








CHAPITRE IV

ENVIRONMENTAL FACTORS AFFECTING CYANOBACTERIA VERTICAL
DISTRIBUTION AND ABUNDANCE IN A SMALL STRATIFIED
MESOTROPHIC LAKE

Ce chapitre traite de la distribution verticale des cyanobactéries dans la
colonne d’eau et de leur abondance en fonction des variables environnementales
mesurées ainsi que des variables qui peuvent étre des indicateurs des efflorescences.
Tout le processus scientifique sous-tendant cette démarche ainsi que la rédaction a ét€
réalis€ par M. Jourdain sous la direction de D. Planas et la co-direction de B. Beisner.
Ce chapitre est sous forme d’article rédigé en anglais pour une publication dans une
revue scientifique.



4.1 Abstract

Cyanobacteria blooms have been increasing in lakes around the world. Many
of the lakes that have recently experienced cyanobacteria blooms have had very
nutrient-poor mixing zones. Our objectives were 1) to follow the evolution of the
spatial distribution of cyanobacteria, comparing a littoral and a deep pelagic site, 2) to
determine which of the main environmental factors (temperature, light intensity,
turbulence and nutrients) most affect cyanobacteria abundance at each site, 3) to
determine which of these variables best explains the vertical structure and species
coexistence of cyanobacteria and 4) to identify potential drivers of bloom formation.
The study site was Lake Bromont, a mesotrophic lake located in the province of
Quebec (Canada). We sampled weekly the water column at different depths at both
littoral and pelagic sites. We measured in situ temperature, light and algal
fluorescence. We took water samples for nutrient measurements and cyanobacteria
identification and enumeration. Levels of turbulence were evaluated using
temperature data continuously recorded in situ. Our results show a link between
vertical stratification and seasonal succession of cyanobacteria communities which is
similar in the epilimnia of both littoral and pelagic regions. Maximum cyanobacterial
abundance occurred consistently in the metalimnion and near the surface of the
hypolimnion. Cyanobacteria abundance was negatively related to DP, light and NO.
Their distribution was a function of physical environmental drivers that depended on
the species in question. Some species were distributed in defined layers while the
position of others in the water colum varied throught time. The most important
predictors of surface blooms were turbulence as measured by Ly, the previous day’s
wind speed, solar radiation and precipitation.
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4.2 Introduction

In recent decades, cyanobacterial blooms have been increasing in lakes around
the world. Contrary to expectation, many of the lakes that have recently experienced
cyanobacteria blooms have nutrient-poor mixing (epilimnetic) zones. Given that in
such lakes the distribution of phytoplankton can be highly heterogeneous vertically
and influenced by the habitat structure (Longhi and Beisner, 2009), it is of interest to
examine the spatial distribution of cyanobacteria to understand how they optimise

their growth in such nutrient-poor environments.

Lakes are complex physical systems in which flows of energy are caused
mainly by external forcing like wind which affects heat transfer at the surface and,
produces internal waves and currents (Marti and Imberger, 2008). Water movement
can determine the spatial distribution of chemical and biological components in
aquatic ecosystems at small and large scales (Maclntyre, Romero and Kling, 2002;
Marti and Imberger, 2008). In thermally stratified lakes, two important resources for
algae present opposite gradients in the water column; light intensity is higher near to
the surface and nutrients are higher in deep waters, close to the sediments
(Klausmeier and Litchman, 2001). Microalgae (phytoplankton) must therefore

develop strategies to obtain both resources.

The main variables controlling cyanobacteria growth are water temperature,
which controls enzymatic and physiological processes, as well as light intensity and
nutrient availability, which control photosynthesis and growth rates respectively
(Robarts and Zohary, 1987; Laamanen, 1997). Cyanobacteria, in particular, have the
capacity to regulate their buoyancy in order to optimize their access to resources
(Reynolds, Oliver and Walsby, 1987). Buoyancy is regulated by photosynthetic
activity, carbohydrate reserve production and gas vaccuole. Modification of their
position in the water column, although driven by light, is modulated by nutrient

availability (Oliver, 1994). As a result, cyanobacteria can adjust their buoyancy and
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move to different depths as irradiance levels change (Walsby, 2005). Nutrient
distribution through spatial gradients can favour cyanobacteria in defined layers
(Pannard et al., submitted). In lakes with low nutrient concentration in the pelagic
region, wind forcing wil result in an increase nutrient exchange between water and

sediments which will favour cyanobacterial growth (Bostrom et al., 1988).

Our research recent data has demonstrated that in a small stratified lake,
strong wind events increased upward nutrient fluxes from the hypolimnion to the
metalimnion and algal biomass, thereby decreasing light availability for the algal in
deep layers (Pannard et al., submitted manuscript). Spatial patterns of cyanobacteria
species composition and distribution in stratified lakes are poorly understood.
Cyanobacteria bloom formation should result from a convergence of environmental
conditions and cyanobacteria adaptive strategies (Oliver and Ganf, 2000). Probably
the major factor contributing to blooms results from anthropogenic change affecting
ecosystem integrity. Specifically, lake ecosystems are affected in the short term by an
influx of nutrients (Schindler, Bayley and Parkes, 1996) and increasing wind effects
(Scully, Leavitt and Carpenter, 2000), and in the long term by global warming (Johnk
et al. 2008).

The overall goal of this study was to determine the main variables that
influence the abundance of cyanobacteria in a small stratified lake with very low
concentrations of nutrients in the epilimnion in summer and where blooms occur. Our
specific objectives were 1) to follow the evolution of the spatial distribution of
cyanobacteria, comparing a littoral and a deep pelagic site, 2) to determine which of
the main environmental factors (turbulence, temperature, light intensity, phosphorus
and nitrogen) most affect cyanobacteria abundance in each site, 3) to determine which
of these variables best explains the vertical structure and species coexistence of
cyanobacteria, and finally 4) to identify potential drivers of bloom formation. To

understand spatial cyanobacteria distribution, we sampled a pelagic site (epilimnion,
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metalimnion and in the upper hypolimnion) and also we compared the pelagic site

with a littoral site.
43 Materials and Methods

4.3.1 Study site

Lake Bromont (45°16' N, 72°40" W) is a small mesotrophic lake (total
phosphorus: 5 to 10 ug/L, Wetzel, 2006) with a surface area of 0.45 km? and a
maximum depth of 7.2 m. It is located in the Eastern Township region of Quebec
(Canada) in the North Yamaska watershed. The lake watershed has an area of 23.47
km?2. Sampling occurred weekly during the ice-free season (between June 3™ and
October 20", 2008) at two stations, one in the littoral zone (depth of 3 m, S1) and the
other in a deep, pelagic zone (6 m, S4) (Fig. 4.1). We sampled at 1.5 m depth at S1
and at various depths corresponding to the mid depths of epilimnion (Epi) and
metalimnion (Meta) and at 0.5 m above the sediments (corresponding generally to the
conjuncture of the Meta and hypolimnion layers, but occasionally corresponded to the

hypolimnion (Hypo)) at S4.
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Figure 4.1  Bathymetric map of lake Bromont. The black dots present the location

of the two sampled stations and red dots the localisation of the thermistor chains. The

dominant wind direction is inserted in a wind rose for the period between June 3™ and
October 20™

4.3.2 Physical and chemical data collection

4.3.2.1 Meteorological data

To evaluate the physical drivers of bloom formation we used incident solar
radiation, precipitation, wind speed and wind direction data obtained from the closest
meteorological station (Weather service of Canada, Environment Canada) located in
Frelighsburg 25 km southwest of the lake. Data were collected hourly for solar
radiation and wind, but daily for precipitation. Solar radiation data in J/m?s were
transformed to pumol photons/m?s by multiplying by 2.1 (1 J/m?s = 4.601 pmol
photon/m?s multiplied by a factor 0.45 to account for Nixdorf, Mischke and Rucker,

2003). Daily averages were calculated for all meteorological variables. Light intensity
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daily average was determined at each depth in terms of umol photon/m2?s. The
representativeness of the data from this weather station was compared by Pannard et
al. (submitted) to values from a newer meteorological station installed in the middle
of Lake Bromont in 2009. The comparison demonstrated that daily the maximum in
the dominant westerly wind velocity were under-estimated: local wind velocities

were at least double those measured at Frelighsburg.

