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Abstract

Cryptomonas phaseolus was present throughout the water column during holomixis in Lake Cis6é
(Spain), despite the presence of sulfide. During stratification, C. phaseolus formed a layer with
abundances up to 10° cells ml~! at the metalimnion, where oxygen and sulfide were present
simultaneously at low concentrations. Light at this depth was between 1 and 20% of surface incident
radiation. Loss factors were studied during 2 years. Outwash was negligible most of the year, but
could reach 30% of total losses during certain short periods in winter. Cryptomonas phaseolus was
found to sink with speeds up to 55 cm d—!, which is in accord with velocities calculated with
Stokes’ law. There was a single sedimentation peak in spring accounting for 40-60% of total losses.
Decomposition was the most important loss factor for most of the year. Cryptomonas phaseolus
cells were always actively growing, but losses balanced production for most of the study period.
Average cell volume increased during mixing and decreased during stratification. Doubling times
were minimal (7 d) in March at the onset of stratification and slowly increased through spring and
summer, reaching a maximum just before mixing (around 50 d) and decreasing again through

winter until the next March minimum.

The presence of an algal population in a
natural system is the result of a dynamic
balance between production and loss fac-
tors. Most algal studies have looked at the
populations from the production side of the
equation (see Kalffand Knoechel 1978), and
many workers have recognized the need for
more studies concerning algal loss factors
(Jewson et al. 1981; Reynolds 1984; Fors-
berg 1985). Thus, our first point of interest
was to assess losses for an algal population.

Metalimnetic blooms of various phyto-
plankton species have been found in many
lakes (Ichimura et al. 1968; Fee 1976; Ko-
nopka 1982; Pick et al. 1984). However,
there is still little knowledge about their
physiology and ecology. Specifically, loss
factors affecting the metalimnetic blooms
have been almost always ignored. Knowl-
edge of such factors, however, is necessary
to discern between different hypotheses
about the physiological state of metalim-
netic algae. Kiefer et al. (1972), among oth-
ers, proposed that accumulation due to pas-
sive sinking and, therefore, inactive cells,
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formed such blooms in the sea. Fee (1976)
and others thought the populations were ac-
tively growing and forming the bloom in
situ. Pick (1984; Pick et al. 1984) suggested
that loss factors balanced production and,
therefore, that metalimnetic blooms would
be at a sort of dynamic equilibrium, but no
data supporting such views were gathered.
We tried to determine which of these hy-
potheses was correct for the metalimnetic
population studied.

Finally, the Cryptophyceae constitute a
ubiquitous but little known group of algae.
Laboratory studies have been performed on
several aspects of their physiology (Morgan
and Kalff 1979; Cloern 1977, Lichtlé 1979).
Some autecological studies have been car-
ried out recently (Morgan and Kalff 1975;
Sommer 1982; Taylor and Wetzel 1984;
Braunwarth and Sommer 1985). One fre-
quently cited aspect is their apparent resis-
tance to sedimentation (Burns and Rosa
1980; Livingstone and Reynolds 1981;
Sommer 1984; Reynolds 1984). Moreover,
metalimnetic blooms of such organisms
have been noted (Takahashi and Ichimura
1968; Ichimura et al. 1968; Bohr 1976), but
little is known about their ecology.

We studied, during 2 years, the devel-
opment of a population of Cryptomonas
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Dphaseolus in Lake Cisd, a small monomictic

lake (surface area 487 m?, maximal depth
S m) which turns completely anaerobic dur-
ing winter, with sulfide up to the surface,
and stratifies during summer.
Cryptomonas phaseolus is distributed
throughout the water column during mix-
ing, when it is the only eucaryotic photo-
trnnh in the lake. Phnfntrnnhw‘ bacteria are

the main producers during thlS time of year
(Guerrero et al. 1985a; van Gemerden et
al. 1985). During stratification C. phaseolus
forms a layer in the metalimnion, where it
constitutes about 95% of the biomass and
stains the water brown. Therefore, aut-
ecological studies can be performed on nat-

1 cam 1
ural samples, which are in effect highly

enriched cultures of the organism. Photo-
trophic bacteria can be found below this
layer, in the hypolimnion. At this time, C.
phaseolus is responsible for most primary
production in the lake.

Here we report on population losses due
to outwash through the lake outlet, to de-
composition, and to sedimentation. Losses
are compared to actual biomass changes and
a balance of carbon flux through the pop-
ulation built. The study is relevant to loss
factors of phytoplankton, physiological state
of metalimnetic populations, and ecology of
the Cryptophyceae.

We are indebted to J. Mas for discussions.
We thank N. Gaju, F. Garcia-Pichel, P.
Guillén, and 1. Esteve for help with field-
work, and F. Laguarta for developing Eq. 7.

Methods

Limnological methods—A floating plat-
form described by Guerrero et al. (1985a)
was fixed above the deepest part of Lake
Ciso. Briefly, the platform was formed by a
central square with a hole to lower sampling
equipment and four arms with floats and
winches. The whole platform was tied to
anchors or to shore. Temperature, light, and
turbidity profiles were taken at this location.
Temperature was measured with a temper-
ature probe (YSI-33 S-TS; Yellow Springs
Instr.), light penetration was determined
with a submersible quantum meter (Crump),
and turbidity with a turbidity meter (Philips
Shenk TM-FO 100). Then, a sampling cone
(Guerrero et al. 1985a) connected to a pump
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through PVC tubing was carefully lowered,
5 cm at a time, from slightly above to slight-
ly beiow the turbidity discontinuity. Every
5 cm, water was pumped and 20 ml was
filtered through Whatman GF/C filters in
Swinnex filter holders. The filters were col-
ored according to the dominant organisms
at each depth. Above the high turbidity lay-

er, filters were whitish., Then. one or two
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filters were dark brown, indicating the pres-
ence of Cryptomonas, the following was
brownish pink, and the rest deep purple due
to the presence of Chromatiaceae (purple
sulfur bacteria). In this way, the depth of
the maximal concentration of C. phaseolus
could be detected exactly and samples taken
arcnrdinaly
avuul \,I.lllEl] .

