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The role of surface vertical mixing in phytoplankton distribution in a stratified reservoir

T. Serra,! J. Vidal, X. Casamitjana, M. Soler, and J. Colomer
Institut de Medi Ambient, University of Girona, Campus Montilivi, 17071-Girona, Spain

Abstract

We investigated convection caused by surface cooling and mixing attributable to wind shear stress and their
roles as agents for the transport of phytoplankton cells in the water column by carrying out two daily surveys
during the stratified period of the Sau reservoir. Green algae, diatoms, and cryptophyceae were the dominant
phytoplankton communities during the surveys carried out in the middle (July) and end (September) of the
stratified period. We show that a system with a linear stratification and that is subject to weak surface forcing,
with weak winds <4 m s—! and low energy dissipation rate values of the order of 10—8 m2 s—3 or lower, enables
the formation of thin phytoplankton layers. These layers quickly disappear when water parcels mix because there
is a medium external forcing (convection) induced by the night surface cooling, which is characterized by energy
dissipation rates on the order of ~5 X 10-8 m2 s—3. During both surveys the wind generated internal waves
during the entire diurnal cycle. During the day, and because of the weak winds, phytoplankton layers rise in the
water column up to a depth determined by both solar heating and internal waves. In contrast, during the night
phytoplankton mixes down to a depth determined by both convection and internal waves. These internal waves,
together with the wind-driven current generated at the surface, seem to be the agents responsible for the

horizontal transport of phytoplankton across the reservoir.

Determining the ecological consequences of a physical
structure change in the water column of an aquatic system
caused by different forces acting on spatial or temporal
scales, such as wind stress, cooling and heating rates, or
seiching, is a challenge for controlling ecosystem pro-
ductivity. Transport processes like advection and vertical
convective mixing determine the paths of suspended
particles in aquatic ecosystems such as lakes, reservoirs,
coastal areas, and oceans (Maclntyre et al. 2002; Serra et
al. 2003). Convection is a source of vertical mixing that
governs the dynamics of suspended material, and advection
is usually the most important mechanism for the horizontal
transport of particles. In lakes and reservoirs, advection
could be caused by wind-driven currents and internal waves
or seiches. Hedger et al. (2004) describe the effect of
advection on the spatial distribution of two phytoplankton
populations, a population of dinoflagellates (Ceratium
hirundinella) and a population of cyanobacteria (Micro-
cystis spp.). They find differences between the two
populations that also depend on their light irradiance
requirements.

Experimental work was done with the aim of de-
termining the effects of external forcing events on
phytoplankton diversity (Rojo and Alvarez-Cobelas
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2001). Other studies have revealed the importance of the
forcing timescales in phytoplankton dynamics (Cloern
1991). Simulation work with a phytoplankton model,
PROTECH (Phytoplankton RespOnses To Environmental
CHange), showed that the frequency and intensity of the
forcing events are the main factors affecting the diversity in
the phytoplankton community of an environmental system
(Elliot et al. 2001). PROTECH has also been adapted to
successfully simulate the evolution of the phytoplankton
concentration in artificially destratified reservoirs (Lewis et
al. 2002; Lewis et al. 2003).

The time resolution used during the study has impor-
tant implications on the observed dynamics. Despite the
limited time resolution of most phytoplankton studies
(Harris and Trimbee 1986; Reynolds 1990), it must be
taken into account that many processes occur during
periods shorter than 1 week. A decade of observations in
the South San Francisco Bay demonstrated that phyto-
plankton biomass fluctuates in a timescale of days to
weeks (Cloern 1991). Recently, high-frequency sampling
of surface picoplankton (with diameters <3 um) displayed
24-h periodicity in many biological variables (Jacquet et
al. 1998). Spatial measurements are also crucial to
understand the dynamics of thin phytoplankton layers,
which are composed of a large variety of organisms such
as phytoplankton, zooplankton, and marine snow, as well
as marine viruses and bacteria. McManus et al. (2005)
demonstrate the effect of both currents and internal waves
on the thin zooplankton layers in a coastal system.
Dekshenieks et al. (2001) evaluated the behavior and
occurrence of these layers depending on physical forces.
Thin layers of phytoplankton have also been studied in
coastal areas (Bjornsen and Nielsen 1991; Dekshenieks et
al. 2001; Alldredge et al. 2002; McManus et al. 2003) and
freshwater systems (Ibelings et al. 1991; Gentien et al.
1995; Bormans et al. 1999). Maclntyre and Melack (1995)
also found the presence of thin layers of phytoplankton in
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Table 1. Measurement stations (see Fig. 1)
Station Depth in July  Depth in Distance from the
name (m) September (m) dam (km)

S1 41 48 200

S2 40 47 800

S3 38 45 1,600

a shallow lake (Lake Nakuru). They attributed the
presence of these thin layers to a reduced mixing efficiency
or to advection of water from the shore. Therefore, based
on all of the above findings, high-resolution temporal and
spatial measurements are necessary to understand the
daily dynamics of phytoplankton. New submersible
fluorimeters have been developed and tested (Beutler et
al. 2002; Gregor and Marsalek 2004) for estimating the
total phytoplankton biomass by taking measurements of
chlorophyll. These instruments are valuable for continu-
ous sampling of phytoplankton species located in very thin
layers. Leboulanger et al. (2002) used a submersible
fluorometer for rapid monitoring of freshwater cyanobac-
teria (Planktothrix rubescens) blooms. They found good
agreement between the results from the fluoroprobe and
the spectrofluorometric results obtained from measure-
ments of samples harvested from the water column. Only
some deviations were found in the surface layer (~5 m
depth) where fluorescence quenching because of high
irradiance decreased the fluorescence yield.