4.3.2.2 Physical data

Temperature profiles were measured weekly using a YSI 6920 multisonde
(YSI Environmental Company Inc., San Diego, CA, USA) at every 0.5 m from the

surface to the sediments at each site.

Turbulence was evaluated continuously using two in situ thermistor chains
composed of Hobo water temp pros (Onset Computer Corporation, Bourne, USA,
+1°C) placed at every 0.5 m in the water column and with data recorded every 15
minutes. Hourly averages were used to calculated time series of buoyancy frequency
(N2 sy and the Lake Number (Ly). Buoyancy frequency is related to the water
density gradient at a specific depth (z), and it is calculate using the formula of Thorpe
and Jiang (1998):

N?=—(dp/dz)(g/p)

where p is water density and g the gravitational acceleration. When N? tends toward
zero, the water mass is subject to the influence of internal turbulence. We used N? as a

proxy for turbulence in a given depth.

The effect of wind forcing on the lake was evaluated by the Ly. This variable
is calculated from thermal stratification structure and wind forcing and we used the

formula of Imberger and Patterson (1990).
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where §, is the stability of the lake, H is the total depth, A, is the height from the
bottom of the lake to the thermocline, u+ is the water shear velocity due to wind, As is
the surface area of the lake and A, is the height of the water column at its deepest
point. Values of Ly < 1 indicate a mixed water column, and values close to | indicate
upwelling of hypolimnetic water. Values between 1 and 12 indicate internal waves

and greater than 12, indicate calm, stably stratified conditions.

4.3.2.3 Chemical data

Water samples were taken weekly at all sampled depths (S1: 1.5 m, S4: Epi,
Meta and Hyp) using a 6 L van Dorn bottle. A volume of 240 ml was filtered onto
0.45 pm, nucleopore filters for dissolved nutrients including: total dissolved
phosphorus (DP), total dissolved nitrogen (DN) and nitrites/nitrates (NOy). In the
laboratory, DP and DN samples were digested in an autoclave at 150 atm using
persulfate solution. DP concentrations were quantified by a colorimetric method
(Murphy and Riley, 1962). DN and NO, concentrations were measured by
colorimetric methods according to Morris and Riley (1963) as modified by Stainton,

Capel and Armstrong (1974).

4.3.3 Biological data

Water subsamples (50 ml) from the van Dorn bottle at both stations at all
sampled depths were preserved with Lugol’s solution (Steedman, 1976) for later
identification. Cyanobacteria species were 1dentified and enumerated using an
inverted microscope (Leica DMIRB) following the Utermohl method (Lund, Kipling

and Le Cren, 1958). We also registered the date when blooms were observed at the
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surface at our sampling days. In addition, we obtained the records of blooms observed
by the Quebec Ministry of Environment (Ministere du Développement Durable, de

I’Environnement et des Parcs, MDDEP, QC).

The Fluoroprobe (BBE Moldaenke GMBH, Kiel-Kronshagen, Germany)
allows an evaluation of the relative biomass of cyanobacteria in the water column
based on fluorometric measures of chlorophyll a concentration (Chla, ng/L) and
cyanobacteria specific pigments (Beutler ef al. 2002). The fluoroprobe also estimated
the biomass of other algae groups (diatoms + chrysophytes, chlorophytes, and
cryptophytes). The relation between cyanobacteria fluorescence and cyanobacteria

abundance was verified microscopically at the same depth.

4.3.4 Statistical analyses

To compare in situ cyanobacteria chla fluorescence with microscopic
measurements a linear regression was performed. Multiple regression was used to
determine which independent variables (turbulence, light, temperature, and nutrients)
were related to cyanobacteria abundance. Collinearity of explanatory variables was
verified first and highly correlated variables (>80%) were excluded. Incident light
and nutrients were log transformed prior to analysis to satisfy normality and
homoscedasticity assumptions. To determine the influence of environmental variables
on cyanobacteria species composition and distribution in the water column, a
redundancy analysis (RDA) was performed using CANOCO v.4.5 software (ter
Braak, 1990). Species abundances were Hellinger transformed prior to the RDA
(Legendre and Gallagher, 2001). In the RDA, we explicitly took into consideration
spatio-temporal covariables like depth, time, and station to avoid violating
autocorrelation assumptions. A forward selection of variables was done and
significance was assessed using Monte-Carlo permutation (999 permutations).
Finally, to determine which environmental variables (Ly, solar radiation, wind speed,

temperature, and precipitation) were correlated with bloom formation, we used a
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logistic multiple regression with mixed stepwise selection and we used explanatory
variable data measured on the date blooms occurred as well as one and two days
prior. Also we sorted explanatory variables by a regression tree analysis. All analyses

other than the RDAs were performed in JMP v.7 (SAS Institute, Cary, NC).
4.4  Results

4.4.1 Spatial and temporal dynamics of environmental variables

Over the entire sampling period (June 10" to October 20" 2008), lake
temperature varied between 8°C (Hypo) and 26.2°C (Epi) (Fig. 4.2) and the lake was
stratified for much of that period. The Meta temperature varied between 20°C to 14°C
before the autumn overturn period (Fig 4.2). The thermal stratification of Lake

Bromont broke down during the week of September 29"
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Figure 4.2  Spatio-temporal evolution of water temperature at the pelagic station
(S4) in summer 2008, lake Bromont
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The distribution of N? shows that the highest turbulence occured in the Epi
region (Fig. 4.3), its variability mainly being influenced by wind (Fig. 4.4) and
metalimnetic intrusion (Fig. 4.2). During fall turnover, turbulence affected the entire
water column as evidenced by the progressive erosion of the Meta as temperature and
incident of solar radiation decreased (Fig. 4.4). The Ly values presented in figure 4.5
shows that upwelling was occurred from June to mid-July and again from mid-

September through October.
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Figure 4.3  Spatio-temporal evolution of buoyancy frequency in the water
column at the pelagic station in summer 2008, lake Bromont. When N? tends
toward zero, the water mass is subject to turbulence mixing
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There was twice as much rainfall in the first part of the summer (June to mid-
August) than at the end of summer and beginning of fall (mid August to end of
October) (Fig. 4.6).

Rain (mm)

Figure 4.6  Daily precipitation recorded at Frelighsburg meteorological station in
summer 2008

4.42 Light and nutrient gradients

Light penetration decreased through the summer (Fig. 4.7). Light intensity and
penetration were higher in June to mid-July. After this period, the size of the layer
having < 25 pmol photon m*/s grew continuously. The Meta zone (between 3m and

4.5m) never received light intensities under 100 umol photon m?/s.

Nutrient gradients were highly variable through time (Figs. 4.8 and 4.9)
particularly for DP. In lake Bromont, during the summer, sediments were an
important source of phosphorus (Pannard ez al., submitted). It was only during Spring

that the source of DP was probably derived externally. The pattern for NOy was less
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clear. Higher concentrations of NOy were observed in June and at the end of
September after autumn overturn, with some surface spikes in August (Fig 4.9). In
summer 2008, our sampling resolution was not fine enough to allow the calculation

of nutrient diffusion from the hypolimnion.
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Figure 4.7  Spatio-temporal evolution of light intensities in the water column at the
pelagic station, summer 2008, lake Bromont
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Figure 4.8 Concentration of dissolved phosphorus (DP) at the pelagic station in
summer 2008, lake Bromont
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4.4.3 Cyanobacteria distribution and species composition

th

Cyanobacteria dominated the algal community starting on June 17" with a

diminution of this dominance towards the end of September (Fig. 4.10).
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Figure 4.10  Relative abundance of algal groups from specific in situ chl a data
during summer 2008 at the pelagic station (S4), lake Bromont