The cone was lowered to the desired
depths and water pumped to the surface,
where it was immediately distributed into

sampling bottles. Ten milliliters were fixed

with 1 ml of Formalin (4% final concn) in
glass, screwcapped tubes for direct counts.
Replicate 10-ml samples were fixed with 10
ml of double-strength sulfide antioxidant
buffer (Guerrero et al. 1985a) in screw-
capped tubes, and sulfide was measured in
the laboratory with a silver sulfide electrode
(Corning 476065) and a reference electrode
(Philips RH 44/2-SD/1), coupled to a cus-
tom-made millivoltmeter.

Oxygen was measured in duplicate sam-
ples by the modified Winkler titration of
Ingvorsen and Jergensen (1979), which in-
volved filling BOD bottles, precipitating
sulfide with 1 M zinc acetate and 1 N NaOH,
pipetting the supernatant into screwcapped
tubes and then performing the usual Wink-
ler assay. This modification was mandatory
due to the presence of sulfide, which inter-
feres with the regular Winkler method.

Abundance and biomass—Cell numbers
were determined by acridine orange direct
counts (Zimmermann and Meyer-Reil
1974). Filters were observed at 400 X in an
epifluorescence microscope (Olympus BH).
The technique was checked with the stan-
dard Lugol’s solution fixation, followed by
sedimentation and counting with an in-
verted microscope; no significant differ-
ences could be found between the two
counting methods.

Cell volumes were determined by mea-
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suring length (/) and width (w) of at least
40 cells under epifluorescence and using the
formula: volume = (x/12)w?({ + w/2), which
assumes Cryptomonas to be a hemisphere
plus a cone.

Outwash—The lake receives most of its
water through seepage (although some sur-
face runoff also occurs). There is one surface
outlet in fall and winter, which dries up when
the water level drops in spring. During the
following period, water losses are exclu-
sively due to evaporation. A weir was built
in the outlet, and water outflow (W) was
measured every sampling date. Cell con-
centration in the water leaving the lake (Cy)
was also measured. In this way, losses due
to outwash (O) could be calculated (W,
times Cp).

Decomposition—Decomposition experi-
ments were run both in the laboratory and
in the field. In the first case, a sample from
the Cryptomonas layer was incubated at
30°C. Periodically, subsamples were fixed
and cells counted by epifluorescence. Some
samples were incubated in the light and some
in the dark. Controls killed with Formalin
were also incubated and counted. In the field
experiments, glass tubes were filled with
water from the layer, tightly capped, and
deployed in the sediment traps at 3 and 7
m (see sedimentation method). On every
sampling date during summer 19853, two
replicates were taken from each depth, fixed
with Formalin, and counted by epifluores-
cence.

In each case, the exponential coeflicient
of decomposition (k;) was calculated by
regression:

InC,=—kg +1nC, (1)

where C, and C; are the cell concentrations
at the end and at the beginning of the ex-
periment, and ¢ is the time between samples.

With the coeflicients obtained at different
temperatures, a Q,, could be calculated for
decomposition:

Quo = (kalk) T ()

where k,;, and k,, are the coefficients of de-
composition at T, and T, degrees Celsius of
temperature. From all the decomposition
experiments, an empirical relationship be-
tween k,; and temperature (T) was derived:
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—k;=—-72x 1037 -0.05. (3

Sedimentation—Sediment traps were de-
ployed at 3 and 7 m in the lake. (Detailed
description and performance of traps will
be published separately.) Briefly, the traps
were made of glass tubes suspended in
groups of eight from winches mounted on
the surface platform. There were traps cov-
ered by awnings to measure accumulation
of cells in the tubes due to resuspension and
uncovered traps to measure accumulation
due to both resuspension and vertical sedi-
mentation. In this way, sedimentation flux
(S) could be calculated:

_W, -GV (NC, — C)VC
At ACt

S “

where S is the sedimentation flux in cells
m2 d-!, N, and NC, are the cell concentra-
tions inside the uncovered and covered traps
on day ¢, V and VC are the volumes of the
traps, and 4 and AC the surface areas. Fi-
nally, C, is the cell concentration at the depth
of the trap on day O (i.e. the previous sam-
pling date).

Knowing the average cell concentration
in the lake just above the trap mouth [(C, +
C)/2}, we could calculate sinking speeds (v,)
according to

v, = S/[(Cy + C)/2]. (5)

Since the traps had no fixative, decom-
position could take place during deploy-
ment. Therefore, a correction was applied.
The real sedimentation flux (SD') was cal-
culated as:

SV SC'vVC
SD' = —— —
At ACt
where S’ and SC’ were calculated as follows.

The change of cell number in the traps
with time can be expressed as:
dn,

T S’ + Co(—ky)exp(—k,t)

(6)

+ f S dt(—kyexp[—kt — t)] (7)

where the left-hand term is the variation of
cell numbers within the traps with time (be-
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tween two consecutive sample dates). The
first term on the right-hand side is sedi-
mentation flux. The second term is the
change due to decomposition of the cells
initially in the trap according to Eq. 1, and
the third term is the sum of changes due to
decomposition experienced by each group
of cells (S” df) sedimenting into the trap at
each instant ¢, and remaining in the trap
during ¢ — ¢, days. Solving Eq. 7 gives

N, = Coexp(—k,t)

S
+ k—[l — exp(—k,t)l, ®)
d
and from this

_ IV, — Coexp(=k )ik,
[1 — exp(—k,1)]

where k, can be calculated from Eq. 3. SC'
could be calculated analogously.