In this study, the competition between convection and
mixing induced by wind shear stress and their roles in the
transport of phytoplankton through the water column was
investigated during two different stratified periods. In
addition, the role of advection attributable to the wind-
driven current and seiches was evaluated. The suspended
particles under study are the algae communities thriving in
the epilimnetic layer of the water column. We pay special
attention to whether the different algae communities show
different behaviors or respond equally under the same
physical forcing acting on the system.

Study site

Sau is a canyon-shaped reservoir 18,225-km long (Fig. 1)
located in the central part of the river Ter, which is 200-km
long and has its source in the Pyrenees in northeast Spain.
This reservoir has an elongated geometry with a lacustrine
area 3,600-m long and a maximum width of 1,300 m
(Armengol et al. 1999). Because Sau supplies water to the
Barcelona and Girona metropolitan areas, it has been of
interest since it was first filled in 1964. Its proximity to the
Mediterranean Sea means that it is affected by the
characteristic Mediterranean climatic variabilities, with
severe interannual summer droughts. Rainfall usually
reaches a maximum during spring and autumn. Aside
from the climatic variability of Mediterranean regions, the
daily wind pattern of the Sau reservoir is quite regular in
the normal anticyclonic conditions usually prevalent during
summer. During the morning the wind usually blows from
the main body of the reservoir toward the dam, and in the
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Fig. 1. Bathymetric map of the Sau reservoir with the
measured stations indicated as S1, S2, and S3. The dashed line
represents the main axis of the reservoir and the direction in which
the wind velocity and the water currents are projected. The
meteorological station (MS) was located on shore.

late afternoon and evening the wind reverses its direction
and blows from the dam toward the main body of the
reservoir. This wind action along the main axis of the
reservoir leads us to expect the presence of seiches
following this axis (Vidal et al. 2005). The stations
considered for this study were S1, S2, and S3 (see Table 1
for the characteristics of these stations and Fig. 1 for their
location in the reservoir).

Methods

In this study, fluorescence profiles of different phyto-
plankton communities were carried out using an in situ
submersible five-channel fluorimeter (bbe Moldaenke) with
a resolution of 0.05 ug L—! and a measuring range of 0-
200 pug L—1. This probe determines four different commu-
nities (green algae, diatoms, cyanophyceae, and cryptophy-
ceae), which have been previously calibrated by the
manufacturer by considering particular algae populations
corresponding to each algae group; for calibration speci-
fications see Table 2. It should be taken into account that
the cryptophyceae group can be contaminated by cryso-
phyceae, which emit at a similar wavelength. In addition,
the depth was measured using a pressure sensor integrated
into the probe, and the temperature was measured with
a sensor next to the transmission window (with a resolution
of 0.01°C and 5% accuracy). It is known that under high
irradiance conditions, photosynthetic organisms regulate
and protect photosynthesis by dissipating excess energy as
heat. This process is the photochemical quenching that
appears in shallow waters and subsurface layers (Lebou-
langer et al. 2002; Gregor and Marsalek 2004). This process
can affect the fluorescence measurements in the upper
water column down to a depth where the light level is 10%
of the light at the water surface. In this situation,
fluorescence values will underestimate the chlorophyll
concentration values for daily profiles in the upper column.
For a more detailed description of the fluoroprobe, see
Beutler et al. (2002) and Gregor et al. (2005).
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Table 2.

Calibration information from the manufacturer for the different phytoplankton groups that can be detected with the

fluoroprobe. In the first file there is the phytoplankton population for the calibration considered for each group. The second file
corresponds to the pigment that gives the fluorescence, and the last file refers to the long wave of the maximum fluorescence emitted.

Phytoplankton group

Green algae

Cyanophyceae

Diatoms Cryptophyceae

Population for Chlorella vulgaris

calibration
pigment Chlorophyll-a and -b Phycocyanin
A (nm) 450 610

Microcystis aeroginosa

Cyclotella meneghiniana Cryptomonas sp.

Xantophylls Fucoxanthin Phycoerythrin
Peridin
525 570

Measurements of current velocity profiles were carried
out with an acoustic Doppler profiler (RDI 600 kHz,
Workhorse Sentinel). The acoustic Doppler current profiler
(ADCD) was deployed on the water surface with the beams
facing downward. The ADCP was mounted on a swimming
platform that was tied to the fixed buoy located in S2. As
a result, we were not able to get information about the
water-surface velocity (i.e. from 0-m to 3-m deep). Data
from the ADCP were distributed in bins separated by 2 m.
The sampling rate was set at 1 Hz with the raw data
processed to obtain 7.5-min averaged data, with a standard
deviation of 0.1 cm s~ 1. All data were processed directly by
the manufacturer software with bottom tracking to remove
the ship’s velocity from the measured velocity. The first
depth bin was set at 3 m, and then data from between 3 m
and the bottom were processed. Continuous data from
a moored thermistor string (Aanderaa Instruments) were
also available.

