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ecological importance

Francisco A. R. Barbosa and Judit Padisdk

Introduction

The principal mixing patterns of lakes were
Zescribed in the early decades of the 20th century
z.g. THIENEMANN 1925, YosHIMURA 1936). Tropical
~igh-mountain lakes were recognized as polymictic
and lowland lakes as oligomictic by HutcHmnson &
LorFLER (1956); HutcHNsON (1957) demonstrated
-he conditions associated with each of the tropical
“ake types, and TALLING (1969), when reviewing the
chermal patterns in African lakes, suggested that a
strong annual periodicity of the thermal regime was
almost universal in the African tropics. However,
LEWIS (1973) pointed out that such a “tropical classi-
fcation scheme” was suggested with practically no
information on Asian and American tropics.

Apart from these well-known (WETzEL 2001) his-
torical lake stratification patterns, another type, ate-
lomixis, was also identified and characterized for a
ropical lake in the recent past (LEwis 1973). Accord-
ing to this author, such a pattern was capable of
describing the progressive layering process during
the warm period of Lake Lanao, the Philippines,
when diurnal temperature variations exceeded the
annual variations.

During the tropical winter (20-26 °C) daytime
heating leads to the development of a weak but mea-
surable thermocline (temperature gradient: 2-5 °C).
The nocturnal cooling is considerable and conse-
quently the surface water starts to cool down, thus
increasing the density. This heavier surface water
then descends at about 03:00 h, breaking the ther-
mocline. This phenomenon is repeated daily with
slight variations and, consequently, the lake stratifies
and destratifies on a daily basis.

These phenomena were recorded in Lake Carioca
(south-east Brazil) by Barsosa & Tunbist (1980)
and were used to explain how diurnal variations were
particularly important at the onset of the stratifica-
tion period.

During the last century it was increasingly recog-
nized that tropical lakes differ from temperate lakes
in some basic features. For example, anoxic hypolim-

nia in the straitfied period do not indjcate eutrophic
status, N-limitation of phytoplankton growth is
more frequent than in temperate lakes (TALLING
1965), and they need specific ranges for the classifi-
cation of their trophic status (Saras & MARTINO
1991).

It has been recognized also that species richness
and the quantitative importance of planktonic Des-
midiales {Chlorophyta) have been much higher in
tropical lakes. Although this phenomenon is of great
interest to algologists, there has been no discussion
about how these relatively heavy and non-motile
cells can be so widespread and abundant in tropical
lakes, apart from drawing attention to the necessity
for frequent mixing to keep them in suspension
(REYNOLDS 19974a).

In this study, the manner in which the above-
referred phenomena affect the composition and dis-
tribution of the phytoplankton community in two
tropical lakes during the stratified summer period
was assessed. The importance of atelomixis as a driv-
ing force in the selection of phytoplankcon assem-
blages, particularly in favour of the relatively heavy
and non-motile plankronic desmids, is also stressed.

Study area

The lake district of the middle Rio Doce (19°
29-48' 24" S, 42-48° 28-38' 30" W) represents
one of the few natural lake systems in Brazil, formed
by ca. 120 small (0.5-200 ha) and usually shallow
lakes (1.5-15 m) amidst the largest remnant of the
Atlantic Forest in the State of Minas Gerais, the Rio
Doce State Park (36,000 ha). The area has also been
subjected to extensive Fucalyprus spp. plantations,
which, together with iron and steel plants, charcoal
and cellulose production, and mining activities, exert
considerable impacts. Approximately one-quarter of
the lakes in this area are located within the relatively
unimpacted State Park. Among these lakes, two have
received considerable scientific attention: Lake Cari-
oca and Lake Dom Helvécio.

Lake Carioca, a mesotrophic lake (Saras & Mar-
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TINO 1991), has a surface area of 13.2 ha and a max-
imum depth of 11.8 m. Lake Dom Helvécio is olig-
otrophic with a surface area of 200 ha. With its 33-
m maximum depth it is the deepest natural lake in
Brazil.

