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Abstract There is hardly any sunshine exposed
surface on this Earth, be it water or terrain, which
would not support some biota. Still, many habitats
offer harsh conditions requiring specialized physio-
logical adaptations to survive. These environments are
referred to as extremes; often inhabited by extremo-
philic organisms. In this review, characteristic species
and assemblage properties of phytoplankton inhabit-
ing extreme environments (especially lakes and pools
where planktic life is potentially possible and inde-
pendently of their origin) in terms of alkalinity,
acidity, DOC, salinity, temperature, light and mixing
regime will be outlined. Lakes characterized by more
than a single extreme are common (e.g. saline + al-
kaline; acidic + high DOC + high metal con-
tent 4+ low light). At the edge of extremes (e.g. pH
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of 1; salinity over ~ 100-150 g 1™') single species
with appropriate physiological adaptation are selected
and the phytoplankton is often dominated by a single
species (monodominant) setting compositional diver-
sity to zero. Under less extreme conditions permanent
equilibria may persist; in many cases over several
years in contrast to ,,average” lakes where equilibria
are rare and ephemeral. Food webs depending on
~extreme phytoplankton” are often atypical for exam-
ple because the microbial loop is of prior importance
or because birds are top predators.
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Introduction

There is hardly any sunshine exposed surface on this
Earth, be it water or terrain, which would not support
some biota. Still, many habitats offer harsh conditions
needing specialized physiological adaptations to sur-
vive. These environments are referred to as extremes.

The adjective ,extreme” has been increasingly
used when analyzing phytoplankton patterns. Most of
these cases concern events related to climate or
meteorology (Havens et al., 2016; Crisci et al., 2017,
Kasprzak et al., 2017) like extreme hydrologial
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periods (Devercelli, 2010; Mihaljevi¢ et al., 2010;
Bortolini et al., 2016), extreme inflow (Leigh et al.,
2015), extreme precipitation (Weyhenmeyer et al.,
2004; Znachor et al., 2008; Stockwell et al., 2020 and
literature therein) or extreme drought (Crossetti et al.,
2019). These events are often related to the frequency
increase of extreme events as a consequence of climate
change. From an ecological point of view, they can be
regarded as disturbance events fulfilling the definition
provided by Reynolds et al. (1993): “disturbances are
primarily non-biotic, stochastic events that result in
distinct and abrupt changes in the composition and
which interfere with internally-driven progress
towards self-organization and ecological equilibrium;
such events are understood to operate through the
medium of (e.g.) weather and at the frequency scale of
algal generation times”. In this review disturbance
events are not considered as extremes since adaptation
is possible at community level. In above-cited papers,
abrupt changes in composition of phytoplankton are
reported but without dramatic change in species
number or floral composition, though such extreme
events may increase invasion sensitivity of phyto-
plankton assemblages (e.g. Padisék et al., 2010, 2016;
Crossetti et al., 2019; Selmeczy et al., 2019).

In this review, dedicated to Colin S. Reynolds’
(1942-2018) excellence, extreme conditions will be
understood as it is in the classical niche-theory: one or
more of the limnologically relevant variables show
persistently values at the edges of a niche axis or of
some niche axes. As such, alkalinity, acidity, DOC,
salinity, temperature, light and mixing regime will be
considered.

Species inhabiting extreme environments are called
extremophiles from the Latin “extremus” (being on
the outside) and “phila” (beloved) (Rotschild &
Mancinelli, 2001). They are often referred to as
“simple organisms”—though they are not at all
simple. Physiological adaptation to extreme condi-
tions supposes relevant biochemical mechanisms like
specialized proton pumps under acidic or hypersaline
conditions (Weiss & Pick, 1996; Gross, 2000),
specialized photosynthetic apparatus in either extre-
mely shaded or extreme light-exposed environments
(Neale & Priscu, 1995) or accumulation of certain
compounds like carotenoids or fatty acids. For these
reasons, extremophiles are favored by biochemical
and biotechnological research (e.g. Hosseini Tafreshi,
2009). Evolution of adaptation to extreme
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environments are also not reviewed here though they
are quite interesting and involve a number of mech-
anisms. For example, Schonknecht et al. (2013)
demonstrated that Galdieria sulphuraria (Galdieri)
Merola, a non-planktonic rhodophyte growing on hot,
acidic and heavy metal rich habitats took up a number
of genes by lateral gene transfer from archaea.