Temperature values had a range resolution of 0.1% and
an accuracy of £0.5°C. The thermistor string was deployed
at station S2 (see Fig. 1) and was composed of 11
thermistors placed at the following depths: 3, 4, 5, 6, 7, 8,
9, 11, 15, 16, and 17 m. The sampling period of the
thermistor string was 10 min. The air temperature (T, in
°C, with a resolution of 0.1°C and an accuracy of =0.3°C),
the relative humidity (RH in %, with a resolution of 1%
and an accuracy of =3%), the short wave radiation (q in
Wm~2, with a resolution of 1 Wm~2 and an accuracy of
+5 Wm~2), and the wind velocity (U in m s~!, with
a resolution of 0.1 m s—! and an accuracy of £0.3 m s—1)
were obtained with 1-min frequency from the meteorolog-
ical station located near the dam of the reservoir.
Fluorescence measurements were taken hourly during
a 24-h cycle at a fixed station (S2, Fig. 1) in the Sau
reservoir. This study was carried out during two different
stratified conditions of the water column. The first survey
was in July 2003, and the second survey was in September
of the same year. In July, the field campaign began at 16:00
h on 23 Jul and continued until 15:00 h on 24 Jul. In
September, the field campaign went from 12:00 h on 24 Sep
to 12:00 h on 25 Sep. For the survey carried out in
September, fluorescence measurements at larger time
intervals (~4 h) and at other stations (S1 and S3, see
Fig. 1) were also taken. The ADCP measured velocity
profiles at station S2 during the entire period in both
surveys. In the September survey, another ADCP with the
same technical characteristics was available and was
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deployed at S3 using the same procedure that was used at
S2.

Estimation of penetrative velocity convection—From the

meteorological values of the air temperature (T,, in K), the

relative humidity (RH), the wind velocity (U), and the
surface temperature of the water column (T, in K), the
latent heat of evaporation (E) can be estimated following
the method and equations used by Colomer et al. (1996).
The sensible heat (H) can be estimated following Imberger
(1985). The net long-wave radiation, LW, can be calculated
from LW = LW;, — LW, (Kimball et al. 1982; Imberger
1985). To calculate these fluxes, the water emissivity, &,
was set to 0.97, and the air emissivity, &,, was calculated
from &, = 0.642(e,/T,)17, where e, is the vapor pressure of
the air, according to the formulation deduced by Brutsaert
(1982). To calculate LWj,, the cloud cover was estimated
by visual inspection at 1-h intervals and was found to vary
between 4/8 and 7/8. The maximum value (7/8) was
considered for estimating LW;,, which represents its
maximum value with a possible overestimation of 8%.
Therefore, the effective heat flux can be calculated by using

H* = S+q(0) +q(h)— (2/h) [ q(z) dz (Imberger 1985).

S is the net surface heat flux omitting the short-wave
radiation (S = LW + H + E); q(z) is the short-wave
radiation at a depth z and can be calculated from q(z) =
q(0)e—kz, where k is the attenuation coefficient of light, and
h is the depth of the mixed layer. Values of k = 0.95 and k
= 0.7 for the July and September surveys, respectively,
were estimated from long-trend Secchi measurements in
Sau reservoir (Armengol et al. 1999). From the values of
H* we can calculate the buoyancy flux B (m2 s—3), defined
as B =gaH*/Cpyp,, where o is the thermal expansion
coefficient in the range of 20°C to 30°C, C,, is the specific
heat of water, and p,, is the water density. The velocity
scale for convective motions can be estimated by using the
equation w* = (Bh)!/3 (Deardoff 1970).

Estimation of the surface shear velocity induced by night
cooling and wind—The shear stress induced by the wind on
the surface of the water column is defined as © = p,CpU?2,
where Cp is the drag coefficient of the water surface and
can be approximated to 1.0 10-3, and p, is the air density.
Thus, the shear velocity of the layer at the surface of the
water column can be calculated from u* = \/t/p,,. The
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combination of wind stirring and surface cooling results in
a new velocity magnitude () related to the mechanical
energy introduced in the lake surface (Fisher et al. 1979).
This velocity 7 is defined as n = (u*3 + v3w*3)1/3, where

v=(C/ Ci)l/3 is defined as the ratio between the wind

efficiency C; and the cooling efficiency Cﬂ. Several
experiments have been done to determine v, and a value
of 1.33 is generally used (Imberger 1994). The energy
introduced at the water surface results from the energy
input from both surface cooling and wind shear. The
energy flux Fy can be parameterized as a function of 5, Fq
= 0.573 (Kim 1976), from which it is possible to estimate
the energy dissipation ¢ by using ¢ = 2F./h (Imberger
1985), which will be indicative of the turbulent intensity in
the water column. Values of ¢~10-6 m2 s—3 are indicative
of strong turbulence as a result of periods of high wind
forcing (Maclntyre et al. 1999; Maclntyre et al. 2002). In
contrast, values of ¢ ~10-7 m2 s—3 indicate moderate
turbulence levels caused by the weak winds.

Results

Meteorological data show differences between the July
and September surveys. The air temperature is higher in
July (Fig. 2a) than it is in September (Fig. 2b). In the July
survey the air temperature oscillated between 32°C and
15°C (Fig. 2a), whereas in September the oscillation was
between 24°C and 15°C (Fig. 2b). In both surveys, the
surface temperature decreased at night, indicating that this
layer loses heat to the air. In July, the air is 5°C warmer
than the water during the day, whereas in the evening when
the wind velocity decreases, the air temperature drops to
values 10°C below the water temperature. In September,
during the day the air temperature is between 1°C and 3°C
warmer than the water, and at night the air temperature
drops again to values 5°C below the water temperature.
Therefore, the difference between the water and air
temperatures is lower in September than in July. A similar
day-—night temperature pattern was also found by Imberger
(1985); however, in his work the air temperature is
approximately the same as the water temperature during
the day, and at night he found a temperature difference
between the air and water of ~12°C. Short-wave radiation
is slightly greater in July than in September (Fig. 2c¢.d,
respectively) with only slight variations caused by cumulus
clouds passing overhead. It must be pointed out that
sunrise in July was earlier (~04:00 h) than in September
(~06:00 h). Sunset in September was slightly earlier
(~17:00 h) than in July (~18:00 h). Relative humidity
shows a similar pattern in both surveys (Fig. 2e,f): it was
lowest during the morning and afternoon and reached
a maximum of 100% at night. Around midday, the wind
direction was ~250-300° (Fig. 2g,h), thus blowing from the
river to the dam of the reservoir, whereas in the evening the
wind reversed to ~0-50°, thus blowing from the dam to the
main body of the reservoir. In the morning hours, its
direction reversed again to ~250-300°. In both surveys
weak winds prevailed with maximum values of 3 m s—!
during the day. On the first day of the September survey,
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the wind started to blow earlier (at 03:00 h) than in July,
with values of ~2.5 m s~1, and it persisted during the day
until it decreased at night.