Material and methods

Two diurnal cycles were investigated in the two
lakes, respectively, on 11/12 February 1999 and on
17/18 February 2000 in Lake Carioca, and on 15/16
January 1999 and 15/16 February 2000 in Lake
Dom Helvécio. Environmental data (temperature,
conductivity, pH, dissolved oxygen, redox potential)
were recorded every 3 h with a Horiba profile sensor
at 0.5-m increments. Water chemistry data (main
nutrients) were measured at depths corresponding to
100%, 10%, 1% surface irradiance (measured by a
Li-Cor quanta sensor) and in the aphotic zone at the
same time intervals. Only temperature data are dis-
cussed thoroughly herein; all others are provided as
background information (Table 1).

Phytoplankton samples were taken using a van
Dorn sampler at the same time intervals from water
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depths of 0, 1, 3, 5, 6, 7, and 9 m in Lake Carioca
and 0, 1.5, 3, 4.5, 6, 7.5, 9, 12, and 20 m in Lake
Dom Helvécio. Phytoplankton species were identi-
fied using contemporary phycological manuals and
literature. A minimum of 400 settling units (cells,
filaments or colonies) were counted in each Lugol-
fixed sample, giving a counting accuracy of + 10%
for total phytoplankton. Larger species were counted
on the total surface of the counting chamber in 10-
mL aliquots. Phytoplankton biomass was estimated
by geometrical approximations using a computerised
plankton counter, following GosseLaN & HamirTon
{2000).

Results and discussion

Environmental data measured at two selected
depths (representing epilimnion and hypolim-
nion) of both lakes during the stratification
periods of 1999 and 2000 are shown in Table 1.
The lakes were slighty acidic, well oxygenated
within the upper layers although, as with many
oligo- and mesotrophic tropical lakes, main-

Table 1. Limnological features of Lakes Carioca and Dom Helvécio at two selected depths of the water col-
umn corresponding, respectively, to a depth within the epilimnion and bottom of the thermocline, during

the stratified periods of 1999 and 2000.

Lake Carioca Lake. Dom Helvécio

January 1999 February 2000 January 1999 February 2000
Depth 1.0-1.55 2.0 1.5 9.0 1.5 20.0 1.5 18-20
(m)
pH 6.4 6.1 6.1-6.8 5.6-5.9 7.4 6.3 6.8-7.7 5.7-6.4
Conductivity 20 99 28 105-183 29 52 36 61-73
(pS/cm)
DO 5.3-7.0 0.0 7.6-8.4 0.4-0.6 7.0-7.8 0.0 8.4-8.8 0.4-0.6
(mg/L)
Alkalinity - - 0.3 0.6-0.8 - - 0.3-0.4 0.4-0.5
(meq CO,/L)
Chl. 2 - - 6.9-15.5 41.1-90.9 - - 2.7-21.9 10.2-40.1
(hg/L)
PO,-P 4.0-376.4  4.6-39.4 0.4-14.8 0.3-2.9 2.9-64 5.0-127.2 0.7-4.2 0.9-2.0
(ng/L)
P 8.2-111.0 32.3-148.2  13.9-20.3 33.1-52.3 7.6-452.6  17.6-27.4 6.5-16.4 7.7-15.4
(pg/L)
NH; 6.3-42.1 1025.3-1640.2 8.4-62.7 716.6-1966.5 6.6-31.3 637.2-875.3 1.9-412 6.6-743.1
(ug/L)
NGO, 0.8-4.3 2.4-15.8 0.5-6.2 1.3-10.7 7.4-12.3  5.3-17.0 0.1-2.3 0.6-6.3
(hg/L)
NO; 10.4-18.2  13.3-28.7 8.2-18.3 14.7-35.1 0.8-1.6 1.2-6.3 1.1-13.2 3.7-38.3
(hg/L) :
N, 1186 14-11.0  485.9-695.6 2320.0-4327.5 07-184  13-3.0 187.5-1452.0 319.9-20155
{ng/L)
Sio, 3.1-4.3 3.3-4.1 2.1-2.5 1.9-3.1 4.4-54 3.8-4.7 2.6-32 2.8-3.8

(mg/L)
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taining anoxic conditions within the hypolim-
nion.