For the analysis of the spatial distribution of cyanobacteria for the entire
summer, we transformed fluorescence data into cyanobacteria abundance because a
highly correlated relationship was found for each sampling depth (cyanobacteria
abundance (cell/L) = 15.51 + 0.94 log Chla cyanobacteria fluorescence (ug/L),
R?=0.8132, n =58, p<0.05, Fig. 4.11).
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Figure 4.11 Relationship between cyanobacteria fluorescence and cyanobacteria
abundance estimated by microscopy for all sampling dates and depth

The spatio-temporal evolution of cyanobacteria abundance at noon is
presented in figures 4.12 and 4.13 in the littoral and pelagic respectively. In these
figures, the letters indicate the depth at which water samples were taken for
cyanobacteria community composition estimates. These points are linked to figure
4.14. For almost all the summer, the maximum abundance of cyanobacteria occurred
in the Meta and Hypo. However, some peaks in cyanobacteria (maximum abundance)
lower depths of the Epi also occurred over the summer (August 5™ and September
15™) . The spatial distribution of cyanobacteria in the littoral and pelagic stations
were similar over the first 3m. Below the vertical distribution of cyanobacteria was
heterogeneous with abundance peaks at certain depths (Fig. 4.13). These strong
cyanobacteria peaks were usually found around 4.5 and 6 m deep (Fig. 4.13). The
cyanobacteria abundance in the littoral was very low and could not explain blooms

observed at the surface.
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In figures 4.12 and 4.13, red arrows indicate when we observed blooms at the
lake surface. Surface blooms were not associated with cyanobacteria abundance in
the Epi. These blooms were composed of small blue-green jelly-like masses

generated by Planktothrix agardhii.
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Figure 4.12 Spatio-temporal evolution of cyanobacteria abundance at noon at the
littoral station in summer 2008. Red arrows indicate the dates where surface blooms
were observed. The letter L correspond to fig 4.14.
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Figure 4.13  Spatio-temporal evolution of cyanobacteria abundance at noon at the
pelagic station in summer 2008. Red arrows indicate the dates where surface blooms
were observed. The letters E, M, P, and H correspond to fig. 4.14
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The dominant cyanobacteria species were: Planktothrix agardhii (GOMONT)
Anagnostidis et Komarek, Anabanea spiroides (KLEBAHN), Anabaena flos-aquae
(G.S. WEST), Anabaena solitaria (KLEBARN)., Aphanizomenon gracile (LEMMERM.),
Aphanizomenon flexuosum (KoM. et KOVACIK), and Aphanizomenon flos-aquae

(RALFS ex BORN. et FLAR.).

Cyanobacteria species composition was sensibily similar in the littoral region
and Epi of the pelagic region (Fig. 4.14). The shallow areas (Epi and Littoral), before
mid-september were more diverse and characterised by the presence of Anabaena
species and Aphanizomenon gracile. In the Meta, Ap. flexuosum was present together
with other Aphanizomenon species. Ap. flos-aquae appeared toward the end of the
summer. In the Hypo, there was a large abundance of P. agardhii associated with Ap.
gracile at the beginning, and with Ap. flos-aquae at the end of summer. However,
these species tended not to overlap vertically leading to species composition changes
between the Meta, the peak and the Hypo. Changes in composition were also
observed through time, but atmid-September these were restricted to changes within
genera: for example, Ap. flos-aquae replaced Ap. flexuosum. During this period, these

groups were always found above a deeper layer consisting of P. agardhii.
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Figure 4.14 Abundance of the dominant cyanobacteria species showing their
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4.4.4 Cyanobacteria spatio-temporal distribution

The RDA showed that the distribution of most species was influenced by
light, nutrients, temperature and turbulence (Fig. 4.15), although the fit explained
<14% of the total variation. Water temperature was positively related to the
distribution of Ap. flos-aquae, Ap. gracile, An. solitaria, and An. spiroides. While P.
agardhii was most correlated with the stability of water column (N?) and increasing
DN and DP concentrations and An. flos-aquae was positively correlated with light.
Meanwhile, Ap. flexuosum, was separated from the other species in the RDA biplot,

being negatively related to light and some to extent high NO, concentrations.
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Figure 4.15 RDA biplot of the cyanobacteria species abundance (blue arrows) and
measured environmental variables (red arrows) in all sampled sites (littoral region

and pelagic region (Epi, Meta and Hypo)) between June 10" and October 20"

4.4.5 Surface bloom formation

From the logistic multiple regression, bloom formation was predicted by

increasing values of four variables: solar radiation, precipitation, Ly and wind speed

one day prior to bloom observation (Table 4.2, Likelihood ratio tests, p<0.05,

R?=0.6595). The regression tree analysis (Fig. 4.16, R? = 0.386) allow us to determine

for what values of physical conditions blooms were favoured. In figure 4.16, All

rows " refers to all 21 sampling dates (for which blooms were observed on &

occasions). Conditions favouring blooms were total solar radiation incidence to the

lake surface > 956.25 umol photon/m?s, precipitation > 4.8 mm and wind speed one

day prior > 2 m/s.
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Parameter estimate and effect likelihood ratio tests for the logistic

multiple regressions used to predict factors driving blooms formation in lake Bromont

Source Coefficient | Prob>ChiSq R? partial
Estimate
Ly -0.6897 0.0048 0.1052
Solar radiation -0.0079 00111 0.0884
Precipitation -0.4340 0.0081 0.0501
Wind-1day -4.9553 0.0055 0.0334
All Rows
Level Prob
R2=0.386 no 0,6190
yes  0,3810

Level Prob
no 0,5000
yes 0,5000

Solar radiation>=956,25

Level Prob
no 1,0000
yes 0,0000

Solar radiation<956,25

Precipitation (mm)>=4,8 Precipitation (mm)<4,8

Level Prob Level Prob

no 0,2000 no 0,6364

yes 0,8000 yes 0,3636
wind-1d>=2 wind-1d<2
Level Prob || Level Prob
no 0,4000 || no 0,8333
yes 0,6000 || yes 0,1667

Figure 4.16

variables from logistic multiple regressions. “No

Regressions tree used to model of partitioning with significant
signifies no blooms observed and

“yes [ signifies blooms were observed
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4.5 Discussion
4.5.1 Cyanobacteria abundance

Cyanobacteria abundance peak occurred at the Meta-Hypo boundary from
mid-June to mid-September. Cyanobacteria were constrained to a thin layer where
they could likely optimize their exposure to light and nutrients. This deep peak was
characterised by the presence of P. agardhii and Aphanizomenon spp. The presence
of them at this depth is likely related to their low light requirements for growth (van
Liere et al., 1979; Oberhaus et al., 2007) and the fact that Aphanizomenon spp
filaments are less buoyant when they are exposed to irradiance that exceeds 100 umol
photon/m?s (Konapka, 1989). In Bromont lake, the depths of the Meta and Hypo were

always below this irradiance level.

The negative relationship between NO, and cyanobacteria abundance of non
No-fixing algae (Planktothrix agardhii) may indicate that nitrates were not the main
species of nitrogen available below the mixing zone where the maximum abundance
of such cyanobacteria was found. We did not measure NHy4 concentration in the water
column, but it was probably the dominant nitrogen form in the deep water of lake
Bromont, especially when dissolved oxygen concentrations were low (< 1 mg/L,
between June 24" and September 29"’, data not shown). The DP concentration was
low during the algal peak in deep water, except for short very high spikes around the
mid-August. Total phosphorus (TP) was high (data not shown, average 58 ug/L TP
between June 10" to October 20™) at the depth of the biomass peak, indicating that
algae likely quickly absorbed and accumulate any increases in phosphorus. We know
that in Lake Bromont, phosphorus internal loading is an important source for water

column phosphorus during the summer (McMeekin, 2009; Pannard ef al., submitted).
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4.5.2 Cyanobacteria distribution and species composition

In study in lake Bromont, the cyanobacteria populations tended to be
structured vertically but not horizontally; the species found in the Epi were essentially
the same in the pelagic and in the littoral regions. Their ecophysiological aptitudes
(low light adaptation, buoyancy, capacity to fix Nj) could help explain their
heterogeneous vertical distribution and succession. The coexistence of several
cyanobacteria populations in a given stratum likely represents a trade-off in their

needs for light, temperature, and nutrients, or could be driven by turbulence.