Results of the latent heat of evaporation, the sensible
heat, the net long-wave radiation, and the net surface heat
flux (S) for the July and September surveys were calculated
as indicated in the Methods section and are represented in
Fig. 3a,b, respectively. In July, heat fluxes ranged from
—130 W m~2to +30 W m~2 (Fig. 3a), where in September
they ranged from —60 W m~—2 to 10 W m~2 (Fig. 3b).
Sensible heat is slightly larger in July than in September. In
July, the sensible heat has positive values during the day,
contributing to the heating of the lake, whereas in
September it is negative nearly all day, contributing to
the heat loss. Long-wave radiation shows a large variation
during the day—night survey in July, whereas in September
the variation is smaller. The fact that the air temperature is
5°C higher than the water temperature during the day
results in a positive value of the net long-wave radiation
(Fig. 3a,b) during the day. At night, the net long-wave
radiation is negative because of the fact that the water is
10°C warmer than the air. In both surveys, the effective
heat flux at night is dominated by the net long-wave
radiation because the latent heat flux is low as a result of
the weak winds blowing during these hours. The effective
heat flux is negative at night (with values down to —105 W
m~2 in July and —60 W m~—2 in September, see Fig. 3c.d,
respectively), which leads to mixing. The effective heat flux
was positive during the day (with maximum values of
1,058 W m—2 in July and 2,069 W m~—2 in September, see
Fig. 3c,d) enabling surface-water stratification.

Low values of w* were found for both the July (Fig. 3¢)
and September (Fig. 3f) surveys. Convection dominates
during the evening and night, with maximum values of
5mm s~!, and becomes zero during the day. The
convective period was slightly longer in July, extending
from 14:00 h on the first day to 07:00 h on the second day,
than in September, when it extended from 16:00 h on the
first day to 07:00 h on the second day. Low values of
surface-layer velocity (u*) were also found in both the July
(see Fig. 3e) and September (Fig. 3f) surveys. In the July
survey, u* decreased at night, and it reached its lowest
values of 0.001 m s—! from 21:00 h until 05:00 h, and then
it increased again. In contrast, in the September survey, u*
had a smaller oscillation range, which went from
0.001 m s—! to 0.003 m s—!. In July, values of the
dissipation rate (g) were found to be between low (1 X
109 m2 s—3) to moderate (I X 10=7 m2 s—3) with mean
values of ~5 X 108 m2 s—3 in the late afternoon and night
time (Fig. 3g). In contrast, in September, ¢ was slightly
smaller, (between 1 X 1072 m2 s=3 and 3 X 10-8 m2 s—3)
with mean values of 3 X 10-8 m2 s—3 in the late afternoon
and night time hours (Fig. 3h). In both surveys, the largest
values were found during the late afternoon and night time
hours as a result of the mixing caused by the night cooling
of the surface. During the day, because winds are very
weak, the dissipation rates are lower than at night.

In July, the water column was stratified from the top of
the water column downward (Fig. 4a), which illustrates
a shallow-surface mixing layer at the top of the water

[6]
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For the July and September surveys, (a, b) surface-water temperature (circles) and air

temperature (line); (c, d) short-wave radiation; (e, f) relative humidity; and (g, h) wind velocity

(thin line) and wind direction (thick line).

column. The surface mixing layer increased from 1-m depth
in the late afternoon to 4-m depth at night and early
morning. During the day, a mixing layer 2-m deep was re-
established again (see the profile taken at 11:00 h in
Fig. 4a). Three different phytoplankton communities were
found in the water column during both surveys (July and
September): green algae, diatoms, and cryptophyceae. In
the July survey just a few exemplars of blue green algae
were found, always in low concentrations (with values

Cust # 05-511

<3 mg m~2) integrated over the entire water column.
Green algae were the most abundant and were found from
the surface of the water column down to 10-m deep
(Fig. 4b). Vertical profiles of green algae show a surface
layer with a constant value of chlorophyll ranging from
6 ug L= to 12 ug L—L. The depth of this layer changes
with time, attaining the deepest value (~4 m) at night (see
04:00 h profile, Fig. 4b). At sunrise, the layer shallows and
reaches the shallowest depth at noon. Below this layer, the



0 Serra et al.

July

September

50

, Heat flux (W m2)
VY
1<) S

g

-150 2 *
13:00 2100 05:00

13:00  13:00 21:00 05:00 13:00

2500
2000 fC
1500
1000
500
ot

H* (W m?)

-500
13:00 21:00 05:00

0.006

13:00 13:00 21:00 05:00 13:00

0.005
0.004
0.003
0.002
0.001

0.000
13:00 21:00 05:00

u*, wH(m s'l)

13:00 13:00 21:00 05:00 13:00

200x10°

150x10?