Iemperature pattern

The water temperature between winter and
summer varied from 20.3 °C to a maximum of
32.9 °C in Lake Carioca and between 22.5 °C
and 31.6 °C in Lake Dom Helvécio, thus ren-
dering scasonal temperature differences of
12.6 °C and 9.1 °C, respectively.

Figures 1 (A and B) and 2 (A and B) show
diel temperature variation in Lakes Carioca and
Dom Helvécio, respectively, during the strati-
fied periods of 1999 (January) and 2000 (Feb-
ruary). Despite their morphometric differences,
the temperature patterns were very similar in
both lakes, showing well defined thermoclines
throughout the 24-h periods. In Lake Carioca,
in January 1999, the main thermocline
occurred between 5 and 7 m and a secondary
(unstable) thermocline could be identified
between 3 and 5 m. Instability within the upper
layers was evident from 16:30 h, extending par-
ticularly during the night period, and resulting
in a deepening of the main thermocline during

this period. Throughout the 24 h, the water
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column temperature varied between 22 and
31.5 °C. In February 2000, a similar pattern
was recorded, although the temperature differ-
ence between the surface and bottom waters
varied between 22.3 and 33.0 °C and with
greater instability within the upper layers.

Lake Dom Helvécio showed a similar pattern
in both periods, with the main thermocline
lying between 5 and 12 m and unstable stratifi-
cation within the upper layers, particularly dur-
ing the afternoon-night hours. The water col-
umn temperature varied between 23 and

31.5 °C.

Phytoplankton composition and vertical structure
The most striking feature of the phytoplankton
in Lakes Carioca and Dom Helvécio was the
high biodiversity: the number of species identi-
fied from the plankton was close to 200.
Among the phytoplankton species, the number
of planktonic desmids (belonging to genera
Desmidium, Closterium, Cosmarium, Euastrum,
Gonatozygon, Micrasterias, Netrium, Stauras-
trum, Staurodesmus and Teilingia) was very high
— in qualitative samples, 39 species were found

in Lake Dom Helvécio and 49 in the Carioca.
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Fig. 1. Diurnal temperature variation in Lake Carioca, south-east Brazil on (A) 11/12 January 1999, and (B)

17/18 February 2000.
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Fig. 2. Diurnal temperature variation in Lake Dom Helvécio, south-east Brazil on (A) 15/16 January 1999,

and (B) 15/16 February 2000.

Occurrences of most plankton species were
rare. In Lake Carioca, only Cosmarium biocula-
tum and C. comtractum were found in large
numbers, while in Lake Dom Helvécio eight
species (Closterium aciculare, Cosmarium biocu-
latum, C. contractum, C. tinctum, Staurastrum
laeve, S. omeari, S. rotula and S. smithii) of Des-
midiales reached high numbers or biomass.
These abundant species varied in size by a range
of two orders of magnitude: the smallest one,
Staurastum smithii, has a volume of 236 pm’
while Staurastrum rotula is 29,100 pm’ in size.

The vertical scructure of phytoplankton in
summer (stratified period) in many of the Rio
Doce lakes is very characteristic: planktonic
desmids dominate {(and in some of them
dinoflagellates contribute significantly) in the
epilimnion and a deep-layer maximum (which
is much wider than steep gradients in temperate
deep lakes) is formed by cyanoprokaryota in the
metalimnion. :

As was noted by REyNo1Ds et al. (1983), Lake

Carioca supports a dense deep-layer maximum

of cyanoprokaryotes, with a Limnothrix-like
densely vacuolated species being the most
abundant (Fig. 3A). Although the species num-
ber of desmids was high, they contributed less
to the total biomass along the water column. In
the epilimnion of Lake Dom Helvécio desmids
were the most abundant (Fig. 3B), cyano-
prokaryota were represented by several species,
among which was Cylindrospermopsis cuspis.
Although in this oligotrophic lake the metalim-
netic maximum was not as sharp as in Lake
Carioca, it was present at watet depths of about
9 m and was formed almost exclusively by C.
raciborskii (BARBOSA & PaDISAK 2001).

