of total biomass for more than 2 weeks,
without considerable variation in total biomass, has
been proposed as a criterion to identify an equilib-
rium phase (Sommer et al., 1993).

Ecologists have quite different opinions about the
importance of competition in shaping diversity. For
example, Harris (1986) assumes that competition
contributes to the generation of diversity over evolu-
tionary time scales but it may not be necessary to
invoke competition as a mechanism to explain the
maintenance of diversity over ecological time scales.
In Connell’s (1978), intermediate disturbance hypoth-
eses competitive exclusion is the major mechanism
that results in low diversity and the latter has been
supported by theoretical models (Tilman, 1977), lab-
oratory experiments (Sommer, 1985) and field studies
(see a selection of papers in Padisdk, Reynolds &
Sommer, 1993).

Nevertheless, equilibrium theory takes one extreme
viewpoint: competition was acting, is acting, and will
always be acting (Harris, 1986). Steady state is a
dynamic equilibrium as losses and gains are acting
through time, and result in a relative invariance of the
assemblage. Moreover, the mechanisms controlling
steady-state phytoplankton assemblages would be
competition, and/or trophic relationships and/or bio-
geochemical processes, and so on. Many other selec-
tive forces (grazing, allelopathy, bloom from a bank of
resting stages, invasions, parasitism, etc.) in a complex
aquatic system could be acting simultaneously, or
alternately, and this may lead to the establishment of a
steady state (Rojo & Alvarez-Cobelas, 2003). Each
species in non-equilibrium community occupies a
different niche that results from and reduces direct
competition and thus species composition is more or
less stable depending on environmental predictability
(Whittaker, 1975).

In temperate-climate phytoplankton, a steady state
is hard to find (Naselli-Flores et al., 2003). Temperate
zones are moderately stable in terms of physical and
biological conditions in comparison to other geo-
graphical regions. Steady state conditions are more
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probable and longer lasting in tropical (Ganf, 1974;
Rott, 2002) and polar region (Allende & Izaguirre,
2003) because seasonal changes vary over a narrower
range and at least one season is considerably longer
than the others.

In this paper, we analyse the weekly changes of
phytoplankton composition and biomass in a sub-
tropical, eutrophic, monomictic reservoir in order to
identify equilibrium phases, according to the defini-
tion given by Sommer et al. (1993). These phases are
generally expected during thermal stratification when
disturbance is weaker and progression towards equi-
librium is likely to occur.

Methods
Study site

Faxinal Reservoir (29°05’00”’S; 51°03’30”W) is the main
water supply system of Caxias do Sul City (400 000
inhabitants), in the south of Brazil (Fig. 1). It has a
surface area of 3.1 km? at 700 m a.s.l. The Reservoir is
deep (zmax = 30 m), warm monomictic and eutrophic
(TP 29.4 pg L' and chlorophyll a 15 pg L' - epilim-
nion annual mean). The regional climate is temperate
without a dry season (Cfa type; Képpen, 1936) with an
average annual temperature of 16 °C and precipita-
tion between 1800 and 2200 mm.

Sampling

The criteria for sampling were based on those set by the
Water Company sampling protocol: weekly algal
monitoring (at the surface) and monthly nutrient
analyses in the Faxinal Reservoir, in the water intake
sampling station (Fig. 1) since 2002. Although this
sampling frequency was set to be sufficient for man-
agement needs, it is adequate to follow changes in
phytoplankton composition (Sommer et al. 2003) and
its adequacy was supported recently by Monte-Carlo
simulations (Honti, Istvanovics & Osztoics, 2007).
Profiles of temperature, dissolved oxygen, pH and
conductivity were measured with a multiparameter
probe Horiba (model U-10), at 1 m intervals from the
surface to the bottom. Transparence of the water was
estimated with a Secchi disk; turbidity (NTU) was
measured with a HACH 2100P.
Phytoplankton samples were taken weekly (January
2004-January 2005) from the surface layer (between 0

turbidimeter
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and 0.5 m) at the deepest part of the reservoir with a
Van Dorn bottle (2 L), and they were preserved with
neutral Lugol’s iodine solution.

Monthly samples for analyses of inorganic nutrients
were collected at the surface, with a Van Dorn Bottle
(2 L), at a fixed time (09:00 am).