%)

m s

e

" 100x107 |
50x107 “j

0
13:00 21:00 05:00

Time (hh:mm)
Fig. 3.

13:00 13:00 21:00 05:00 13:00

Time (hh:mm)

For the July and September surveys, (a, b) latent heat of evaporation (E), sensible

heat (H), net long-wave radiation (LW), and net surface heat flux omitting the short-wave
radiation (S); (c, d) effective heat flux (H*); (e, f) penetrative convection velocity (w*) and surface-
layer velocity induced by the wind (uy*); and (g, h) rates of energy dissipation (¢) averaged across

the mixing layer depth.

green algae population has a peak of maximum concen-
tration located at a depth that varies with time. This
maximum is ~5-m deep at 19:00 h, after which it deepens
to ~6 m and remains at this depth until the morning hours
when the population forms a subsurface peak of 16 ug L—!
at a depth of ~2 m (see the profile taken at 11:00 h in
Fig. 4b). Diatoms are distributed from the surface to
a depth of 5 m (Fig. 4c). During the day, diatoms form
a subsurface peak at around 2-m depth, whereas at night
they are homogeneously distributed in a 4-m-thick surface
layer. Cryptophyceae show a pattern similar to diatoms
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(Fig. 4d). During the day they form a subsurface peak of 4—
6 ug L—1, which is located at a depth of around 2 m (see
the profile taken at 14:00 h in Fig. 4d). This pattern
changes at night when vertical profiles of fluorescence show
a constant value of 2 ug L—11in a layer 4-m thick located at
the surface of the water column.

In September, the temperature gradient is not as
continuous as it is in July, and the temperature profile is
close to a three-layer pattern: epilimnion, metalimnion, and
hypolimnion (Fig. 5a). It has to be pointed out that the
hypolimnion is still slightly stratified, although it is not
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concentration, and (d) cryptophyceae from the day-night survey carried out in July 2003.

shown in Fig. 5a. The epilimnion, which extends from the
surface to ~15-m depth, as in July, illustrated surface
warming and nocturnal cooling, with the most pronounced
effects in the upper 5 m (Fig. 5a). In the September survey,
green algae show similar behavior to that found in July. At
the surface of the water column there is a deep layer with
a constant chlorophyll value from the beginning of the
survey until sunset on the second day. This layer has
a thickness of 3 m, which increases to 5 m for night profiles
(Fig. 5b). However, on the second day of the September
survey, green algae form a subsurface peak at a shallow
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depth of 2 m (see the profile carried out at 12:00 h,
Fig. 5b). Below this layer green algae form a second layer
with approximately constant chlorophyll values. The
bottom of this layer extends down to 12-m depth on the
first day (see the 13:15 h profile, Fig. 5b) and shallows to 9-
m depth on the second day (see the 12:00 h profile in
Fig. 5b). In September, diatoms show a surface maximum
decreasing slightly to 3 m depth for the daytime vertical
profiles (Fig. 5c). For night profiles this pattern breaks
down, and diatoms distribute homogeneously throughout
a surface layer that attains its deepest value at 4 m (see the
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concentration, and (d) cryptophyceae from the day—night survey carried out in September 2003.

profile carried out at 00:15 h in Fig. 5c). At sunrise this
layer becomes shallower, reaching a thickness of 2 m (see
the profile carried out at 12:00 h in Fig. 5¢). Cryptophyceae
show similar behavior to diatoms. During the daytime
hours on the first day, they are at a maximum at the surface
and decrease with depth down to 4 m (Fig. 5d). At night
this pattern breaks down and they are homogeneously
distributed (see the profile carried out at 00:15 h in
Fig. 5d). On the second day, cryptophyceac move to
a shallower depth and form a subsurface peak located at
~1-m depth (see the profile carried out at 12:00 h in
Fig. 5d).

From the vertical profiles shown in Figs. 4 and 5 we can
obtain the depth of the mixed layer according to each
phytoplankton community (green algae, diatoms, and
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cryptophyceae). The time evolution of this interface has
been represented in Fig. 6a for the July survey and in
Fig. 6b for the September survey. It can be seen that the
interface of each community deepens at night to around
5 m in both surveys and becomes shallower during the day,
reaching similar depths in both the July and September
surveys and following the same dynamics as temperature
(Fig. 6a,b). Therefore, the behavior of the interface of each
community coincides with the behavior of the mixing layer.

If we now integrate the concentration of chlorophyll for
the three phytoplankton communities across the entire
water column, hereafter known as the total concentration
of chlorophyll per square area, it can be observed that in
July the total concentration of green algae increases slightly
from 120 mg m~2 at the beginning of the survey, attains
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a maximum of 156 mg m—2 at night, and then decreases
slightly to 110 mg m—2 on the second day (Fig. 7a). In
contrast, in the September survey green algae shows the
same increase from day to night, but from the night to the
second day it remains approximately constant until the end
of the survey. In July, diatoms increase from a value of
9 mg m~—2 to a maximum of 40 mg m~—2 at night (Fig. 7b),
then decrease again to their initial value on the second day.

In September, diatoms decrease slightly and continuously
from 15 mgm~2 on the first day to approximately
5 mg m~2 on the second day. In July, the total cryptophy-
ceae concentration begins at 5 mg m—2 on the first day and
then decreases slightly to 1 mg m—2 on the second day
(Fig. 7c), whereas in September it decreases from
15 mg m~2 and reaches the lowest value of approximately
5 mg m~2 at night. From this point onward the concen-
tration increases strongly, reaching values of 30 mg m~—2 at
13:00 h on the second day (Fig. 7¢).