Thus, true sedimentary flux (SD') can be
calculated if we know the initial and final
concentration of cells within the traps and
the average temperature. Calculations for
uncovered and covered traps were done sep-
arately, and then the two fluxes were sub-
tracted as in Eq. 6. Again, true sinking speeds
could be calculated by dividing these fluxes
by the average concentration of cells just
above the traps.

Integration methods, production, and
doubling times—Values of outwash, decom-
position, and sedimentation were integrated
for a water column with 1 m? of surface area
for every period between sampling dates.
Actual changes in biomass were calculated
by subtracting integrated cell numbers every
two consecutive dates. Thus, all these pro-
cesses were in cells m~2 period~! and could

SI
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be compared directly. It is understood that

gross production = net production + res-
piration and excretion, and that net pro-
duction = biomass changes + losses. Since
we measured neither '*CO, incorporation
nor respiration nor excretion, nothing can
be said about gross production. But since
we measured biomass changes and losses,
adding them up gives an estimate of net
production. Since not all possible loss fac-
tors were studied (i.e. predation), net pro-
duction will be underestimated. Thus, we
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will refer to such calculated values as min-
imal net production. Dividing production
by average integrated biomass for the pe-

‘riod, we could calculate (minimal) growth

rate (u); from this, we obtained (maximal)
doubling time (D,):

D,=n 2/u. (10)

Growth rates and doubling times were also
calculated in a different way. Increases of
cells for a given volume of water, due to
actual biomass changes were added to de-
creases due to all loss factors and to initial
biomass (C;). This procedure gave the ““the-
oretical” concentration of cells at the end
of a given time period (C). If we assume
exponential growth between the two sam-
pling dates,

_ In(C/Cy)

p an

and

D, = n 2/u. (12)
These results are not shown since they were
almost identical to those calculated in the
first way. The only difference between the
two methods is that the first assumes linear
growth between sampling dates and the sec-
ond assumes exponential growth.

Results

Annual distributions of temperature,
oxygen, and sulfide are shown in Fig. 1 for
the 2 yr of this study. The lake was mixed
from October to February. Although slight
temperature gradients could be found in
January and February, they probably dis-
appeared at night. During mixing the lake
was completely anaerobic, with sulfide con-
centrations around 0.4 mM up to the sur-
face. From March to September the lake
was stratified, with a very sharp thermocline
between 1 and 2 m. Maximal epilimnetic
temperatures were around 23°C. During this
period, the epilimnion was aerobic, with
oxygen concentrations declining with depth,
and the hypolimnion was anaerobic with
uniformly high sulfide concentrations
around 1.0 mM. In the metalimnion, there
was a zone where sulfide and oxygen co-
existed, albeit at very low concentrations.
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Fig. 1. Seasonal distribution of isotherms (°C) (upper panel), concentrations of oxygen (mg liter—!) (middle
panel), and of sulfide (mM) (lower panel) in Lake Cis0, 1984 and 1985. Stippled areas indicate absence of oxygen
in middle panel and absence of sulfide in lower panel. Most of the lake was anaerobic most of the year. Also,
oxygen and sulfide coexisted at low concentrations in the metalimnion.
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Fig. 2. Seasonal and depth dlsmbutlon of Cryptomonas phaseolus (cells ml-!) in Lake Cis6, 1984 and 1985.

It was precisely in this zone that C. pha-
seolus formed a bloom (Fig. 2), reaching
concentrations as high as 105 cells ml-!,

NLCIIQUIONS 45 115 s

Generally, C. phaseolus winter and hypo-
iimnetic popuiations stayed between 10% and
103 cells mi—! despite the presence of sul-
fide. Figure 2 shows that shortly after strat-
ification, the population staried to increase
in numbers in the metalimnion, reaching
maximal abundances by August or Septem-

ber. Volume of the cells changed substan-

tially during the year, increasing during win-
ter to a maximum at the beginning of
stratification and diminishing thereafter

(Fig. 3A). In Fig. 3A average cell volume is
plotted together with integrated biovoiume.
Growth of the population, both in 1984 and
1985, always implied a reduction in cell vol-
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Luuc, while periods witnout gr
increases in volume.
Figure 4 shows vertical profiles of phys-

icochemical parameters and abundance of

cells on selected winter and summer dates.
The summer profile clearly showed the peak
of the C. phaseolus population in a zone of
oxygen and sulfide coexistence. The light
pr ofile showed a clear break in slope at this
zone, due to absorption by the cells, which
was not present in the winter profile (Fig.
AA (Y The avtrama thinnace nf tha alaal

TRy Nje LKAV UAUVALIU MALLIIVOD Ul Uil algal

layer can be seen in Fig. 4D. On this par-

ticular date the layer was 40 cm thick, but
on some days it was only 20 cm thick.

In the laboratorv (Fmr SAYdecomnasition
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was very fast, espemally in illuminated cul-
tures, where 95% of the biomass disap-
peared in 1 d. In Fig. 5A three different
slopes can be seen. The initial slope, lasting
for about 1 d, is very steep and reduced the
population by two orders of magnitude. Af-
terward, decomposition proceeded at a
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creases in the population down to 10!~10?
cells ml—!, At this point, the number of cells
counted in each experimental bottle was so
low that estimates were very unreliable, and
differences between 10° and 10? couid not
be distinguished. For this reason decom-
position apparently ceased. In field samples,
1arger numbers of cells were counted Cvery
time, so that field concentrations were not

subject to this type of error. Since deploy-

ment r\pﬂndc in the field lasted between 15

1IN

and 40 d, we used average decomposition
rates including all points along the first two
slopes of the decomposition curves.