Deep-layer maxima of cyanoprokaryotes

The development of deep-layer maxima of
cyanoprokaryotes is relatively easy to explain
based on hydrological features, vertical struc-
tures of the light field and chemical gradients.
As calculated from data by HENRY et al. (1987),
Henry & Barsosa (1989) and REYNOLDS
(1989, 1997a), the extent of net warming from
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Tig. 3. (Upper two graphs) Vertical distribution of biomass (ug/L) of three main groups of phytoplankton
on (A) 15/16 January 1999 in Lake Carioca and (B) 11/12 January 1999 in Lake Dom Helvécio. (Lower
owo graphs) Biomass changes of Staurastrum smithii and Cosmarium bioculatum on 15/16 January 1999 in
three different layers of the epilimnion of Lake Dom Helvécio.

August to February, combined with the mor-
phological features and the wind regime of
these lakes, allows the development of a stable
thermocline with a metalimnetic temperature
cradient of about 8 °C in the summer period.
Below the mixed layer, the lake is stable enough
zo support deep layer phytoplankton maxima.
Another essential requirement is that the
cuphotic depth should extend through the mix-
ing depth, which is also given in these lakes.
Furthermore, algae must have some ‘benefit’
rrom living in a rather dark and, from time to
tme (days with cloudy sky), light-limited envi-
ronment: this benefit can be traced in chemical
gradients. According to the data in Table 1, P-
limitation in Lake Carioca is not very likely or

at least not very severe; however, there is a scar-
city of inorganic N sources, and therefore phy-
toplankton growth in the epilimnion is proba-
bly N-limited. This does not hold for the met-
alimnion, with NH,  concentrations between
1025.3 and 1640.2 pg/L (data for 1999). A
similar situation exists for Lake Dom Helvécio
(sec data in Table 1) except that, based on the
inorganic P concentration, a combined N + P
limitation may be a possibility in the epilim-
nion.

In order to explain the dominance of non-
motile, and therefore turbulence-dependent
desmids in the epilimnion, the term ‘partial ate-
lomixis’ can be introduced.
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Atelomixis and partial atelomixis

Atelomixis sensu LEWIS (1973) has been a com-
plete atelomixis (the lake stratifies and destrati-
fies from surface to bottom within 24 h) and
can be observed only in tropical winter periods
when no permanent thermocline can establish.
Considering that in many tropical lakes a pet-
manent thermocline develops during the sum-
mer period, complete atelomixis cannot occur
during this time. However, the main driving
force (large daily variation of air temperature)
prevails and so an extension of atelomixis can
establish during the stratified periods. The phe-
nomenon (see diurnal development of tempera-
ture profiles, Figs. 1 and 2) can be described
best as partial atelomixis, meaning that diurnal
mixing is restricted to the epilimnion since nor-
mally a primary thermocline prevents it from
proceeding downwards. Partial atelomixis is
commonly observed worldwide within tropical
lakes (e.g. TarLiNG & LEMOALLE 1998).

The results recorded in the stratified periods
of both 1999 and 2000 for Lakes Carioca and
Dom Helvécio represent clear examples of par-
tial atelomixis. Daily air temperature variations
recorded in February 2000 were large in both
diel studies (23-34 °C during the Lake Carioca
diurnal study and 23-34 °C during the Dom
Helvécio study). Furthermore, during these
periods both lakes remained stratified during
the 24-h periods of the study and thermal insta-
bility could only be seen within the upper layers
during the night periods, thus demonstrating
the onset of partial atelomixis.