In the July survey, the flow-velocity contours show
layers with alternate values of the velocity direction
(Fig. 8a). Since contours are first drawn 2 days before the
field survey, it is possible to observe how the velocity
direction of the surface layers reverses with time. We
focused our attention on the layer located between 3-m and
10-m depth because this is where the main phytoplankters
are distributed (see the right panels in Fig. 8a,b). In July
during the day there is a layer between 4-m and 9-m depth
that has negative velocity values in the range of —2 ¢cm s—!
to —8 cm s~ !, which indicates that water flows from the
dam to the main body of the reservoir, in the opposite
direction to the wind. The water in the surface layer is
expected to flow in the same direction as the wind and the
layer below it to flow in the opposite direction, i.e., it
should be the countercurrent of the surface current. At
night, this layer flows in the reverse direction, from the
main body of the reservoir to the dam, also in the opposite
direction to the wind, and has values between 2 cm s—! and
6 cm s—! (Fig. 8a). In September, the depth of the
maximum flow velocity became shallower, from 12-m deep
at 20:00 h to 6 m at 07:00 h and remained at this depth
flowing toward the dam until the end of the studied period
(Fig. 8b).

Isotherms of 25, 24, 23, 22, 21, 19, and 17°C for the July
survey and isotherms of 21.4, 21.2, 21, 20, 19, 17, and 14°C
for the September survey show oscillations (Fig. 8a,b,
respectively), which indicate the presence of standing
internal waves (or seiches) in the reservoir. The fact that
wind has a 24-h periodicity, close to the natural period of
the V3H1 mode, favors the excitation of this mode in
September (Vidal et al. 2005). However, in July the
predominant mode is the V2HI1 mode, which has a natural
period of 12 h.
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Total concentration of (a) green algae, (b) diatoms, and (c) cryptophyceae for both the July and September surveys.
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Discussion

Since July corresponds to the beginning and September
corresponds to the end of the summer season, the water
column has different stratification patterns in each survey.
In September, the stratification corresponds to the usual
pattern at the end of the stratified period for lakes in the
Mediterranean area in which epilimnion, metalimnion, and
hypolimnion layers (Fig. 5a) can be clearly distinguished.
In July, the water column is continuously stratified from
the surface to the bottom (Fig. 4a); this stratification is
characteristic of the usual pattern for the beginning of the
stratified period. Sau reservoir is located in a region with
low wind speeds. As a result, latent heat, which usually
dominates surface energy budgets, is low, giving low values
of w*. Maclntyre et al. (2002) found values in Lake
Victoria between two and three times the w* values found
in the Sau reservoir (Fig. 3e,f). The difference can be
attributed to the fact that in Lake Victoria the effective heat
flux at night is dominated by the latent heat flux, which is
larger than in Sau reservoir as winds in Lake Victoria are
stronger (~ 4 m s~ ! and peaking with 10 m s—!) compared
to the winds blowing in Sau reservoir (remaining at the
minimum of 1 m s~1). In Imberger (1985) values of w*
were found between 1.5-2X greater than in Sau reservoir.
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The difference can also be attributed to the difference in the
wind velocity. Low wind speeds will also result in low
values of u* (Fig. 3e,f). Values of u* two and three times
those of the present work were found by Imberger (1985)
and Maclntyre et al. (2002). The dissipation energy ()
averaged over the surface mixing layer was found, in
general, to be of the order of 5 X 10-8 m2 s=3 (in July,
Fig. 3g) and 3 X 108 m2s~3 (in September, Fig. 3h),
which indicates that the mixed layer is between low and
moderately turbulent. Values two times larger were found
in Lake Biwa, where winds are below 4 m s—! (Maclntyre,
1998). For larger wind speeds (~6-8 m s—!), dissipation
rates were found of the order of 10-¢ m2s—3, which
indicates strong turbulence levels (Maclntyre et al. 2002).
Similar to the results found in the present work, Brainerd
and Gregg (1993) found maximum dissipation rates of ~3
X 10—8 m2 s—3 for light wind periods (with wind velocities
of ~2 m s~1) in the mixed layer of the open ocean. In
contrast, when winds were stronger (~8 m s—!), dissipation
rates were found in the order of 10~7 m2 s—3. In the present
work it can be observed that at night the depth of the mixed
layer is determined by two mechanisms: the mixing caused
by the net night cooling and the internal oscillations that
move isotherms up and down in the water column (as can
be seen from the isotherms in Fig. 8a,b). In contrast, during

Cust # 05-511
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the day this depth is determined by both solar heating and
internal oscillations (see Fig. 8a,b). Because the wind is
weak during the night and day, it does not contribute
substantially to the deepening of the mixed layer.