In the vertical distribution of cyanobacteria, some genera, such as Anabaena,
were more abundant in the Epi while Aphanizomenon species were mainly present in
the Meta above the deepest layer consisting of Planktothrix. This vertical distribution
may be attributable to the differential capacities of these taxa to respond to resource
variations. Anabaena and Aphanizomenon are thought to share similar ecological
niches in spite of the fact that Anabaena needs higher light and temperature compared
to Aphanizomenon, and these two taxa also have different affinity for nutrients (De
Nobel et al., 1997a). For example, when phosphorus is in excess and ammonium is
the major source of nitrogen Anabaena has a competitive advantage over
Aphanizomenon (De Nobel et al., 1997a and 1997b). However, if the phosphorus is
varlable in time, Aphanizomenon becomes favoured over Anabaena because its
phosphorus uptake rate is faster (De Nobel et al., 1997a and 1997b). We observed
that relationship of these genera were negatively correlated with DP and NOy
concentration. However no all the species in a given genera were controlled by the
same variable. Aphanizomenon species like Ap. flos-aquae and Ap. flexuosum

remained mostly in the Meta above the P. agardhii layer.

For some species, like Ap. flos-aquae, the DP peak in the middle of August

and September may explain the initiation of its growth in the Meta and Hypo, as well
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as its dominance during autumn overturn when nutrient concentrations were high
throughout the water column. These species can interact together for example during
summer, at low irradiance values, P. agardhii was able to outgrow Ap. flos-aquae,
because the latter’s growth is more limited at low light (Zevenboom, Bij de Vaate and
Mur, 1982). However, P. agardhii growth rate may be limited by nitrogen
(Zevenboom, Bij de Vaate and Mur, 1982). Both variables explained the presence of
P. agardhii in the Hypo. Furthemore, Ap. flos-aquae, as for other Nostocales, have
lower affinity for phosphorus than non-N,-fixing cyanobacteria (Suttle and Harrison,
1980) like P. agardhii. The abundance of different species of Aphanizomenon in the
Meta and the Hypo is related to a low Ly, that should have enabled nutrient upwelling

from the Hypo to Meta.

The literature is equivocal on the relationship between turbulence and P.
agardhii growth. P. agardhii has been characterized as a turbulent-tolerant species
common in the Epi (Dokulil and Teubner, 2000; Reynolds et al., 2002). However, in
Bromont lake this species occupied a metalimnetic niche (Pannard ef al., submitted).
The Hypo is a zone generally less affected by turbulence than the Epi because the
thermocline acts as a barrier and suppresses Epi turbulence transmission into the deep
layers (Wetzel, 2006). Our results clearly demonstrate however that in this lake, the
thermocline was not a stable barrier and rather, that turbulence produced oscillations
in the Meta allowing nutrient intrusion in the Epi. Metalimnetic intrusion not only
affected nutrient distribution, but also cyanobacteria. The upward movement of
cyanobacteria after September 2™ was related to a period with Ly < 1 and decreasing
intensity of solar radiation. This period also coincided with a species shift, Ap. flos-
aquae became the dominant species at the deep peak. In this lake, it has been already
demonstrated that internal waves present in the Meta are an important source of
upward nutrient flux from the Hypo to the Meta (Pannard et al., submitted). We could
not certaintly ascribe the importance of internal waves for nutrient fluxes from the

Meta to the Epi in our study, since the weekly sampling for nutrient relative to the
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hourly fluctuations in internal waves made any comparison meaningless. But for a
given sampling data, we see that low Ly were associated with nutrient spike to the

Epi.

4.5.3 Surface bloom formation

Knowing the factors that induce cyanobacteria blooms will enable better
prediction of their occurrence in lakes. In Bromont lake with low nutrient availability
in the surface mixed layer, we found that the physical variables related to water
turbulence were a good predictor of Planktothrix agardhii surface blooms. The most
important variable predictive of surface bloom formation was Ly, a measure of
internal waves. The other variables in the model (solar high radiation, wind high
speed one day prior, and high precipitation measured on the day of blooms as well as
one day prior to bloom) were also important in explaining cyanobacteria surface
blooms. Previous studies has explored the effect of high temperatures combined with
high solar radiation on bloom production, and in a recent study heatwaves strongly

favour the development of Microcystis blooms in an eutrophic lake (Johnk et al.,
2008).

The frequency and intensity of blooms in lake Bromont differed among years
(two years of observation but our laboratory). These differences can be accounted for
by the interannual variability in : the intensity and frequency of wind and
precipitation, solar radiation, as well as cyanobacteria buoyancy. Blooms were more
frequent in our study (2008) than in 2007 (Pannard et al., submitted) but they were
less intense than the two only August and September blooms observed in 2007. For
both years, the Ly value was a good predictor for cyanobacteria upward fluxes and

bloom formation.
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4.6 Conclusions

We observed a vertical and temporal evolution in the abundance of
cyanobacteria species during the ice-free season. Their total abundance increased
from the epilimnion to the metalimnion-hypolimnion where their maxima occurred.
The community composition was different in each strata, Anabaena spp were
dominant in the epilimnion, Aphanizomenon spp in the metalimnion and Planktothrix
agardhii in the hypolimnion. Vertical environmental gradients (turbulence, thermal
stratification, light, and nutrients) explained the heterogeneous structure of the
cyanobacteria community in the water column. Light and temperature positively
affected the distribution of all Anabaena spp. Ap. flexuosum was negatively correlated
to light intensity, and Ap. flos-aquae and Ap. gracile by temperature and buoyancy
frequency (N?), explaining the succession and spatial distribution of species in the
Aphanizomenon genera through summer and autumn. During the stratified period and
before september, these species occupied metalimnetic waters, above a deeper layer
of P. agardhii that dominated in the nutrient richer hypolimnetic water (DP and DN).
The most important variables related to bloom in lake Bromont were turbulence as
measured by the Lake Number, solar radiation, wind speed one day prior and

precipitation.
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CONCLUSION

La conclusion générale de ce mémoire présente un retour sur les objectifs des
travaux réalisés, les conclusions des chapitres III et IV, un apercu des points a

améliorer pour bonifier les travaux futurs et I’évaluation des acquis.

En réalisant ce travail, nous nous sommes rendu compte que certains résultats
n’étaient pas en accord avec la littérature ou encore qu’il était difficile de les
interpréter selon 1’état des connaissances actuelles. Ces différences peuvent provenir
du fait que trés souvent les études ne considerent pas les différences physiologiques
entre les especes de cyanobactéries. Pour une ressource telle le phosphore ou la
lumiere, les vitesses d’assimilation ou les niveaux de tolérance peuvent parfois €tre en
opposition, et ce pour plusieurs especes appartenant a un méme genre. La
composition spécifique variable au cours de la saisson de croissance pourrait
expliquer en partie les différences de réponses observées (recrutement, distribution
spatiale, dominance et formation d’efflorescence) pour les facteurs mesurés
(température, profondeur, nutriments, turbulence, radiations solaires, précipitation,

etc.).

5.1 Conclusions du chapitre III

L’objectif principal du chapitre III était de comprendre I’importance du
recrutement des akinetes des Nostocales. Pour ce faire, nous avons formulé des
objectifs spécifiques qui ont ét€ atteints au cours de ces travaux. Le premier objectif
était de déterminer quelles variables environnementales (la turbulence, la
température, I’intensité de la lumiére et les nutriments) influencent le recrutement des

akinetes provenant de !’interface eau-sédiment. Nos résultats ont permis de
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déterminer que les akinétes peuvent €tre recrutés, mais qu’ils peuvent aussi germer a
I’interface eau-sédiment puisque nous avons trouvé des cellules végétatives dans le
premier centimetre de sédiment duquel s’effectue le recrutement. Les variables qui
influencent le recrutement des akinétes sont I’augmentation de ’intensité lumineuse
chez Anabaena, alors que pour Aphanizomenon, c’est |’augmentation des

concentrations de DP et DN.