Sample analysis

Dissolved inorganic nutrients — soluble reactive phos-
phorus (SRP), nitrite (NO,-N), nitrate (NO3-N),
ammonium (NH4-N) and soluble reactive silicate
(SRSi) — were analysed in filtered samples (Sartorius
membrane cellulose acetate filters; 0.45 um). SRP and
NO,-N were measured spectrophotometrically
(Murphy & Riley, 1962; Aminot & Chaussepied,
1983). NO;3-N was measured by flow injection analysis
using the cadmium reduction method (Wood, Arm-
strong & Richards, 1967; modified by Aminot &
Chaussepied, 1983), NH,4-N by the indophenol spec-
trophotometric method (Solorzano, 1969; modified by
Strickland & Parsons, 1972) and SRSi by the molyb-
date method (Mullin & Riley, 1955).

Phytoplankton was quantitatively analysed with a
Leica - DMIL inverted microscope (Utermohl, 1958) at

sampling station.

400x. Settling units (cells, colonies and filaments) were
enumerated in random fields (Uhelinger, 1964) and at
least 100 specimens of the most frequent species were
counted (Lund, Kipling & Lecren, 1958).

Data analysis

Euphotic zone (z,) was calculated as 2.7 times the
Secchi depth (Cole, 1994) and mixing zone (z;,) was
estimated from temperature and dissolved oxygen
profiles. The ratio between euphotic and mixing
depths (Zey : zZmix) Was used as a measure of light
availability (Jensen et al., 1994).

The dimensionless parameter relative water column
stability (RWCS) was calculated according to Padisdk
et al. (2003b) by comparing the density difference
between bottom (D) and surface (D;) water to the
density difference between 4 °C (D4) and 5 °C (Ds) of
pure water, using the formula:

Dy, — D

R =
WCS Dy —D:

Phytoplankton biomass was estimated volumetri-
cally (Edler, 1979; Hillebrand et al., 1999) assuming a
specific gravity of 1 mg mm ™ (Wetzel & Likens, 2000).
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Steady-state phases were identified according to Som-
mer et al. (1993): no more than three coexisting species,
contributing more than 80% to the total biomass, for at
least 2 weeks. The Shannon and Wiener function was
used to measure compositional diversity (Shannon &
Weaver, 1949) from biomass data; evenness was
calculated according to Pielou (1966).

Nonparametric correlation (Spearman) analyses
were used to determine relationships among the
biomasses of dominant species and the environmental
factors (mixing regime, light and nutrients).
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Results
Physicochemistry scenario

Temperature profiles allowed us to identify only one
period of total vertical mixing, which occurred in
winter (June-August 2004; Fig. 2). Consistently, the
relative stability of the water column (RWCS) reached
its maximum of 296 in January 2004 (Fig. 3). The
mixing zone was euphotic during summer and
autumn, and the euphotic depth decreased to only
60% of the epilimnion during spring (Fig. 4). Turbidity
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was closely related to the mixing regime with high
values during the mixing period (Fig. 4).

Anoxic conditions were observed from 14 m to the
bottom of the reservoir only during the first stratifi-
cation period. Orthograde oxygen profiles were
recorded only during the mixing period (Fig. 2).
Slightly alkaline conditions characterized the epilim-
nion during the entire period, with an annual average
pH of 7.58 (Fig. 4).
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Nutrient dynamics (Table 1) were driven by the
stratification pattern. In particular, SRP showed its
highest values in the first stratification period
(Fig. 2¢), probably due to the strong hypolimnetic
anoxia. At the same time, dissolved inorganic nitro-
gen (DIN) and SRSi concentrations were low. After
the vernal overturn, SRP decreased and ammonium
increased sharply, followed by a similar increase
in nitrate concentrations that indicated a gradual
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state phase.

Period IV (June—August 2004) Mixing occurred in this
period. Phytoplankton biomass was low without
evident dominants but with highly variable diversity
(Figs 5 & 6). High concentrations of DIN and SRSi
were recorded (Table 1).

Period V (November 3—December 15) After the onset of
thermal stratification, high amounts of SRSi allowed
growth of diatoms. First Thalassiosira sp.
growing but it was rapidly replaced by a fast growing
population of A. formosa. The latter dominated the

started

phytoplankton assemblage for more than 2 weeks
(Fig. 5) and this period can be taken as a third
equilibrium phase with low diversity values (Fig. 6)
and decreasing SRSi and DIN (especially nitrate)
concentrations (Table 1).