During the night the phytoplankton concentration is
constant throughout the entire surface layer, which
indicates that phytoplankton cells are well mixed. The
homogeneous vertical distribution found at night can be
attributed to the convective process, which has been found
to be dominant over the mixing induced by the wind
(Fig. 3e.f). The convective velocity caused by night cooling
was found to be 0.5 cm s—1, 50 times the swimming velocity
of motile organisms (v,), whose velocity is at best in the
range of 0.01 mm s~! to 0.1 mm s—! (Reynolds 1984).
Thus, all the phytoplankton groups follow the flow
dynamics. The ratio between the velocity scale of mixing
and the velocity scale of the motile organisms is equivalent
to the Peclet number, Pe = vy/w*) (O’Brien et al. 2003).
Using the velocity values found in the present study, Pe
ranges from 0.002 to 0.02, which is less than 0.1, indicating
that the phytoplankton are uniformly distributed (O’Brien
et al. 2003). This is in accordance with the constant value
for the phytoplankton concentration in the surface mixing
layer during the night (see Figs. 4b—d, 5b—d). In addition,
persistent stratification below the depth of the surface
mixing layer enables the development and persistence of
layers of green algae, which is the phytoplankton commu-
nity that extends deepest in the water column. In contrast,
during the day and because of the weak mixing, phyto-
plankton redistributes vertically and accumulates at certain
depths forming thin phytoplankton layers (Figs. 4, 5).
There are two main mechanisms that contribute to the
vertical redistribution of phytoplankton and the rising of
isotherms at S2: the solar heating and the internal
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oscillations. The last process can be observed particularly
when comparing the phytoplankton profiles in the Sep-
tember survey (Fig. Sb—d) with the vertical displacement of
isotherms (Fig. 8b). The upper interface of green algae and
the lower interfaces for diatoms and cryptophyceae sink
from 3 m to 5 m from 13:15 h to 21:30 h and rise from 5 m
to 2m from 21:30 h to 12:00 h, respectively, which
coincides with the vertical displacement of isotherms. In
particular, in September the uppermost isotherm (Fig. 8b)
sinks from 5 m to 7 m and then rises from 7 m to 4 m for
the same periods, respectively.

The changes in time of the total concentration of
phytoplankton observed at S2 (Fig. 7) can be attributed
to horizontal advection caused by wind-driven currents and
internal oscillations. If the phytoplankton were heteroge-
neously distributed horizontally, forming patches of
different phytoplankton concentrations throughout the
reservoir, the horizontal movement could explain the
change in the total concentration of each phytoplankton
group (Fig. 7). This cannot be tested for the July survey,
when the measurements were only taken at S2. However,
measurements of phytoplankton at two more stations of
the reservoir (S1 and S3, see Fig. 1) were taken in the
September survey, and the results show differences in the
horizontal distribution of each phytoplankton community
(Fig. 9). These results may be due to the fact that there are
sites along the reservoir with different phytoplankton
growth rates because of different habitat conditions. It
must be pointed out that this patchiness might be
maintained by the spatial variability of heating during the
day as well as by possible differences in the nutrient load at
different stations of the reservoir. Values of the total
concentration of each phytoplankton group are shown in
Fig. 9 for the different stations. Four more measurements
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at different times were carried out at these stations and all
of them showed similar results (results not shown).
Although green algae seem to have a homogeneous
distribution (Fig. 9a), horizontal heterogeneities are mainly
observed for diatoms (Fig. 9b) and cryptophyceae
(Fig. 9¢). Spatial heterogeneities have been found pre-
viously by other authors such as Dickman et al. (1993),
who reported spatial heterogeneities or patchiness of
phytoplankton in a lake in northern Iceland; by Einarsson
et al. (2004), who reported spatial heterogeneities in the
phytoplankton distribution in Lake Myvatn; and by Cloern
(1991), who reported horizontal heterogeneities in the
South San Francisco Bay. In addition, a mean value of the
phytoplankton growth rate of 0.3 cells day—! (Bormans
and Condie 1998; Baker et al. 2000; Serra et al. 2003;)
results in an increase in the total concentration of
chlorophyll ranging from 120 mg m—2 to 156 mg m~—2 for
green algae, from 10 mg m—2 to 13 mg m—2 for diatoms,
and from 5Smgm~—2 to 6.5 mg m—2 for cryptophyceae.
Therefore, this increase cannot account for the large
increase in green algae from 120 mg m—2 to 160 mg m—2
(Fig. 7a), from 10 mg m—2 to 40 mg m—2 for diatoms
(Figure 7b), and from 5 mgm~—2 to 30 mg m—2 for
cryptophyceae (Fig. 7c).

Horizontal velocities reached maximum values of
~8 cm s~1 (Fig. 8), which are 16 times the convective
velocity and 800 times the swimming velocity of motile
organisms. If we consider a mean horizontal velocity value
of 4 cm s~! for the layer between 4 m and 9 m in July
flowing from the dam to the main body of the reservoir for
6 h (see Fig. 8a), a total displacement of 864 m is obtained.
This distance coincides with the distance between S1 and S2
(Fig. 1). Therefore, phytoplankton cells can travel from S1
to S2 during the day because of the horizontal advection
caused by the wind-driven current and advection caused by
internal waves. This could account for the variation in the
total phytoplankton concentration (see Fig. 7a-c). When
the current reverses with mean values of 2 cm s~! from the
reservoir to the dam over 8 h in July (Fig. 8a), it results in
a horizontal displacement of 576 m, which is close to the
distance traveled before. In this case, phytoplankton cells
go back to their initial position. On the first day of
September, the flow again went from S1 to S3 with a mean
value of 2 cm s~! over 4 h (Fig. 8b), which resulted in
a horizontal displacement of 288 m. Then, the wind
reversed, and similarly, on the second day of September,
the wind kept blowing in the same direction all morning,
from the reservoir to the dam, with a mean value of
2 cm s~ ! for 10 h, giving a total displacement of 720 m. In
addition, assuming that the surface layer above 3 m flows
in the same direction as the wind, during the day time hours
the wind-driven current will transport those phytoplankton
cells located within this layer downwind, i.e., toward the
dam. This means that diatoms and cryptophyceae would
accumulate at S1, which might account for the large
concentrations of these populations found at S1 as
compared to the concentrations found at S2 and S3 in
the late afternoon (at 18:25 h, Fig. 9b,c). When the wind
velocity is low and its direction reverses, green algae do not
show changes in their total concentration because they are
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homogeneously distributed (Fig. 9d), whereas diatoms and
cryptophyceae redistribute again, attaining similar values
at different stations, which can be observed from the total
concentration in the morning (11:30 h) in Fig. 9e.f.