Le deuxieme objectif €tait de déterminer s’il y avait une différence
d’abondance et de recrutement d’akinétes entre la zone littorale et la zone pélagique.
Nos résultats montrent que le recrutement des cellules végétatives est semblable entre
la zone littorale et la zone pélagique pour Anabaena et Aphanizomenon, mais pour ce
qui est des akinetes, le recrutement est plus important dans la zone littorale pour
Anabaena. En ce qui a trait a I’accumulation des akinetes dans les sédiments, il ne
semble pas y avoir de différence entre la zone littorale et la zone pélagique pour

Anabaena spp et Aphanizomenon spp.

Le troisieme objectif €tait d’identifier parmi les variables considérées, celles
qui influencent la formation des akingtes sur les filaments matures. Celles qui
influencent positivement la production d’akinetes chez Ap. flos-aquae, An. flos-
aquae, Ap. flexuosum et Ap. gracile sont la diminution de la température et
I’augmentation de la concentration des NOy dissous. L’augmentation de 1’abondance
d’akinétes d’An. spiroides dans la colonne d’eau est influencée de maniére positive
par la température, le DP et le Ly. Chez An. solitaria, 1’augmentation des
concentrations en DN et NOy une semaine précédant [|’échantillonnage,
’augmentation de la lumiere, le mélange de la colonne d’eau et la diminution de la
concentration en DP entrainent 1’augmentation de I’abondance des akinetes sur les
filaments dans la colonne d’eau. La sédimentation des akinetes d’Aphanizomenon est

influencée par la décroissance de la lumiere.
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5.2 Conclusions du chapitre IV

L’objectif principal du chapitre IV était de déterminer I'importance des
variables environnementales (turbulence, température, intensité lumineuse et
nutriments) sur la distribution spatio-temparelle des cyanobactéries dans la colonne
d’eau. Les quatre objectifs avancés pour baliser les travaux de recherche dans le
chapitre IV ont été atteints. Le premier objectif €tait de vérifier I’évolution de la
distribution spatiale des cyanobactéries entre le littoral et la zone pélagique. Nos
résultats nous ont permis de démontrer que dans un petit lac avec peu de nutriments
dans la zone de mélange, les cyanobactéries sont distribuées de maniere hétérogene
dans la colonne d’eau. Elles présentent une stratification verticale et une succession
salsonniere, mais la composition des especes tend a étre similaire entre le littoral et
I’épilimnion de la zone pélagique. L’abondance maximale des cyanobactéries se situe

au niveau du métalimnion et de I’hypolimnion tout au long de I’été.

Le deuxieme objectif était de déterminer les variables environnementales qui
influencent I’abondance des cyanobactéries a chaque site. La distribution des
cyanobactéries est fonction de la turbulence, de la lumiere et des éléments nutritifs.
La lumiere et la température favorisent la dominance des especes d’Anabaena dans
les couches d’eau superficielles. Les especes d’Aphanizomenon sont influencées par
d’autres variables. Ainsi, la distribution d’Ap. flexuosum est influencée par la lumiere
alors que Ap. flos-aquae et Ap. gracile sont influencés par la température et la
fréquence de flottabilité (N?). Pour le genre Aphanizomenon, il y a une succession des
especes au cours de I’été et I’automne. Les especes d’Aphanizomenon se retrouvent
particulierement dans le métalimnion au dessus de P. agardhii. Mais & la fin de I’été
apres le mélange des eaux, P. agardhii disparait de la colonne d’eau et c’est Ap. flos-

aquae qui domine dans toute la colonne d’eau.
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Le troisitme objectif €tait de déterminer les variables qui expliquent la
structure verticale et la coexistence des especes de cyanobactéries a une strate
donnée. Nous observons une €volution verticale et temporelle de 1’abondance des
especes de cyanobactéries durant la période libre de glace. Cette structure hétérogéne
peut étre attribu€e a la présence de gradients de ressources (nutriments et lumiere) et
également de gradients ayant un impact sur les deux premieres ressources comme la
turbulence et les ondes internes. Cette disparité dans la distribution des ressources
essentielles pour leur croissance suggere qu’il y a différentes niches dans la colonne

d’eau.

Finalement, le quatrieme objectif €tait d’identifier les variables qui influencent
la formation d’efflorescence. Les résultats ont permis d’évaluer les causes de la
formation des efflorescences de cyanobactéries dans un lac mésotrophe avec un
épilimnion trés pauvre en €léments nutritifs. Nos résultats suggerent que les variables
les plus importantes pour prédire une efflorescence au lac Bromont sont la turbulence
produite par les ondes internes mesurées via le «Lake Number», I’intensité des
radiations solaires, la vitesse du vent un jour avant I’observation de ’efflorescence et
les précipitations. 1l serait intéressant d’étendre les observations a d’autres lacs ayant
de faibles concentrations de nutriments dans I’épilimnion afin de pouvoir généraliser

le modele.

5.3 Suggestions pour des études futures

Au cours des réflexions qui ont guidé la démarche de ce travail, nous avons
découvert plusieurs points qui pourraient étre améliorées lors des travaux futurs. Pour
le recrutement, afin de donner un peu plus de poids aux analyses statistiques, il
faudrait augmenter le nombre de réplicat par profondeur échantillonnée afin de
réduire I’influence de la variabilité spatiale des dépdts d’akinetes et de cyanobactéries

au niveau des sédiments. Nous sommes tout de méme conscients de 1'effort
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d’observation au microscope qui est demandé. A ce moment, la période
d’échantillonnage pourrait étre plus ciblée sur une période plus courte plutdt que de
couvrir une vaste étendue de temps avec un pas d’échantillonnage élevé. De plus,
pour voir les effets de processus treés rapides (la physico-chimie au niveau de
I’interface eau-sédiment et I’évolution des ondes internes) sur le recrutement et la
présence en surface (efflorescence) de la biomasse métalimnétique, il faut que la
fréquence d’échantillonnage soit beaucoup plus courte. Une fréquence hebdomadaire
ne nous a pas permis de vérifier directement I’effet des ondes internes. Cependant,
nous avons pu exploiter un indice (N?) pour la turbulence, la fréquence de flottabilité.
11 serait aussi intéressant d’observer le mouvement journalier des cyanobactéries dans
la colonne d’eau et les variations des nutriments entre le jour et la nuit. Les
échantillons ont été récolté en fin d’avant-midi et au début de ’aprés-midi quand le

soleil est a4 son zénith.

Egalement, le transport horizontal au niveau des pieges de recrutement
pourrait générer un biais dans la quantification du taux de recrutement. I faut

I’évaluer afin de réduire ce biais.

Les travaux tels que réalisés ne nous permettent pas de déterminer I’état de
germination des akinétes recrut€s et d’affirmer sans le moindre doute que la
germination n’a lieu qu’au niveau des sédiments. Egalement, le nombre d’akingtes
capté grace aux piéges de recrutement est tout de méme faible par rapport aux
cellules végétatives. Des questions persistent : le début de la germination a-t-elle lieu
avant I’hiver ou au printemps; une période de dormance variable selon les especes
est-elle nécessaire pour induire la germination; les akinétes sont-ils la forme exclusive
pour le maintien des populations de Nostocale ou les cellules végétatives peuvent a
court terme contribuer a la pérennité d’une année a ’autre? Quand les akinetes sont

formés, le photosysteme II devient inactif, donc des mesures faites sur la réactivation
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de ce photosysteme permettraient surement d’éclaircir quelques points sur la

germination.

5.4 Compétences acquises

Afin de faire une synthése sur mon cheminement scolaire, je vais maintenant
traiter des compétences scientifiques et professionnelles que j’ai développées lors de
ma maitrise et de la rédaction du mémoire comme exigence partielle de la maitrise en
biologie de I’Université du Québec a Montréal. L’une des compétences acquises est
d’étre capable de réaliser un projet de recherche scientifique, de petite envergure, en
passant par plusieurs étapes tres formatrices. Ces étapes constituent également des
compétences telles que développer un processus de réflexion face & une
problématique, déterminer des objectifs, organiser, planifier et gérer un
échantillonnage, analyser des résultats et engager un processus de réflexion raisonnée
sur leur interprétation. J’ai approfondi mes connaissances en biologie, en analyse de
données scientifiques et grace a toutes les communications scientifiques que j’ai
réalisées (congrés scientifiques et présentations pour le grand public), jai pu
développer mes compétences d’oratrice et de vulgarisatrice scientifique. Mon projet
m’a aussi permis de développer la compétence de travailler en collaboration. Cela
m’a permis de faire un stage de deux mois en France a |’Université de Rennes 1. Je

vais appliquer toutes ces compétences dans ma vie professionnelle.