Rates of decomposition were very similar
At Y e T e (T F~an )Y R, R I,
al O dud /7 111 \rig. Jp), wililil WUUIU UC

expected since both depths were at the hy-
polimnion (i.e. in the dark and at the same

dacomnocition conld

temnerature) Thue gecomposition could
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be assumed to be a function of temperature
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Fig. 3. A. Seasonal distribution of integrated bio-
volume (O) and average cell volume (@) in Lake Cisd,
1984 and 1985. B. Doubling time of the population
(S —stratification; M —mixing).

alone. Decomposition rate constants were
calculated at the different temperatures, and
a Q,, of 1.47 was obtained. This value was
used to calculate decomposition throughout
the year.

Sinking speeds of C. phaseolus at 7 m
ranged from 0 to 55 cm d ! (Fig. 6), showing
peaks at the beginning of stratification when
rapidly changing conditions might have af-
fected the cells negatively. Total flux to the
sediments was calculated with the 7-m traps.
There were two peaks of sedimentation flux
coinciding with the sinking speed peaks.
Biomass diminished simultaneously (Fig.
3A), suggesting that sedimentation was im-
portant as a loss factor during these periods.

Although actual changes in biomass were
either positive or negative, (minimal) net
production was always relatively large in
comparison to those changes (Fig. 7).
Therefore, the population was apparently
consuming most of its production in com-
pensating losses rather than in growing. The
lower part of Fig. 7 indicates the percentage
of such losses accounted for by each factor.
Outwash was relatively important in winter.
Sedimentation was important in spring, and
decomposition was clearly the most impor-
tant loss factor.

Minimal net production was lower in 1984
than in 1985. During 1984 phototrophic
bacterial populations were also smaller, es-
pecially in winter. Production was lower in
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Fig. 4. A. Vertical profiles of temperature (®) and
light penetration as percentage of surface light (O) for
a typical winter day (11 January 1984) in Lake Ciso.
B. Sulfide (M) and Cryptomonas (A) for 11 January
1984. No oxygen was present. C. As panel A, but for
a typical summer day (19 August 1985). D. Oxygen
(0), sulfide (W), and Cryptomonas (») for 19 August
1985. Hatched areas in panels B and D mark the pres-
ence of Cryptomonas. Inset—enlarged view of oxygen
and sulfide distributions in the thin layer of contact
where Cryptomonas peaked. Symbols as above.

winter than in summer for the 2 years of
this study. Actual biomass increases were
not tied to the absolute value of production
and depended on the balance of production
and loss factors. The year 1984 was char-
acterized by short periods of increase alter-
nating with short periods of decline (see also
Fig. 34), and total biovolume never reached
the high values of 1985. In 1985, a steady
increase was maintained by the population
throughout spring and summer and, there-
fore, a high amount of biomass accumulated
by the end of June. Afterward, the popu-
lation started to decline. The length of such
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Fig. 5. Decomposition experiments. A. Number of
cells remaining in samples incubated in the laboratory
at 30°C in the light (O) and dark (@) (solid lines) and
in the light (O) and dark (®) with Formalin (dashed
line). B. Number of cells remaining in samples incu-~
bated in the field at 3 (O) and 7 m (@). Temperatures
on each sampling date are indicated. Vertical bars in-
dicate 95% C.I. for each count.

25 100

periods of increased biomass seems to be
related to the amount of light reaching the
metalimnion. When more than about 150
uEinst m~2's~! reached the layer, popula-
tion growth occurred. If <100 uEinst m—2
s~! reached the metalimnion, the popula-
tion was unable to compensate for its loss
factors and biomass decreased.

Calculated losses were highest during
summer, due to increased decomposition at
higher temperatures (see Fig. 7, lower panel ).
Thus, even though outwash accounted for
30-40% of losses in December 1985 and
sedimentation up to 60% in March 1985,
total losses were relatively low during such
periods. Decomposition was, overall, the
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Fig. 6. Sinking speeds of Cryptomonas in Lake Cisd,
1984 and 1985, measured (@) and calculated with
Stokes’ law (O).

most important loss factor for the popula-
tion.

With these estimated net production val-
ues and the measured biomass for each sam-
pling date, doubling time of the population
was calculated (Fig. 3B). Doubling times
were minimal (7 d) in March at the onset
of stratification and slowly increased through
spring and summer, reaching a maximum
just before mixing (around 50 d), and de-
creasing again through winter until the next
March minimum.

Discussion

Usually, loss factors for algal populations
are considered to be respiration, excretion,
autolysis, parasitism, decomposition, sedi-
mentation, washout, and grazing (e.g. Fal-
lon and Brock 1980; Hecky and Fee 1981;
Tilzer 1984; Forsberg 1985). Below we will
discuss loss factors in decomposition, sedi-
mentation, and outwash. We will then try
to assess the possible importance of grazing
and discuss questions related to production
and doubling time.

Decomposition —In our experiments,
death, autolysis, and parasitism would be
pooled as decomposition. In the end, they
would all result in decomposition in the
water column. Decomposition rate con-
stants varied between 0.090 and 0.150d ' —
a similar range to that found by Fallon and
Brock (1979). They also found a very fast
disappearance of algal cell structure; 99% of
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the Aphanizomenon cells disappeared in the
first 8 d. It is easy to accept high decom-
position rates for Cryptomonas, since it lacks
a rigid cell wall, and, therefore, bacterial
attack would cause morphology to change
more quickly than in the case of diatoms,
for example.