There are other terms used for species surviving in
harsh environments. They are referred to as “enig-
matic microorganisms” as a collective term for biota
that “live now where no life might seem possible”
(Seckbach, 2013). This definition nicely allows for the
deduction that in times when they evolved the
conditions what we qualify recently as extreme might
have been just normal.

Another, recently often used term addresses “stress
tolerant” species. Both Grime (2001) and Reynolds
(1997) define “stress-tolerance” as mineral nutrients
stress, but of course there is the possibility to be
tolerant to other kinds of stress. Nevertheless, noone
defines the intensity of stress above or below which the
stress itself occur—with good reasons. Threshold
values like hyposaline, mesosaline, hypersaline (e.g.
Pallares et al., 2015) exist but they describe the habitat
and not their biota. In general, there is quite a
confusion in the recent literature on terms ,,distur-
bance”, ,,stress”, ,,stressor’; a number of definitions
are offered in Borics et al. (2013).

From an evolutionary point of view, fast growing
microorganisms, and among them phytoplankton
species, are favored test organisms to study adaptation
mechanisms to extreme conditions being the most
important question whether it occurs via pre- or post-
selection. Experimental results with Chlorella chlorel-
loides (Naumann) C. Bock, L. Krienitz & T. Préschold
and Microcystis aeruginosa (Kiitzing) Kiitzing, both
isolated from non-extreme waters, justified rapid
genetic adaptation to culture media obtained from
geothermal and ice-covered environments as conse-
quence of single mutations at one locus (Costas et al.,
2008). Single, rare, spontaneous mutations explained
presence of ,,mesophilic species” in extremely con-
taminated (high levels of uranium, severe acidity and
elevated conductivity) ponds receiving mining efflu-
ents (Garcia-Balboa et al., 2013). Low-Decarie et al.
(2016) isolated microorganisms, among them algae
(identified based on OTU sequences: Chlorella sp.,
Ch. sorokiniana Shihira & R.W.Krauss, Ch. variabilis
Shihira & R.W.Krauss, Coccomyxa sp., Pavlova sp.)
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from a common freshwater lakes and subjected them
in reciprocal experiments to extreme pH and salinity.
They found that there are many species in “common
lakes” able to thrive or even grow under extreme
conditions without any genetic selection. These results
underpin the importance of biodiversity and role of
sporadic species (Padisak, 1992; Padisak et al., 2010)
in any kind of assemblages emerging when environ-
mental conditions approach some kind of extremes.
Species adaptation and community adaptation needs
different “tools” and this directly drives us to Colin
Reynolds’s inheritance.

Colin Reyolds’s approach to phytoplankton ecol-
ogy was holistic with focus on selection of phyto-
plankton assemblages according to habitat properties.
In line with this, biochemical details of adaptation to
extreme environments are beyound the scope of this
review, and we will rather be focussed on organization
and compositional characteristics of their phytoplank-
ton assemblages.

pH, dissolved organic carbon

From the point of view of phytoplankton, the pH
gradient represents the degree of accessibility to
inorganic carbon. It is determined by the CO,~
HCO; —CO5*>~ buffer system along the 1-14 pH
scale where CO, is exclusive up to approx. 4 and
CO;”~ above approx. 11.3. Between these thresholds
HCO;™ is present with a peak at pH approx. 8.3 where
it maximizes its concentration (almost exclusive). In
the pH range 4-8.3 CO,—HCO;™ co-exist.

All phytoplankton species carry on C3 type of
photosynthesis being the Rubisco the key enzyme of
intracellular carbon transport and carboxylation.
However, Rubisco can deal only with CO, and not
with the HCO3;™. Phytoplankton species are able to
utilize HCO;™~ if they have carbon-concentrating
mechanisms (CCMs) where carbonic anhydrase has
a central role. This enzyme catalyzes the following
reaction: 2HCO;~ — CO, + CO3*~ + H,0O. The
CO, generated by this reaction can be used for carbon
fixation, whereas the C032_ is released to the aquatic
environment where it precipitates as CaCOs; when
calcium is in sufficient supply. The available evidence
suggests that the algae lacking CCMs are some
terrestrial green microalgae, some freshwater red
macroalgae and all of the freshwater chrysophytes

and synurophytes examined (Raven et al., 2005). This
explains why planktic chrysophytes and synurophytes
do occur only at acidic or circumneutral pH, however,
a field observation suggests that there might be some
species with effective CCMs (Reynolds et al., 1993).