BIBLIOGRAPHIE

Adams, David G., et Paula S. Duggan. 1999. « Heterocyst and akinete differentiation
in cyanobacteria ». New Phycologist, vol. 144, p. 3-33.

Anagnostidis, K. et J] Komarek. 1988. «Modern approach to the classification system
of cyanophytes 3 — Oscillatoriales». Archiv fur Hydrobiologie (Algological
Studies), vol. 50-53, p. 327-472.

Baker, Peter D., et Daniel Bellifemine. 2000. « Environmental influences on akinete
germination of Anabaena circinalis and implications for management of
cyanobacterial blooms ». Hydrobiologia, vol. 427, p. 65-73.

Barbiero, Richard P., et Jacob Kann. 1994. « The importance of benthic recruitment
to the population development of Aphanizomenon flos-aquae and internal
loading in a shallow lake ». Journal of Plankton Research, vol. 16, p. 1581-
1588.

Barbiero, Richard P. et E. B. Welch. 1992. « Contribution of benthic blue-green algal
recruitment to lake populations and phosphorus translocation ». Freshwater
Biology, vol. 27, p. 249-260.

Beutler, M., K. H. Wiltshire, B. Meyer, et al. 2002. « Afluorometric method for the
differentiation of algal populations in vivo and in situ ».Photosynthesis
Research, vol. 72, p. 39-53.

Bostrom Bengt, Jens M. Andersen, Siegfried Fleischer et Mats Jansson. 1988. «

Exchange of phosphorus across the sediment — water interface». Hydrobiologia,
vol. 170, p. 229-244

Bostrom, Bengt, Anna-Kristina Pettersson et Ingemar Ahlgren. 1989. « Seasonal
dynamics of a cyanobacteria-dominated microbial community in surface
sediments of a shallow eutrophic lake ». Aquatic Sciences, vol. 51, p. 153-178.

Braune, W. 1979. « C-phycocyanin - the main photoreceptor in the light dependent
germination process of Anabaena akinetes ». Archives of Microbiology, vol.
122, p. 289-295.



104

Chauvat, F. B. Corre, M. Herdman. Et F. Joset-Espardellier. 1982. « Energetic and
metabolic requirements for the germination of akinetes of the cyanobacterium
Nostoc PCC 7524 ». Archives of Microbiology, vol. 133, p. 44-49.

Cmiech, Helena A., Colin S. Reynolds et Gordon F. Leedale. 1984. « Seasonal
periodicity, heterocyst differentiation and sporulation of planktonic
cyanophyceae in a shallow lake, with special reference to Anabaena solitaria ».
European Journal of Phycology, vol. 19, p. 245-257.

Cmiech, Helena A., Gordon Leedale et Colin S. Reynolds. 1988. « Morphological
and ultrastructural variability of planktonic cyanophyceae in relation to
seasonal periodicity. IV. Aphanizomenon flos-aquae : vegetative cells,
heterocysts, akinetes ». European Journal of Phycology, vol. 23, p. 239-250.

Codd, Geoffrey A. 2000. « Cyanobacterial toxins, the perception of water quality, and
the priorisation of eutrophication control ». Ecological Engineering, vol. 16, p.
51-60.

De Nobel, W. T. (Pim), Jacky L. Snoep, Hans V. Westerhoff et Luuc R. Mur. 1997a.
« Interaction of nitrogen fixation and phophorus limitation in Aphanizomenon
flos-aquae (cyanophyceae) ». Journal of Phycology, vol. 33, p. 794-799.

De Nobel, W. T. (Pim), Jef Huisman, Jacky L. Snoep et Luuc R. Mur. 1997b.
« Competition for phosphorus between the nitrogen-fixing cyanobacteria

Anabaena and Aphanizomenon ». FEMS Microbiology Ecology, vol. 24, p. 259-
267.

Dokulil, Martin T., et Katrin Teubner. 2000. « Cyanobacterial dominance in lakes ».
Hydrobiologia, vol. 438, p. 1-12.

Environnement-Canada. 2008. Service climatologique canadien, Canadian climate
data (www.ec.gc.ca).

Fortin, David. 2002. « Développement postglaciaire du marais riverain du lac
Bromont et examen critique de la method de detection des changements de
niveaux d’eau ». Mémoire présenté a la Faculté des arts et des sciences,
Département de Géographie, Université de Montréal, Montréal, p. 0-63.

Gladyshev, M. 1., V. 1. Kolmakov, E. S. Kravchuk, G. S. Kalacheva, A. A.
Kolmakova, 1. V. Gribovskaya, A. V. Moskvicheva, M. Yu Trusova, M. D.
Zhilenkov, et O. N. Makhutova. 2001. « Germination of cyanobacterial akinetes
from bottom deposits in water from blooming and nonblooming ponds under
experimental conditions ». Doklady Biological Sciences, vol. 378, p. 236-239.
Translate from Doklady Akademii Nauk, vol. 378, p. 134-137.



105

Gloor, M. A. Wuest et M. Munnich. 1994. «Benthic boundary mixing and
resuspension induced by internal seiches ». Hydrobiologia, vol. 284, p. 59-68.

Halstvedt, Camilla, Blikstad, Thomas Rohrlack, Tom Andersen, Olav Skulberg et
Bente Edvardsen. 2007. «Seasonal dynamics and depth distribution of
Planktothrix spp. in Lake Steinsfjorden (Norway) related to environmental
tactors ». Journal of Plankton Research, vol. 29, p. 471-482.

Haney, James F. 1987. « Field studies on zooplankton-cyanobacteria interactions ».
New Zealand Journal of Marine and Freshwater Research, vol. 21, p. 467-475.

Hansson, Lars-Anders. 1993. « Factors initiating algal life-form shift from sediment
to water ». Oecologia, vol. 94, p. 286-294.

Hansson, Lars-Anders. 1996. « Algal recruitment from lake sediments in relation to
grazing, sinking, and dominance patterns in the phytoplankton community ».
Limnology and Oceuanography, vol. 41, p. 1312-1323.

Hansson, Lars-Anders, et Christian Bronmark. 2005. «The biology of lakes and
ponds ». Ed. Oxfors University Press. Oxford. 285 pp.

Head, R. M., R. 1. Jones et A. E. Bailey-Watts. 1999. « An assessment of the
influence of recruitment from the sediment on the development of planktonic

populations of cyanobacteria in a temperate mesotrophic lake ». Freshwater
Biology, vol. 41, p. 759-769.

Hense, Inga, et Aike Beckmann. 2006. « Towards a model of cyanobacteria life
cycle—effects of growing and resting stages on bloom formation of N2-fixing
species ». Ecological Modelling, vol. 195, p. 205-218.

Imberger, J., et J. C. Patterson. 1990. «Mixed layer dynamics in a lake exposed to a
spatially variable wind field». Limnology and Oceanography, vol. 30, p. 473-
488.

Johnk, Klaus D., Jef Huisman, Jonathan Sharples, Ben Sommeijer, Petra M. Visser et
Jasper M. Stroom. 2008. « Summer heatwaves promote blooms of harmful
cyanobacteria ». Global Change Biology, vol. 14, p. 495-512.

Jones, Roger 1. 1979. « Notes on the growth and sporilation of a natural population of
Aphanizomenon flos-aquae ». Hydrobiologia, vol. 62, p. 55-58.

Karlsson, Irene. 2003. « Benthic growth of Gloeotrichia echinulata cyanobacteria ».
Hydrobiologia, vol. 506-509, p. 189-193.



106

Karlsson-Elfgren, Irene, et Anna-Kristina Brunberg. 2004. « The importance of
shallow sediments in the recruitment of Anabaena and Aphanizomenon
(cyanophyceae) ». Journal of Phycology, vol. 40, p. 831-836.