Sedimentation—Using a correction for
decomposition in the traps, we found sink-
ing speeds between 0 and 55 cm d~!. If we
consider a cell density of 1.100 g cm—3 for
C. phaseolus (Guerrero et al. 1985b) and
average volumes for each date, the sinking
speed of Cryptomonas at 20°C according to
Stokes’ law is as shown in Fig. 6. The cal-
culation is only approximate for several rea-
sons, In the first place, density may be vari-
able at different times of year. Second,
temperature (which affects both density and
viscosity of water) varies between 5° and
23°C in the lake. Third, volumes calculated
from epifluorescence counts are underesti-
mates of real volume (unpubl. results). And
fourth, a Cryptomonas cell is not a perfect
sphere, and thus some unknown correction
factor should be applied. Nevertheless, it is
striking that actual speed only reaches the-
oretical speed during the spring sedimen-
tation periods. The rest of the year, actual
speed is a small fraction of that expected
according to Stokes’ law.

In fact, with swimming speeds around 0.5
m h™!, Cryptomonas could theoretically
swim from the bottom to the top of the lake
every day. This calculation suggests that
Cryptomonas is able to resist sedimentation
most of the year, either by actively swim-
ming upward during stratification or through
passive mixing during winter. When, at some
times of the year, Cryptomonas cells sedi-
ment, they do so at velocities extremely close
to theoretical ones for passive particles.
Sedimentation periods are probably related
to the physiological state of the cells. In this
respect, diatoms have been found to sink
only when senescent or dead (Wiseman et
al. 1983).

The reason why most workers have not
found significant sinking of Cryptophyceae
may be because most studies are limited to
a few isolated samplings and might miss the
sedimentation peaks found here, or the cells
might decompose in the unfixed traps, or
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Fig. 7. Upper: Net primary production (positive
white bars), biomass change (positive or negative black
bars), and total loss factors (negative white bars) for
the Cryptomonas phaseolus population throughout the
study period. Vertical scale is logarithmic. Lower: Per-
centage of total losses accounted for by decomposition
(stippled), sedimentation (hatched), and outwash
(heavily stippled).

both (Livingstone and Reynolds 1981;
Sommer 1984). In deep lakes, if only bot-
tom-deployed traps are used, Cryptomonas
may not be recovered because of complete
decomposition in the water column.
Although two sedimentation peaks per
year (one in spring and one in fall) have been
found frequently (Fallon and Brock 1980),
others have found sedimentation to be
roughly proportional to phytoplankton bio-
mass (Bloesch et al. 1977), and still a third
group of researchers have found many short
periods of high sedimentation for particular
species throughout the year (Livingstone and
Reynolds 1981; Sommer 1984). Sedimen-
tation of phytoplankton seems to be related
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more to the physiological state of the algae
than to environmental parameters (Wise-
man et al. 1983). These different behaviors
in different lakes are probably based on the
different species composition and the wax
and wane of specific phytoplankton popu-
lations. In the case of Cryptomonas in Lake
Cisd, one possibility is that many of the cells
that are mixed throughout the water column
during winter find themselves trapped in the
hypolimnion right after stratification, and
thus they become unable to swim upward
due to lack of light. With the added hand-
icap of increasing sulfide concentrations,
they could die and sink. Low hypolimnetic
temperatures slow decomposition, thus al-
lowing sedimentation to be an important
loss factor at this time of year.

Washout — Washout with the surface out-
flow draining lakes is usually of minor im-
portance in large lakes (Jewson et al. 1981;
Tilzer 1984). But in Lake Ciso, it may rep-
resent up to 30% of total Cryptomonas loss-
es during certain periods. In winter, with
low evaporation, there is a variable but sub-
stantial flux of water out of the lake (be-
tween 3 and 40 m3 d—!). Thus the lake has
a turnover of about 54 d. Since doubling
times of Cryptomonas may be of the same
order of magnitude, it is understandable that
outwash can be an important loss factor
during winter. During summer, on the other
hand, the water level of the lake drops below
the outlet, and there is no outflow of water
except for evaporation.

Grazing—Grazing has not been evaluat-
ed in this study. During mixing periods there
are no possible predators in the lake. During
stratification predation is probably not very
important because doubling times calculat-
ed here are similar to doubling times for
different Cryptomonas species found in the
literature, suggesting that no important loss
factors were ignored, and suitable predators
in appropriate numbers are lacking. During
stratification Coleps hirtus formed a layer
with up to 10% individuals ml~' at the same
depth as Cryptomonas (Dyer et al. 1986).
Coleps hirtus has been described as an eclec-
tic feeder, grazing on algae but also eating
bacteria and detritus (Bick and Kunze 1971).
Moreover, many times it seems to have in-
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tracellular symbiotic algae, being then pho-
totrophic (Christopher and Patterson 1985).
When such large concentrations of ciliates
have been found in the plankton of lakes,
the organisms have always been associated
with zoochlorellae (Hecky and Kling 1981).
We do not think Coleps feeds significantly
on Cryptomonas in Lake Ciso for three rea-
sons: many of the C. hirtus in the lake con-

‘tain symbiotic Chlorella-like algae which are

completely different from Cryptomonas
(Dyer et al. 1986); for Coleps-sized ciliates,
maximum food particle diameter is around
10 um and optimal diameter is between 0.2
and 5 um (Fenchel 1980), obviously inad-
equate to handle Cryptomonas cells (18 X
10 um); and, even if all the Coleps were
eating Cryptomonas, the impact of such
feeding would be not very important, since
clearance rates of ciliates of the same size
are around 0.1 ul d-! when feeding on bac-
teria (Fenchel 1980). With 10° bacteria ml1~!
and an average volume of 0.5 um? per bac-
terium, this means about 50 pm3 of bio-
volume eaten per Coleps per day. With 104
Coleps ml~!, this calculation implies that
5 x 105 um?® of Cryptomonas biovolume
would be eaten per milliliter per day. The
standing biovolume of Cryptomonas is 2 X
107 um3 ml~'. Thus, only about 2.5% of the
biomass of Cryptomonas would be eaten
daily. Altogether, it seems that Coleps can-
not be an important predator of Cryp-
tomonas in this lake.