Period VI (December 15—January 26) After the decline of
A. formosa, Thalassiosira sp. started growing again
(Fig. 5). Due to the small size of this diatom, phyto-
plankton biomass was low (average = 6.8 mg L™").
SRP dropped below the detection level and might
have been limiting phytoplankton growth as well as
SRSi (Table 1).

The identified steady-state species were signifi-
cantly correlated with most of the expected environ-
mental factors, such as mixing regime, light and
nutrients (Table 2). A strong correlation was seen
crassa temperature
(P < 0.001). This species was also positively correlated
with turbidity, water stability and SRP (all P < 0.05),
and negatively correlated with NO3-N (P < 0.05). In
addition, positive
observed between Nephrocytium sp. biomass and both
euphotic and mixing zones; conversely negative rela-

between A. biomass and

significant correlations were

tionships were found with turbidity and NO3-N (all
P < 0.001). Asterionella formosa biomass was signifi-
cantly positively correlated with NOz-N (P < 0.05),
and negatively correlated with SRSi, SRP (both

P < 0.001) and NH4-N (P < 0.05).

Discussion

Dating, at least, back to Hutchinson’s (1961) famous
paradox, equilibrium and non-equilibrium concepts
have been a focus of ecological research, both terres-
trial (see for example Wilson, 1994) and aquatic
(Padisak, 1994). In fact, contemporary ecology
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Table 2 Results from Spearman’s correlation between dominant
species biomass and environmental variables (only significant
values P < 0.05 are shown)

Biomass
Abiotic Anabaena Asterionella
variable crassa Nephrocytium sp. formosa
Temperature 0.44*
Zeu 0.54*
Zmix 0.47*
Turbidity -0.45*
pH 0.37
Conductivity -0.28
NH,-N -0.28
NOs-N -0.63 —0.48* 0.40
SRSi —-0.35*
SRP 0.68 —-0.53*
RWCS 0.50

SRSi, soluble reactive silicon; SRP, soluble reactive phosphorus;
RWCS, relative water column stability.
*P < 0.001.

(whether terrestrial or aquatic) relies heavily on these
concepts, either directly or indirectly. It is not unusual
in such thoroughly discussed topics for different
researchers to have contrasting opinions. Thus, Har-
ris’s (1986) early concepts were principally based on
physiological ecology of phytoplankton and on
dynamic features of population changes in lakes.
Here, however, we base our discussion on the more
community-ecology oriented concepts originating in
Sommer’s (1983, 1984, 1985, 1989, 1991a,b), and their
later expansion to temporal changes of phytoplantkon
in natural environments.

According to the criteria set by Sommer et al.
(1993), our study has demonstrated the alternation
of steady and non-steady state phases of phyto-
plankton assemblages dominated by different spe-
steady
developed under stratified conditions of the water

cies. Each state in Faxinal Reservoir
column. The major forces driving the development
and persistence of these steady-state phases seem to
have been closely related to thermal stratification
and its consequences.

The overwhelming dominance of A. crassa, during
summer, constituted the clearest and most obvious
steady state phase, strongly related to water column
stratification parameters, RWCS and temperature.
Low nitrogen concentrations and high SRP favours
the growth of this nitrogen-fixing cyanobacterium.

The dominance of bloom-forming cyanobacteria has
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been linked to physical and chemical features of
waterbodies the mechanistic explanation comprises:
(i) water column stability and algal buoyancy control
(Reynolds, 2006); (ii) high water temperature (Shapiro,
1990); (iii) nutrient content, particularly low N : P
ratios (Smith, 1983), high P (Trimbee & Prepas, 1987;
Watson, Mc Cauley & Downing, 1997), (iv) low
COy/high pH (Shapiro, 1990); (v) low underwater
light (Smith, 1986; Havens et al., 1998). Cyanobacterial
steady states are always accompanied by low diver-
sity and have been described in many eutrophic lakes
in the North temperate zones (Elliott, Reynolds &
Irish, 2000; Mischke & Nixdorf, 2003; Morabito ef al.,
2003). These cyanobacterial steady states have been
attributed to strong vertical segregation of the water
column and the consequent increased selectivity set
by a reduced mixing depth.