Ecological relevance of partial atelomixis

Little has been known about the ecological rele-
vance of either complete or partial atelomixis.
ReyNOLDS (1997a) pointed out that the distri-
bution of desmids in the lake at the beginning
of March (start of isothermal conditions) can-
not be explained without assuming a recent or a
frequent intervention of intermittent mixing
(atelomixis), and TarLiNnG & LEMOALLE (1998)
intuitively suggested that atelomixis, through
shaping the thickness of the epilimnion and
affecting nutrient return, might have some eco-
logical relevance.

Partial atelomixis represents a robust water
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movement within the epilimnion; it occurs reg-
ularly, moreover, its scale is shorter than the
lifetime of most phytoplankton species. This
means that this hydrodynamic process must be
a key factor in keeping in epilimnetic suspen-
sion all those phytoplankton species whose
daily sinking amplitude, on average, is smaller
than the thickness of the epilimnion.

A particular feature of many tropical waters is
that, among the phytoplankton, desmids are
the major non-motile group, which is not the
normal situation among temperate waters
where desmids are often an insignificant group
during the stratified period. In Lakes Carioca
and Dom Helvécio, as well as in many other
lakes in the middle Rio Doce area, this group is
abundant and frequently dominates within the
epilimnion.

From an ecological point of view, the most
interesting aspect is how a non-motile group
can be dominant during the stratified period.
This is particularly applicable for the desmids,
since they are the heaviest algae after diatoms.
For example, a specific density of 1.067 g/cm’
was found for Cosmarium sp., which is only
slightly lower than that of the lightest diatoms
(>1.08 g/cm’) and much higher than that of the
lightest green algac, for example Pandorina
morum (1.019 g/cm’) (PADISAK in press).

Moreover, according to the Stokes equation
(WETZEL 2001), further aspects to consider are
the viscosity of the water, and the cell form
resistance factor. Despite the lack of specific
data on the latter for the involved species, it is
reasonable to suppose that the form resistance
factor of desmids, with their ‘complicated’
shape, is higher than that of the much simpler
diatoms, thus decreasing terminal sinking
velocities. Furthermore, epilimnetic water tem-
perature can reach ca. 34 °C during summer
and this will decrease the viscosity of the water
by ca. 40-50% as compared with temperate
waters when diatoms are dominant and this
results in faster sinking. The lacter factor leads
to increased terminal sinking velocities.

It would be reasonable to demonstrate the
role of atelomixis in keeping desmids in suspen-
sion, using temperature and Desmidiales quan-
titative data from studies in Lake Dom Helvé-
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=2in 1999 or 2000. Despite many trials and,
- particular, because of confusing results in the
_opermost (1-3 m) layers, it was not possible
-> carry out such an analysis for desmids as a
zzoup. This can be attributed to several reasons:
~ind-induced daytime mixing and waves may
_~rerfere with the mixing pattern deriving from
~zrrial atelomixis; horizontal water currents
—:zv impose further ‘stochasticity’ upon the
~zocess; for many species statistically reliable
caunting is difficult; net growth of algal species,
zs well as loss by grazing, interferes with sinking
cawerns;  human  disturbance  (turbulence
~duced by motor-boats when sampling) can
250 be source of confusion, etc.

For the above reasons, Staurastrum smithii
:ad Cosmarium bioculatum were selected to
Zemonstrate the possible effect of partial atelo-
—ixis on the diurnal pattern of desmids (count-
g error for individual records in Fig. 4 is
zhout 20% for these species).

The abundance of both species increased
cetween 09:00 h and 12:00 h, which might be
2ne combined effect of delayed upwelling drift-
ing from deeper strata and division. However,
serween 12:00 h and approximately 18:00-
21:00 h, a net decrease could be observed for
zach species, especially Cosmarium bioculatum.
Davtime sinking can be traced in the Stauras-
~um smithii datar in the period between
zpproximately 11:00 and 16:00 h, cell numbers
were the lowest in the upper (1- to 1.5-m) layer,
nigher in the 3- to 4.5-m layer and highest in
che 6- to 7.5-m layer. Complete nocturnal over-
urn (see Fig. 2) occurred in the early morning
hours and was completed some time between
36:00 and 09:00 h. As data for C. bioculatum
show, the population was evenly distributed in
the water column at 09:00 h (end of observa-
rion period).