The other candidate is the rotifer Anu-
raeopsis fissa which forms a layer with up
to 104 individuals liter—! at the same depth
in late summer. Although no studies have
been performed with this organism, feeding
studies that may be relevant have been done
with Keratella cochlearis (Bogdan and Gil-
bert 1982, 1984). In view of such studies, a
feeding rate of 100 Cryptomonas cells per
rotifer per day seems reasonable. Then, 10*
A. fissa liter—! would eat 105 Cryptomonas
cells liter—! d~!. Since the population is
about 10® Cryptomonas liter—', the impact
of such predation would be small, also about
1%. In conclusion, grazing is nonexistent
during the mixing periods and insignificant
for a good part of the stratification periods
in comparison to other loss factors, but it
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could still become a significant loss factor
during some periods if rotifers accumulated
in the metalimnion in very large numbers.

Production and doubling time —For most
of the study period, our calculated values
of minimal net primary production are
bound to be close to actual primary pro-
duction. The growth rates and doubling
times obtained from our estimates should
then be comparable to growth rates in the
literature for Cryptomonas. Unfortunately,
no data are available about C. phaseolus
itself, but the values found for other Cryp-
tomonas can be used for comparison. Dou-
bling times in laboratory cultures range be-
tween 1 and 65 d depending on light and
nutrient conditions (Cloern 1977; Morgan
and Kalff 1975; Lichtlé 1979), and a similar
range has been found in the field (Morgan
and Kalff 1979; Eloranta 1980; Braunwarth
and Sommer 1985). When we consider that,
if anything, our values are underestimates
of growth rate (and overestimates of dou-
bling time), the range found (7-50 d) fits
well within ranges in the literature.

The balance between production and loss
factors shows that almost all the biomass
produced is consumed quickly, mostly by
decomposition, but also by sedimentation,
outwash, or grazing at certain times of year.
This sort of dynamic equilibrium had been
proposed for other algae forming metalim-
netic blooms, such as Chrysosphaerella
longispina in Jacks Lake, Ontario (Pick
1984), as well as for epilimnetic phyto-
plankton in tropical lakes (Hecky and Fee
1981). Other workers have suggested dif-
ferent situations for metalimnetic blooms.
Fee (1976) proposed that the algae were ac-
tively growing in several Canadian lakes,
while Kiefer et al. (1972), Pick et al. (1984),
and others thought the algae had grown in
the epilimnion and passively accumulated
in the metalimnion. We think both the sit-
uation proposed by Fee (1976) and that pro-
posed by Pick (1984) are true for the C.
phaseolus population in Lake Cisd at dif-
ferent times of year, but the passive accu-
mulation hypothesis is never applicable in
thislake. In Fig. 8 exponential rate constants
(k) for total losses and actual changes in
biomass have been plotted against those for
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Fig. 8. Exponential rate constants for actual bio-
mass changes between sampling dates, total losses, and
net production. A. Rate constant for actual biomass
changes vs. constant for net production. Dashed line
separates biomass increases (above) from biomass de-
creases (below). B. Constant for total losses vs. constant
for net production.

net production. The k for actual changes
increased linearly with the &k for net pro-
duction (Fig. 8 A). On the other hand, the k
for all loss factors together does not show
any relationship with production (Fig. 8B).
This pattern means that rates of loss are high
throughout the year, independent of pro-
duction by the population. Rate of produc-
tion, however, changes substantially during
the year. Only when the rates of production
are high is the population able to compen-
'sate losses and grow (above the dashed line
in Fig. 8A).

In this analysis, we have considered the
population to be uniform. In reality, the
growth rates would be higher and decom-
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Fig. 9. Schemaiic representation of carbon flux through the population of Cryptomonas phaseoius in Lake
Cis6 during winter (A), spring (B), and summer (C). Left-hand panels show the main pathways of carbon. NP—
Net production; B—biomass; O—outwash; D—decomposition; S—sedimentation; P—predation. Stippling is
roughly proportional to sulfide concentration. Note differences in sunshine and outflow. Biomass only increases
when NP is larger than total losses, which occurs mainly in spring. During summer the population is at steady
state or dynamic equilibrium. Middle panels show vertical distributions of light (L), temperature (T), and C.
phaseolus cells (C). Black stripes indicate the vertical transect “enlarged” in the right-hand panels. Right-hand
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position lower for cells in the metalimnion
than for cells in the hypolimnion. However,
the data shown are valid for the population
as a whole. Thus, from the data presented
here, the following annual cycle can be de-
duced (Fig. 9). During the mixing period
(Fig. 9A), thanks at least in part to its tol-
erance to low concentrations of sulfide, the
population can remain alive in the lake.
Mixing throughout the lake provides both
nutrients and light, and the cells grow with
slow generation times (55-20 d). The main
loss factors are decomposition and outwash,
and productivity is low. Since low temper-
atures inhibit cell division more than cell
growth (Morgan and Kalff 1975), the av-
erage cell volume increases continuously
(Fig. 9A). As temperature increases from
February on, doubling times are progres-
sively shorter, reaching 6 or 7 d in spring,
around the beginning of stratification. At
the same time, with increased temperature
and light and access to nutrients due to mix-
ing, the standing crop increases exponen-
tially and sedimentation accounts for 40-
60% of the losses (Fig. 9B).