Kezhi, Bai, Wu Guoliang et Cui Cheng. 1985. « Studies on the mechanism of light-
dependent germination of akinetes of blue-green algae ». Hydrobiologia, vol.
123, p. 89-91.

Kim, B. H.,, W. S Lee, Y.-O. Kim, H.-O. Lee et M.-S. Han. 2005. « Relationship
between akinete germination and vegetative population of Anabaena flos-aquae
(Nostocales, Cyanobacteria) in Seokchon reservoir (Seoul, Korea) ». Archives
of Hydrobiology, vol. 163, p. 49-64.

Klausmeier, Christopher A., et Elena Litchman. 2001. « Algal games : The vertical
distribution of phytoplankton in poorly mixed water columns ». Limnology and
Oceanography, vol. 46, p. 1998-2007.

Komarek, J. et K. Anagnostidis. 1989. «Modern approach to the classification system
of cyanophytes 4 — Nostocales». Archiv fur Mikrobiologie (Algological
Studies),vol. 82, p. 247-345.

Konapka, Allan. 1989. « Metalimnetic cyanobacteria in hard water lakes: buoyancy
regulation and physiological state». Limnology and Oceanography, vol. 34, p.
1174-1184.

Kovacs, Attila W., Eszter Koncz et Lajos Voros. 2003. « Akinete abundance of N»-

fixing cyanobacteria in sediment of lake Balaton (Hungary) ». Hydrobiologia,
vol. 506-509, p. 181-188.

Kravchuk, E. S., Ivanova, E. A. et Gladyshev, M. 1. 2002. « Seasonal dynamics of the
numbers of Anabaena flos-aquae (Lyngb.) Breb. akinetes in the surface layer of
bottom sediments and bulk water». Doklady Biological Sciences, vol. 384, p.
233-234,

Laamanen, M. J. 1997. « Environmental factors affecting the occurrence of different
morphological forms of cyanoprokaryotes in the northern Baltic Sea ». Journal
of Plankton Research, vol. 19, p. 1385-1403.

Latour, Delphine, et Hervé Giraudet. 2004. « Factors influencing the spatio-temporal
distribution of benthic Microcystis aeruginosa colonies (Cyanobacteria) in the
hypertrophic Grangent Reservoir (Loire, France) ». Comptes Rendus Biologies,
vol. 327, p. 753-761.



107

Legendre, Pierre, et Eugene D. Gallagher. 2001. «Ecologically meaningful
transformations for ordination of species date ». Qecologia, vol. 129, p. 271-
280.

Lemmin, U. 1995. « Limnologie physique ». Dans: Limnologie générale, ed. R.
Pourriot et M. Meybeck. Paris, 956 pp.

Li, Renhui, Masayuki Watanabe et Makoto M. Watanabe. 1997. « Akinete formation
in planktonic Anabaena spp (Cyanobacteria) by treatment with low
temperature ». Journal of Phycology, vol. 33, p. 576-584.

Livingstone, David, et G. H. M. Jaworski. 1980. « The viability of akinetes of blue-
green algae recovered from the sediments of Rostherne Mere ». European
Journal of Phycology, vol. 15, p. 357-364.

Longhi, Maria Lorena et Beatrix E. Beisner. 2009. «Environmental factors
controlling the vertical distribution of phytoplankton in lakes». Journal of
Plankton Research, vol. 31, p. 1195-1207.

Lund, J. W. G, C. Kipling, et E. D. Le Cren. 1958. « The inverted microscope
method of estimating algal numbers and the statistical basis of estimation by
counting». Hydrobiologia, vol. 11, p. 1573-5117.

Maclntyre, Sally, Kevin M. Flynn, Robert Jellison et José R. Romero. 1999.
«Boundary mixing and nutrient fluxes in Mono lake, California». Limnology
and Oceanography, vol. 44, p. 512-529.

Maclntyre, Sally, José R. Romero et George W. Kling. 2002. « Spatial-temporal
variability in surface layer deepening and lateral advection in an embayment of
lake Victoria, East Africa ». Limnology and Oceanography, vol. 47, p. 656-671.

Marti, Clelia Luisa, et Jorg Imberger. 2006. « Dynamics of the benthic boundary
layer in a strongly forced stratified lake ». Hydrobiologia, vol. 568, p. 217-233.

Marti, Clelia Luisa, et Jorg Imberger. 2008. «Exchange between littoral and pelagic
waters in a stratified lake due to wind-induced motions: lake Kinneret, Israel».
Hydrobiologia, vol. 603, p. 25-51.

McMeekin, Kathleen. 2009. «Le bilan de phosphore du lac Bromont: vers
I’identification des activités humaines causant les blooms de cyanobactéries»
Mémoire présenté a la Facult€ des Sciences, Université du Québec a Montréal,
Montréal p. 0-85.



108

Miller, Marcia Madsen, et Norma Lang. 1968. «The fine structure of akinete
formation and germination in Cylindrospermum ». Archiv fur Mikrobiologie,
vol. 60, p. 303-313.

Morris, A. W., et J. P. Riley. 1963. « The determination of nitrate in seawater ».
Analytica Chimica Acta, vol. 29, p. 272-279.

Murphy, J., et J. P. Riley. 1962. « A modified single solution for the determination of
phosphate in natural waters ». Analytica Chimica Acta, vol. 27, p. 31-36.

Nixdorf, Brigitte, Ute Mischke et Jacqueline Rucker. 2003. «Phytoplankton
assemblages and steady state in deep and shallow eutrophic lakes — an approach
to differentiate the habitat properties of Oscillatoriales». Hydrobiologia, vol.
502, p. 111-121.

Nusch, E. A. 1980. «Comparison of different methods for chlorophyll and
phaeopigment determination ». Archives of Hydrobiological Beih Ergebn
Limnological, vol. 14, p. 14-36.

Oberhaus, L., J. F. Briand, C. Leboulanger, S. Jacquet et J. F. Humbert. 2007.
« Comparative effects of the quality and quantity of light and temperature on

the growth of Planktothrix agardhii and P. rubescens ». Journal of Phycology,
vol. 43, p. 1191-1199.

Oliver, Roderick Lewis. 1994. «Floating and sinking in gas-vacuolate
cyanobacteria ». Journal of Phycology, vol. 30, p. 161-173.

Oliver, Roderick Lewis et George Grinnell Ganf. 2000. «Freshwater blooms».
Chapitre 6 du livre: The ecology of Cyanobacteria par B. A. Whitton and M.
Potts (eds). Kluver Academic Publishers, p. 149-194.

Paerl, H. W. 1988. «Nuisance phytoplankton blooms in coastal, estuarine, and inland
waters ». Limnology and Oceanography, vol. 33, p. 823-847.

Pannard, Alexandrine, Beatrix E. Beisner, David F. Bird et Dolors Planas. «Vertical
internal modes in a small lake: ecological consequences for metalimnetic
phytoplankton populations». Submitted

Poulickova, Aloisie, Petr Hasler et Miloslav Kitner. 2004. « Annual cycle of
Planktothrix agardhii (GOM.) ANAGN. & KoM. nature population ».
International Review of Hydrobiology, vol. 89, p. 278-288.



109

Rai, A. N., V. V. Rao et H. N. Singh. 1988. « Metabolic changes associated with
akinete germination in the cyanobacterium Anabaena doliolum ». New
Phycologist, vol. 109, p. 133-138.

Rengefors, K., S. Gustafsson et Annika Stahl-Delbanco. 2004. « Factors regulating
the recruitment of cyanobacterial and eukaryotic phytoplankton from littoral
and profundal sediments ». Aquatic Microbial Ecology, vol. 36, p. 213-226.

Reynolds, Colin S. 1971. « The ecology of the planktonic blue-green algae in the
north Shropshire meres, England ». Fld Stud., vol. 3, p. 409-432.

Reynolds, Colin S. 1972. « Growth, gas vacuolation and buoyancy in a natural
population of a planktonic blue-green alga ». Freshwater Biology, vol. 2, p. 87-
106.