An unfortunate coincidence when demon-
strating the effect of partial atelomixis was the
fact that the sampling interval was a period
when daytime primary production resulted in a
considerable increase in cell numbers. Epilim-
netic net growth rates on the day of the investi-
cation were 0.79/day (Staurastrum smithii) and
0).53/day (Cosmarium bioculatum), which corre-
spond to doubling times of 0.88 and 1.32 days,
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Fig. 4. Development of the main (thick line) and
secondary (thin line) thermocline in Lake Stechlin
(Germany) in 1994.

respectively. These records are among the fastest
that can be observed in populations of phy-
toplankton species growing in natural condi-
tions.

The main characteristics of the vertical struc-
tures (deep-layer maximum of cyanoprokaryota
and non-motile desmids in the epilimnion) of
phytoplankton in the investigated tropical
South American systems are, therefore, para-
doxical: one of the assemblages (deep layer
assemblage) requires thermal stability and the
other requires frequent (daily) mixing. These
contrasting demands can be explained by the
above-defined term, partial atelomixis.

Thus, atelomixis (both complete and partial)
can play a key role in keeping these relatively
heavy and non-motile algae suspended in the
epilimnion of tropical lakes, allowing them to
account for as much as 51% of total biomass, as
recorded in more lakes than included in this
study. Atelomixis has a profound impact on the
formation of tropical phytoplankton communi-
ties.

Atelomixis in textbooks

From the point of view of hydrodynamics, ate-
lomixis differs from the ‘classical’ stratification
types that orjginate from convectional currents
repeated daily, while all others originate from
seasonality and wind-driven mixing. It was
described by LEwis (1973), and, in theory, a
quarter of a century represents sufficient time
to introduce the term to basic education in lim-
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nology. This has not been done yet; instead,
there is considerable confusion regarding
descriptions and explanations of diurnal con-
vectional currents and their role in lakes,
whether the term ‘atelomixis’ is specified or not.

Atelomixis is not mentioned in POURRIOT &
Meyeecks (1995) “Limnologie Générale”, and
in none of the revised editions of WETZELs
(1975, 1983, 2001) “Limnology”. In SCHWOER-
BEL's (1999) “Einfithrung in die Limnologie”
atelomixis, as a term, is not introduced; how-
ever, the lake type “warm monomictic” is
described for tropical lakes with frequent com-
plete circulation if nocturnal cooling is strong
(“warm monomiktisch: Tropenseen mit hiufi-
gen Vollcirkulationen bei stirkerer nihtlicher
Abkiilhung” page 55), which essentially corre-
sponds to the description of atelomixis. The
lakes discussed in the present paper can also be
characterised as warm monomictic by the classi-
cal system. However, from the point of view of
sclection of phytoplankton assemblages, the
atelomixis (both complete and partial) is proba-
bly equally important as, or even more impor-
tant than, annual stratification patterns.

In Lamrerr & SomMERs “Limnodkologic”
(1993) and its English edition (“Limnoecology”
1997), atelomixis, as a terminus technicus, also
has not been introduced, although it is roughly
described as “This change between stratifica-
ton and circulation that takes place on an
annual cycle in the temperate latitudes can
occur daily in shallow, tropical lakes. Very small
temperature differences can sustain stable ther-
mal stratification in warm, tropical lakes, since
the relative density differences per degree tem-
perature change are greatest at high tempera-
tures. These lakes stratify during the day as the
surface waters are heated, and each nigh, as the
surface waters cool, the wind destratifies them”
(p- 32-33 of the English edition and p. 43 of
the German edition). A slight misunderstand-
ing here can be traced to two points: one is that
the phenomenon is not exclusive to tropical
shallow lakes, and the other is that it is not the
wind that leads to (complete or partial, epilim-
netic) overturn during the mght but the heat
loss and the conséquent density increase in the
surface layers. In addition to that, it is not the
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wind that destratifies the lake during the nights,
as found by RevnoLDs (1997a), who explained
that Lake Carioca ought to be isothermal
throughout the year based on model assump-
tions by its depth, heat income, etc., and its sta-
ble stratification can develop only because it is
surrounded by a dense forest that efficiently
protects it from wind action.