With the onset of stratification, the pop-
ulation slows its growth rate, and cell vol-
ume starts to diminish immediately. At this
point C. phaseolus enters a dynamic equi-
librium which lasts through summer (Fig.
9C). Only 1-20% of surface light reaches the
metalimnion, and the increases or decreases
of standing crop depend on a delicate bal-
ance between the light reaching the meta-
limnion and occasionally important loss
factors such as grazing—decomposition
being very important but constant. When
fall overturn occurs, the population returns
to winter conditions.

Forsberg (1985), analyzing data from sev-
eral lakes in the literature, concluded that
phytoplankton communities are in a near
steady state condition where carbon is lost
almost as fast as it is produced. Our results
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indicate that assertion to be true for at least
some metalimnetic populations. Both pro-
duction and loss factors increase in summer
and decrease in winter, following biomass
trends. Actual growth of biomass, however,
is only possible in spring, when production
temporarily offsets loss factors. Therefore,
carbon and energy fluxes seem to be more
important than a mere assessment of the
biomass would suggest. In this respect,
metalimnetic populations do not differ from
epilimnetic algae. The difference may lie in

- the outcome of a tradeoff between light and

nutrient availability. Stability of vertical
stratification allows development of meta-
limnetic algae preferring some hypolimnet-
ic nutrient or vitamin at the expense of low
light intensity. Currently, we are trying to
test whether this hypothesis holds for the
Cryptomonas population colonizing the
metalimnion of Lake Cisé.

References

Bick, H., AnD S. Kunze. 1971. Eine Zusammenstel-
lung von autdkologishen und saprobiologischen
Befunden an SiiBwasserciliaten. Int. Rev. Ge-
samten Hydrobiol. 56: 337-384.

BLOESCH, J., P. STADELMANN, AND H. BUHRER. 1977.
Primary production, mineralization, and sedi-
mentation in the euphotic zone of two Swiss lakes.
Limnol. Oceanogr. 22: 511-526.

BogpAN, K. G., AND J. J. GILBERT. 1982. Seasonal
patterns of feeding by natural populations of Kera-
tella, Polyarthra, and Bosmina: Clearance rates,
selectivities, and contributions to community
grazing. Limnol. Oceanogr. 27: 918-934,

, AND 1984. Body size and food size
in freshwater zooplankton. Proc. Natl. Acad. Sci.
81: 6427-6431.

Bonr, R. 1976. Primary production of nannoplank-
ton in the Lake Jasne. Acta Univ. Nicolai Coperni-
ci Prace Limnol. 9: 39-44.

BRAUNWARTH, C., AND U. SOMMER. 1985. Analyses
of the in situ growth rates of Cryptophyceae by
use of the mitotic index technique. Limnol.
Oceanogr. 30: 893-897.

Burns, N. M., anD F. Rosa. 1980. In situ measure-
ment of the settling velocity of organic carbon par-
ticles and ten species of phytoplankton. Limnol.
Oceanogr. 25: 855-864.

—

panels indicate vertical distribution of the dominant organisms in the vertical transects shown by the black
stripes in the middle panels. In A a uniform mixture of a few large cells of Cryptomonas with many Chromatiaceae
(single-celled Chromatium minus and aggregate forming Lamprocystis M3) are found. In B the lake has started
stratification. Cryptomonas cells arc smaller and more abundant in the metalimnion than in A, and the Chro-
matiaceae are found below. Finally, in C, stratification is very advanced and marked, Cryptomonas cells are
smaller and more abundant than in B, and both the ciliate Coleps hirtus (hairy organism with plates) and the
rotifer Anuraeopsis fissa (upper left corner) are present. Organisms are drawn to scale.



298

CHRISTOPHER, M. M., AND J. PATTERSON. 1985. Co-
leps hirtus, a ciliate illustrating facultative sym-
biosis between protozoa and algae. Reun. Groupe
Protistol. Lange Francaise, p. 278-297.

CLOERN, J. E. 1977. Effects of light intensity and tem-
perature on Cryptomonas ovata growth and nu-
trient uptake rates. J. Phycol. 13: 389-395.

DyYER, B. D., N. Gaju, C. PEDROs-ALIO, 1. ESTEVE, AND
R. GUERRERO. 1986. Ciliates from a freshwater
sulfuretum. BioSystems 19: 127-135.

ELORANTA, P. 1980. Annual succession of phyto-
plankton in one heated pond in central Finland.
Acta Hydrobiol. 22: 421-438.

FALLON, R. D,, aAnD T. D. Brock. 1979. Decom-
position of blue-green algal (cyanobacterial) blooms
in Lake Mendota, Wisconsin. Appl. Environ. Mi-
crobiol. 37: 820-830.

, AND . 1980. Planktonic blue-green al-
gae: Production, sedimentation, and decomposi-
tion in Lake Mendota, Wisconsin. Limnol. Ocean-
ogr. 25: 72-88.

Feg,E.J. 1976. The vertical and seasonal distribution
of chlorophyll in lakes of the Experimental Lakes
Area, northwestern Ontario: Implications for pri-
mary production. Limnol. Oceanogr. 21: 767-783.