Reynolds, Colin S. 2006. « Ecology of Phytoplankton ». Ed. Cambridge University
Press. United Kingdom. 535 pp.

Reynolds, Colin S., G. H. M. Jaworski, H. A. Cmiech et G. F. Leedale. 1981. « On
the annual cycle of the blue-green alga Microcystis aeruginosa Kutz. Emend.
Elenkin ». Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, vol. 293, p. 419-477.

Reynolds, Colin S., Roderick Lewis Oliver et Anthony E. Walsby. 1987.
« Cyanobacterial dominance: the role of buoyancy regulation in dynamic lake

environments ». New Zealand Journal of Marine and Freshwater Research,
vol. 21, p. 379-390.

Reynolds, Colin S., Vera Huszar, Carla Kruk, Luigi Naselli-Flores et Sergio Melo.
2002. « Towards a functional classification of the freshwater phytoplankton ».
Journal of Plankton Research, vol. 24, p. 417-428.

Robarts, Richard D., et Tamar Zohary. 1987. «Temperature effects on photosynthetic
capacity, respiration, and growth rates of bloom-forming cyanobacteria». New
Zealand Journal of Marine and Freshwater Research, vol. 21, p. 391-399.

Rother, J. A. et Peter Fay. 1977. « Sporulation and the development of planltonic
blue-green algae in two Salopian Meres ». Proceedings of the Royal Society of
London. Series B, Biological Sciences, vol. 196, p. 317-332.

Rother, J. A., et Peter Fay. 1979. «Blue-green algal growth and sporulation in
response to simulated surface bloom conditions ». European Journal of
Phycology, vol. 14, p. 59-68.



110

Sartory, D. P., et J. U. Gropfelaar. 1984. « Extraction of chlorophyll a from
freshwater phytoplankton for spectrophotometric analysis ». Hydrobiologia,
vol. 114, p. 177-187.

Schindler, David W., Suzanne E. Bayley et Brian R. Parkes. 1996. «The effects of
climatic warming on the properties of boreal lakes and streams at the

experimental lakes area northwestern Ontario». Limnology and Oceanography,
vol. 41, p. 1004-1017.

Scully, N. M., P. R. Leavitt et S. R. Carpenter. 2000. «Century-long effects of forest
harvest on the physical structure and autotrophic community of small temperate
lake». Canadian Journal of Fisheries and Aquatic Sciences, vol. 57, p. 50-59.

Stahl-Delbanco, Annika, et Lars-Anders Hansson. 2002. « Effets of bioturbation on
recruitment algal cells from the «seed-bank» of lake sediments ». Limnology
and Oceanography, vol. 47, p. 1836-1843.

Stahl-Delbanco, Annika, Lars-Anders Hansson et Mykael Gyllstrom. 2003.
«Recruitment of resting stages may induce blooms of Microcystis at low N :P
ratios ». Journal of Plankton Research, vol. 25, p. 1099-1106.

Stainton, M. P, M. J. Capel et F. A. J. Armstrong. 1974. « The chemical analysis of
freshwater ». Bulletin of Fisheries Research Board of Canada Miscellaneous
Special Publication, vol. 25, Ottawa, p. 125.

Steedman, H. F. 1976. «General and applied data on formaldehyde fixation of marine
zooplankton». p. 103-154. In H. F. Steedman (ed.), Zooplankton fixation and
preservation. The UNESCO Press. Paris

Sutherland, Joan M., Michael Herdman et William D. P. Steward. 1985. «Akinetes of
the cyanobacterium Nostoc PCC 7524: morphological changes during
synchronous germination». Archives of Microbiology, vol. 142, p.269-274.

Suttle, C. A., et P. J. Harrison. 1980. « Ammonium and phosphate uptake rates, N:P
supply ratios, and evidence for N and P limitation in some oligotrophic lake».
Limnology and Oceanography, vol. 33, p. 186-202.

Tan, Xiao, Fan-xiang Kong, Huan-sheng Cao, Yang Yu et Min Zhang. 2008.
« Recruitment of bloom-forming cyanobacteria and its driving factors ».
African Journal of Biotechnology, vol. 7, p. 4726-4731.

ter Braak, C. J. F. 1990. «Update notes: CANOCO version 3.10». Agricultural
Mathematics Group, Wageningen, The Netherlands.



111

Thorpe, S. A., et R. Jiang. 1998. «Estimating internal waves and diapycnal mixing
from conventional mooring data in a lake». Limnology and Oceanography, vol.
43, p. 936-945.

Trimbee, Annette M., et G. P. Harris. 1984. « Phytoplankton population dynamics of
a small reservoir : use of sedimentation traps to quantify the loss of diatoms and
recruitment of summer bloom-forming blue-green algae». Journal of Plankton
Research, vol.6, p. 897-918.

Tsujimura, Shigeo. 2004. «Reduction of germination frequency in Anabaena akinetes
by sediment drying : a possible method by which to inhibit bloom formation».
Water Research, vol. 38, p. 4361-4366.

Tsujimura, Shigeo, et Okubo, Takuya. 2003. « Development of Anabaena blooms in
a small reservoir with dense sediment akinete population, with special reference
to temperature and irradiance ». Journal of Plankton Research, vol. 25, p. 1059-
1067.

van Dok, Wendy, et Barry T. Hart. 1996. « Akinete differentiation in Anabaena
circinalis (cyanophyta) ». Journal of Phycology, vol. 32, p. 557-565.

van Liere, Louis, Luuc R. Mur, Chris E. Gibson et Michael Herdman. 1979. «Growth
and physiology of Oscillatoria agardhii Gomont cultivated in continuous

culture with a light-dark cycle ». Archives of Microbiology, vol. 123, p. 315-
318.

Verspagen, Jolanda M., H., Eveline O. F. M. Snelder, Petra M. Visser, Jef Huisman,
Luuk R. Mur et Bas W. Ibelings. 2004. «Recruitment of benthic Microcystis
(Cyanophyceae) to the water column: internal buoyancy changes or
resuspension?». Journal of Phycology, vol. 40, p. 260-270.

Verspagen, Jolanda M., H., Eveline O. F. M. Snelder, Petra M. Visser, Klaus D.
Johnk, Bas W. Ibelings, Luuc R. Mur et Jef Huisman. 2005. « Benthic-pelagic
coupling in the population dynamics of the harmful cyanobacterium
Microcystis ». Freshwater Biology, vol. 50, p. 854-867.

Walsby, Anthony E. 1973. « A portable apparatus for measuring relative gas
vacuolation, the strength of gas vacuoles, and turgor pressure in planktonic
blue-green algae and bacteria ». Limnology and Oceanography, vol. 18, p. 653-
658.

Walsby, Anthony. 2005. «Stratification by cyanobacteria in lakes: a dynamic
buoyancy model indicates size limitations met by Planktothrix rubescens
filaments». New Phytologist, vol. 168, p. 365-376.



112

Wetzel, Robert G. 2006. « Limnology, lakes and rivers ecosystems ». 3" ed. Elsevier,
Academic Press. California. Pp. 1006.

Wildman, Ruth B., Judith H. Loescher et Carol L. Winger. 1975. « Development and

germination of akinetes of Aphanizomenon flos-aquae ». Journal of Phycology,
vol. 11, p. 96-104.

Wood, A. Susanna, Katrin Jentzsch, Andreas Rueckert, David P. Hamilton et S. Craig
Cary. 2009. « Hindcasting cyanobacterial communities in lake Okaro with
germination experiments and genetic analyses ». Federation of European
Microbiological Societies Microbiology Ecology, vol. 67, p. 252-260.

Yamamoto, Yoko. 1976. «Effect of some physical and chemical factors on the
germination of akinetes of Anabaena cylindrica ». Journal of General Applied
Microbiology, vol. 22, p. 311-323.

Zevenboom, Wanda, Abraham Bij de Vaate et Luuc R. Mur. 1982. «Assessment of
factors limiting growth rate of Oscillatoria agardhii in hypertrophic lake
Wolderwijd, 1978, by use of physiological indicators». Limnology and
Oceanography, vol. 27, p. 39-52.