The above misunderstanding is completely
corrected in SoMMERs (1994) “Planktonolo-
gie” when describing polymictic lakes as
“Anderseits tritt dieses Typ in tropischen Kli-
maten auf, wenn die Tagesamlitude starker ist
als die Jahresamplitude. Dann bildet sich am
Tag eine thermische Schichtung aus, wihrend
es in der Nacht zur konvektiven Durchmis-
chung kommt” (p. 61). Nevertheless, atelo-
mixis, as a term, is not mentioned in this book.

Bourton & Brocks (1999) recently pub-
lished “Australian Freshwater Ecology: Processes
and Management” does not contain the term
‘atelomixis’; however, polymictic lakes are
defined as “Polymictic (poly, many). Explana-
tion: Mix often, sometimes continuously. Scrat-
ify in response to diel temperature changes.
Examples: Common in arid Australia in shal-
low basins that cool at night and heat during
the day” (page 30). The cause of atelomixis can
be clearly traced here; however, it is restricted to
shallow lakes. Moreover, wind-driven poly-
mixis, the common case in temperate shallow
lakes, is not even mentioned. It is hard to
believe that only atelomixis would lead to poly-
mixis in Australia. Wind-driven mixing must
not be neglected at such a definitive way.

The effects of seasonal versus daily stratifica-
tion can be clearly separated in temperate lakes
during the period of the most stable stratifica-
tion. It has been known for decades that in such
periods if there is a long-lasting calm period
with no (or minimal) wind a ‘secondary ther-
mocline’” develops within the epilimnion (WeT-
ZEL 1975: 75, 1983: 81, 2001: 79); see also the
example on Fig. 4 (Lake Stechlin, 53° N, Ger-
many). In such a situation, the primary (main)
thermocline designates the depth until wind-
driven mixing can make the given Jayer (epilim-
nion) isothermal, while the secondary ther-
mocline indicates the mixing capacity of con-
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vectional currents due to daily heating and
nocturnal cooling (partial atelomixis). These
examples extend the importance of partial ate-
lomixis to higher latitudes, and its ecological
significance for phytoplankton development is
evident: in such periods turbulence-dependent
re-occurrence of planktonic diatoms cannot be
expected (since hypolimnion with inocula are
physically well separated from the upper layer
mixed by convectional currents); rather, the
assembly of phytoplankcon is driven towards
species with excellent floating abilities (large
flagellates, buoyant cyanoprokaryota).

In his detailed textbook “Limnologfa” Mar-
GALEF (1983) similarly did not mention atelo-
mixis although he explained the limited ther-
mal instability of the surface layers as being due
to the prevalence of small vertical temperature
differences that would allow the lake to circu-
late only near to the surface, sometimes every
night, as for example Lakes Ukerewe and Valen-
cia. Accordingly, such stability is more a conse-
quence of dissolved organic material in deep
waters than temperature differences: “En los
grandes lagos tropicales las diferencias verticales
de temperatura son muy pequefias y el lago cir-
cula verticalmente en un espesor limitado, cerca
de la superficie, a veces cada noch (por ¢jemplo,
el Ulerewe y el Valencia hasta los 20 m). La
estabilidad, mds que a diferecias de temper-
atura, puede deberse a la presencia de material
disuelto u organico en profundidad” (p. 100).