FeNcHEL, T. 1980. Suspension feedingin ciliated pro-
tozoa: Feeding rates and their ecological signifi-
cance. Microb. Ecol. 6: 13-25.

ForsBERG, B.R. 1985. The fate of planktonic primary
production. Limnol. Oceanogr. 30: 807-819.
GUERRERO, R., AND OTHERS. 19854. Phototrophic
sulfur bacteria in two Spanish lakes: Vertical dis-
tribution and limiting factors. Limnol. Oceanogr.

30: 919-931.

, C. PEDROS-ALIO, T. M. SCHMIDT, AND J. Mas.
1985b. A survey of buoyant density of microor-
ganisms in pure cultures and natural samples. Mi-
crobiologia 1: 53-65.

Hecky, R. E., ANDE. J. FEe. 1981. Primary produc-
tion rates of algal growth in Lake Tanganyika.
Limnol. Oceanogr. 26: 532-544.

, AND H. J. KLING. 1981. The phytoplankton
and protozooplankton of the euphotic zone of Lake
Tanganyika. Species composition, biomass, chlo-
rophyll content, and spatio-temporal distribution.
Limnol. Oceanogr. 26: 548-564.

ICHIMURA, S., S. NAGASAWA, AND T. TANAKA. 1968.
On the oxygen and chlorophyll maxima found in
the metalimnion of a mesotrophic lake. Bot. Mag.
Tokyo 81: 1-10.

INGVORSEN, K., AND B. B. JorGENSEN. 1979. Com-
bined measurement of oxygen and sulfide in water
samples. Limnol. Oceanogr. 24: 390-393.

JewsoN, D. H., B. H. RiprLEY, AND W. K. GILMORE.
1981. Loss rates from sedimentation, parasitism,
and grazing during the growth, nutrient limitation,
and dormancy of a diatom crop. Limnol. Ocean-
ogr. 26: 1045-1056.

KALFF, J., AND R. KNOECHEL. 1978. Phytoplankton
and their dynamics in oligotrophic and eutrophic
lakes. Annu. Rev. Ecol. Syst. 9: 475-495.

KIEFER, D. A., O. HoLM-HANSEN, C. R. GOLDMAN, R.
RICHARDS, AND T. BERMAN. 1972. Phytoplank-
ton in Lake Tahoe: Deep-living populations. Lim-
nol. Oceanogr. 17: 418-422.

Pedros-Alio et al.

KonoPkA, A. 1982. Physiological ecology of a meta-
limnetic Oscillatoria rubescens population. Lim-
nol. Oceanogr. 27: 1154-1161.

LicHTLE, C. 1979. Effects of nitrogen defficiency and
light of high intensity on Cryptomonas rufescens
(Cryptophyceae). 1. Cell and photosynthetic ap-
paratus transformations and encystment. Proto-
plasma 101: 283-299,

LIVINGSTONE, D., AND C. S. REYNOLDS. 1981. Algal
sedimentation in relation to phytoplankton peri-
odicity in Rostherne Mere. Br. Phycol. J. 16: 195-
206.

MoraGaN, K., AND J. KALFF. 1975. The winter dark
survival of an algal flagellate — Cryptomonas erosa
(Skuja). Int. Ver. Theor. Angew. Limnol. Verh.
19: 2734-2740.

, AND 1979. Effect of light and tem-
perature on growth of Cryptomonas erosa. J. Phy-
col. 15: 127-134.

Pick, F. R. 1984. Photosynthesis and respiration of
a metalimnetic chrysophyte population. Int. Ver.
Theor. Angew. Limnol. Verh. 22: 326-231.

, C. NALEWAJKO, AND D. R. S. LEAN. 1984. The
origin of a metalimnetic chrysophyte peak. Lim-
nol. Oceanogr. 29: 125-134.

ReyNoLDs, C. S. 1984. The ecology of freshwater
phytoplankton. Cambridge.

SOMMER, U. 1982. Vertical niche separation between
two closely related planktonic flagellate species
(Rhodomonas lens and Rhodomonas minuta v.
nannoplanctica). J. Plankton Res. 4: 137-142,

1984. Sedimentation of principal phyto-
plankton species in Lake Constance. J. Plankton
Res. 6: 1-14.

TAKAHASHI, M., AND S. ICHIMURA. 1968. Vertical
distribution and organic matter production of
phototrophic sulfur bacteria in Japanese lakes.
Limnol. Oceanogr. 13: 644-655.

TAYLOR, W.D., ANDR. G. WETZEL. 1984. Population
dynamics of Rhodomonas minuta v. nannoplanc-
tica in a hardwater lake. Int. Ver. Theor. Angew.
Limnol. Verh. 22: 536-541.

Tizer, M. M. 1984. Estimation of phytoplankton
loss rates from daily photosynthetic rates and ob-
served biomass changes in Lake Constance. J.
Plankton Res. 6: 309-324.

vAN GEMERDEN, H., E. MONTESINOS, J. MAs, AND R.
GUERRERO. 1985. Diel cycle of metabolism of
phototrophic purple sulfur bacteria in Lake Ciso
(Spain). Limnol. Oceanogr. 30: 932-943.

WisEMAN, S. W., G. H. M. Jaworski, anp C. S.
ReyNOLDS. 1983. Variability in sinking rate of
the freshwater diatom Asterionella formosa Hass.:
The influence of the excess density of colonies. Br.
Phycol. J. 18: 425-432.

ZIMMERMANN, R., AND L.-A. MEYER-REIL. 1974. A
new method for fluorescence staining of bacterial
populations on membrane filters. Kiel. Meeres-
forsch. 30: 24-27.

Submitted: 18 March 1986
Accepted: 31 August 1986