Although in both surveys cryptophyceae and diatoms
only extend to a maximum depth of 4 m and are mainly
dominated by surface processes (like convection and wind-
driven currents), internal waves were also found to be
important in determining their vertical extension. All of
these processes have been schematically represented in
Fig. 10a for the July survey and in Fig. 10b for the
September survey. Green algae extend deeper in the water
column than diatoms and cryptophyceae. At deeper layers,
green algae are influenced by the effect of internal seiches
and the wind-driven current (see Fig. 10a,b). At these
depths green algae present layers, possibly because of the
low turbulence levels below the surface mixing layer. This
fact would explain why during the day in the July survey we
found a peak of green algae at 5-m depth (see the profile at
19:00 h in Fig. 4b) coinciding with the advection of water
from the dam to the reservoir with a maximum velocity at
the same depth at this time of the day (Fig. 8a). Then, when
the flow reverses at 01:00 h (Fig. 8a), the advected water
flows from the reservoir to the dam, with the maximum
velocity centered at approximately 6.5 m at 04:00 h, which
corresponds to a maximum green algae concentration (see
04:00 h profile in Fig. 4b) at approximately the same depth.
From this time on, this peak of green algae becomes slightly
shallower, also following the behavior of the velocity
contours and the upward tilting of isotherms caused by the
internal oscillations (Fig. 8a,b). In the September survey,
green algae also extend from the surface down to 12-m
deep. The depth of the bottom of this layer changes with
time from 12 m at 13:15 h (Fig. 5b) to 8 m at 12:00 h
(Fig. 5b), which coincides with the behavior of the velocity
contours and isotherms (see the three first isotherms in
Fig. 8b). The maximum of the velocity shallows from 17-m
depth at 13:00 h on the first day to 8-m depth on the second
day. For the layer from 3-5m deep, the velocity is
approximately constant and directed from the reservoir
toward the dam from 13:00 h to 19:00 h (Fig. 8b),
coinciding with the mixed value for green algae at the
surface. From 19:00 h on, this layer shallows slightly with
a velocity advected from the dam to the reservoir until
07:00 h, when it probably remains confined to the top of
the water column above 3-m depth (Fig. 8b). This velocity
pattern coincides with the behavior of green algae that
show a homogeneous layer at the surface that shallows
slightly from 19:00 h to 12:00 h (Fig. 5b).

Since both light and nutrients are generally important
for regulating phytoplankton layering, observations of the
vertical distribution of phytoplankton are sometimes
difficult to interpret in deep stratified systems that support
a nutrient gradient. Bormans et al. (1999) claim that
changes in algal buoyancy appear to be mainly light-
dependent and not nutrient-dependent. In strongly strati-
fied systems with a nutrient-depleted epilimnion, the
deepening of the surface mixed layer because of daily
processes or intermittent stormy events can provide
a pumping mechanism for re-supplying nutrients to the
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epilimnion (Gardner et al. 1999; Bormans et al. 2004). Our
results show that in the Sau reservoir horizontal and
vertical currents will dominate over growth and will give
the most significant variations in phytoplankton concen-
tration in the water column.

The present data set from Sau reservoir demonstrates the
effect of vertical and horizontal movements in the
phytoplankton distribution in the water column. Mixing
caused by surface cooling causes the surface layer to deepen
and a mixed distribution of phytoplankton to form at the
surface. Mixing caused by surface cooling generally
dominates at night, whereas during the day there are only
weak mixing and low turbulence levels because of the weak
winds that prevail in this time. Because of this fact, layering
is possible mainly during the day. In contrast, these layers
quickly disappear when water parcels mix because of
a medium external forcing (convection) leading from low to
moderate turbulence levels. During the day phytoplankton
populations become shallower because of the rise of
isotherms caused by both solar heating and internal waves.
Therefore, organisms that do not sink or swim will move
passively because of all of the above mentioned processes.

Horizontal advection caused by the wind-driven current
at the surface of the water column also plays an important
role in the transport of phytoplankton. This indicates that
the phytoplankton is distributed in patches along the
reservoir, probably because of horizontal differences in
habitat conditions. Diatoms and cryptophyceae seem to be
heterogeneously distributed, whereas the horizontal distri-
bution of green algae seems to be more homogenous. More
work should be done to investigate the reason for the
different distributions of these communities throughout the
reservoir. In addition, the wind excites internal waves or
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seiches in the reservoir. Seiches and the wind-driven
current, together with solar heating and the above-
mentioned convection, determine phytoplankton distribu-
tion in the water column in the reservoir from the surface
down to deeper layers. To a lesser degree, community
migrations to accommodate cells to their preferred light
requirements can also be dominant when both convection
and advection of water parcels stop.

All of these results demonstrate that the phytoplankton
dynamics depend on several external factors, and to
understand their behavior it is necessary to determine all
of the external variables, such as the heat balance, wind
velocity, and the presence of internal wave oscillations.
This study also shows that, since each phytoplankton
group selects its preferred position in the water column, the
dynamics of each group depend on the physics of the region
where the phytoplankton is located. With this work we also
demonstrate the importance of considering both high
temporal and spatial measurements to describe the
phytoplankton dynamics completely.
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