Similarly, EstEvEs (1988) in his “Fundamen-
tos de Limnologia”, without mentioning atelo-
mixis provides a clear explanation of this strati-
fication pattern (p. 138) as “Durante o perfodo
de estratificagdo térmica pode ocorrer a for-
macdo de vdrias termoclinas. Este fenémeno
pode ocorrer em qualquer latitude. Sua origem
estd ligada a trés fenémenos principais: 1°) o
ndo estabelecimento muito acentuado da ter-
moclina original; 2°) 4 for¢a dos ventos que nZo
sio suficientemente fortes para movimentar
toda a massa d’dgua que comprende o epilim-
nio; e 3°) perdas acentuadas de calor a partir da
superficie para atmosfera durante a noite”. In
this chapter, the author not only discussed the
known causes for atelomixis (weak main ther-
mocline, wind action, and heat loss through the
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surface) but also cited the work of Lewis (1973)
in Lake Lanao in order to explain the onset of
daily thermoclines, also using the example of
Lake Carioca (south-cast Brazil) described by
Barsosa & Tunpist (1980).

It is likely that TatuNGg & LEMOALLE's (1998)
“Ecological Dynamics of Tropical Inland
Waters” has been the only widely used review in
which ‘atelomixis’ can be found in the index.
The process is dealt with in the section (p.
202-203) dealing with patterns of environmen-
tal change within time, and repeats the original
description of atelomixis, indicating its world-
wide (tropics) importance in many kinds of
lakes. Howevet, in the section “Phytoplankton:
Diel variability” (p. 261-262) no reference is
provided to atelomixis as a mixing pattern that
may keep non-buoyant and non-motile species
(such as diatoms, desmids and many Chloro-
coccales) in suspension, and thus being a major
factor in tropics {or species selection and assem-
bly of phytoplankton.

CasaDo-SaNcHO (2001) in her “Glosarfo de
limnologia” describes atelomixis as “mezclado
vertical incompleto de masas de aguas estratifi-
cadas homogencizando capas de propicdades
quimicas diferentes sin perturbar el hipolim-
nion. Tipico de lagos tropicales” which corre-
sponds to the description of partial atelomixis
used herein.

Atelomixis cannot be found in ReynoOLD’s
(1997b) “Vegetation Processes in the Pelagic: a
Model for Ecosystem Theory” as it is not a text-
book, and consequently has no index. However,
atclomictic lakes are described as essentially
polymictic systems (p. 45); moreover, the eco-
logical importance of atelomixis for phy-
toplankton is mentioned and graphically dem-
onstrated in the section “Development of

Pelagic Plant Populations” (p. 137 and 139).

Conclusions

As indicated above, there appears to be considerable
confusion surrounding atelomixis and its ecological
significance, and even its recognition worldwide is
doubtful. This is certainly due to the fact that this
term is absent from the widely used textbooks or
monographs. A possible explanation for this lack of
acceptance possibly lies in the fact that atelomixis is
essentially a tropical phenomenon and so far has
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been demonstrated in only a few lakes. On the other
hand, given that it is a macroclimate-driven phe-
nomenon, it must have an overall importance within
the tropical regions, acting similarly in stratified
lakes of different sizes.

As demonstrated in this study, desmids can be
seen as the ‘diatoms’ of the temperate lakes, a group
that can remain in suspension only if the mixing
depth and frequency are considerable. Nonetheless,
when compared to the huge body of ecological
knowledge about diatoms, knowledge has been very
[imited about other adaptive features (nutrient
uptake kinetics, light/shade preferences, avoidance of
grazing, etc.) of desmids. At an evolutionary scale,
the hypothesis that atelomixis has been a driving
force for evolutionary speciation of planktonic Des-
midiales is proposed.

Phytoplankton, as the major primary producers,
have a basic role in aquatic ecosystems. The compo-
sition and structure are very likely influenced by ate-
lomixis, which as a mixing event, acts within the life-
time of individual species. Therefore, through the
phytoplankton, atelomixis may affect entire food
chains and thus interfere with most ecological pro-
cesses within aquatic ecosystems. In conclusion, its
recognition as an important phenomenon deserving
to be recognised and accepted as a separate mixing
pattern is strongly argued.
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