During the autumn, the water column was still
stratified, but the RWCS was declining. The mixed
epilimnion and low availability of nutrients contrib-
uted to dominance by Nephrocytium sp., forming the
second steady state in Faxinal Reservoir. The stronger
positive correlations with ze, and zmy, and negative
correlations with turbidity and nitrate support this
hypothesis. Non-motile Chlorococcales embedded in
mucilage are able to grow under thermal stratification
and in a relatively deep optical depth; they are
dependent on water turbulence in the epilimnion for
resuspension (Happey-Wood, 1988). Green algal
steady states occur less frequently as compared to
cyanobacteria. There are few described cases from
deeply stratifying water bodies; the filamentous
Planctonema lauterbornii Schmidle was observed in a
reservoir in France (Leitdo et al., 2003) and other
filamentous green algae may also form a steady state
as indicated, for example, by the recurrent dominance
of Mougeotia sp. in Lake Garda, Italy (Salmaso &
Padisak, 2007). In two North American lakes, Botryo-
coccus braunii Kiitzing has been reported twice in an
equilibrium phase formed by three species (Huszar,
Kruk & Caraco, 2003) of which in one case the
co-dominants were chlorococcalean green algae
[Willea wilhelmii (Fott) Komdérek and Eutetramorus
planctonicus (Korsikov) Bourrellyl. Nephrocytium sp.,
which formed the second steady state in Faxinal
Reservoir, is morphologically similar to Eutetramorus
since both are chlorococcalean, colonial green algal
species and their colonies are embedded in thick
mucilage. Clear epilimnia might contribute to the
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success of these species since colonial green algae
generally have a substantially higher light demand
than most planktonic cyanobacteria or diatoms
(Padisak, 2003).

After the winter overturn, with low biomass values
and no clear species dominance, the stability of the
water column again started increasing. The more
stable conditions in dominance, the water column
stability again started increasing. This more stable
environmental condition, in spring favoured the
development of the third steady-state (period V),
due to the rapid increase of the diatom A. formosa.
This species has already been observed in steady state
in lakes and reservoirs of different trophic status
(Albay & Akcaalan, 2003; Morabito et al., 2003). In
Faxinal Reservoir, the dominance of this species was
significantly correlated with the decrease of dissolved
nutrients. The dominance of A. formosa might be
related to its fast growth rates coupled to the fact that
the diatoms are good competitors for nutrients,
especially phosphorus (Sommer, 1988). The deficiency
in SRP in this period was probably caused by its
unavailability in the epilimnion due to stratification
and little redistribution of nutrients through mixing
(Miller et al., 2005). The observed fluctuations in
A. formosa dominance are probably due to the occur-
rence of a calm period when most of the population
might have sunk to the bottom of the mixed layer, so
that its contribution to total biomass was under-
estimated due to the depth of sampling. The sinking
may be halted when cells reach the thermocline,
where they may accumulate in the metalimnetic layer
and eventually be resuspended after a wind event
(Willén, 1991).

Phytoplankton assemblages are sensitive to peri-
odic, largely weather-driven disturbances that prevent
succession from proceeding towards an ecological
equilibrium (Reynolds, Padisdk & Sommer, 1993). This
is the major reason why equilibrium phases rarely
establish in standing waters. Most previous case
studies have reported either a lack of such phases or
the establishment of only one in a seasonal cycle
(Naselli-Flores et al., 2003). These singular equilibria
typically establish either under stressed conditions or
in late summer (Padisak et al., 2006; Hajnal & Padisak,
2008). In this sense, as far as we know, Faxinal
Reservoir represents a unique case with three phyto-
plankton steady states, involving different major
taxonomic groups during 1 year of study. In terms of

nutrient availability, size and morphometry, Faxinal
Reservoir does not differ from other reservoirs where
steady state phases have already been recorded (Albay
& Akcaalan, 2003; Leitao ef al., 2003). However, some
remarkable features can be emphasized. The first is
linked to a longer duration of stratification as com-
pared to most of the lakes where steady states have
been previously investigated; the longer period may
allow the establishment of more than one such phase.
A second reason concerns the geochemical features of
Faxinal Reservoir. It was built on an old geological
formation with low release of ions and this is
combined with high precipitation. These limnological
peculiarities result in very low conductivity values,
and consequently in low buffering capacity. The latter,
along with the anoxic hypolimnetic conditions, allows
nutrient concentrations to vary over a wide range.
However, these changes are not rapid or frequent
enough to be classified as disturbance events that
would prevent the establishment of equilibrium
phases.
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