Unlike CO, and HCO; ™, CO5>~ cannot be used as
inorganic carbon source. For this reason, phytoplank-
ton photosynthesis cannot be performed in pelagic
environments having a pH > 11.3. There are, how-
ever, numerous lakes with highly alkaline pH, among
them the world’s most productive lakes (Cozar et al.,
2012; see details in chapter Salinity). Therefore,
highly alkaline conditions do not limit primary
production and standing crop bearing in mind that
intensive photosynthesis in itself increases pH. An
example of stably alkaline (pH 9.7-10.5) but non-
saline (conductivity: 532-2480 puS cm™') lakes is
Santa Olalla, Spain. Its relatively species-rich phyto-
plankton was highly dominated by Anathece clathrata
(West & G. S. West) Komarek, Kastovsky &
Jezberova (Lopez-Archilla et al., 2004). However,
most of the highly alkaline lakes are not only alkaline
but also saline, therefore, the effects of alkalinity and
salinity cannot be separated. These lakes, as extremes,
will be dealt with in the chapter “Salinity”. An option
would be to search for lakes receiving highly alkaline
industrial wastewater. Though several studies can be
found in the literature (e.g. Holopainen et al., 2008),
the alkaline compound is not the only component of
the waste: salts and/or heavy metals are also present in
high concentration.

Experiments at highly alkaline pH (> 10) were
aimed at maintaining high growth rates for biofuel
production along with lowering the supply costs of the
CO; by enhancing input of CO, from the atmosphere
at high rates. Both indoor and outdoor studies with
Chlorella sorokiniana Shihira & R. W. Krauss str.
SLA-04 showed biomass and lipid productivities that
were comparable to those reported for other microal-
gae cultivated in near-neutral pH media (pH 7-8.5)
under similar conditions (Vadlamani et al., 2017). In
another study Desmodesmus sp. EJ 9-2 grew in a pH
range of 3-12 (Ji et al., 2015). These results indicate
that extremely high pH does not decrease growth rates
substantially but in lack of experiences in natural
environments biodiversity issues cannot be discussed.
For the above reasons, only the acidic edge of the pH
gradient will be reviewed here in detail.
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A number of reasons may lead to acidic conditions.
Slightly acidic lakes occur in high numbers in the
boreal regions due to humic material ingress from the
adjacent wetlands (Lepistd & Rosenstrom, 1998), and
some of them were further acidified by acid rains
(Kenttamies, 1994). Inflow from a volcanic area into
Andean Lake Caviahue, Argentina (Pedrozo et al.,
2001) is the origin of its acidity and a number of acidic
ponds and ditches occur in other volcanic areas.
Abandoned surface coal mining places host a number
of acidic waters of different size and morphology
(Nixdorf et al., 1998). Sporadic events like ingress of
acidic melting water may also result in very low pH
(Yan & Stokes, 1978). Whatever is the reason of low
pH, CO; is the primary inorganic source of carbon. If
primary production is relatively high, atmospheric
CO, dissolution cannot compensate consumption,
which may lead to carbon limitation even at relatively
high N and P levels (Beamud et al., 2010). N and P
addition in an experimental system failed to trigger
significant phytoplankton response at low pH in
contrast to higher pH levels (Perez et al., 1994). This
implies that traditional trophic classification is not
readily applicable for these lakes (Nixdorf et al.,
1998). Acidic lakes are often classified as dystrophic
(i.e. without a definable trophic state; Gorniak, 2016).
A largely common feature of low pH lakes is
coloration, but of several different reasons. In boreal
lakes humic materials cause the brownish color
(Lepistd & Rosenstrom, 1998) and in acidic mining
lakes the reddish to brownish color is due to dissolved
iron-hydroxides (Kamjunke et al., 2004). Coloration
of these lakes enhances light attenuation indepen-
dently from algal biomass and also modifies the
spectral composition of incident light (short wave-
lengths attenuating fast) but high inorganic turbidity is
rare. With appropriate lake morphology this may
allow for development of deep chlorophyll maximum
as exemplified on Lepocinclis by Weithoff et al.
(2010) in Lake Langau, Austria or for performing
diurnal vertical migration like by Ochromonas in
Griinewalder See, Germany (Beulker et al., 2003).
Moreover, in this kind of lakes, especially when
phosphorus availability is reduced, picoplanktic
species can show high biomass and productivity (e.g.
Jasser, 1997, Drakare et al., 2003).

Commonly, lakes having a pH less than 5.5 are
considered acidic (Lepisto & Rosenstrom, 1998),
which is supported by a number of studies. Primary
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production and biomass of phytoplankton are either
decreasing or are non-responsive (Findlay, 2003) to
pH drop in the range of 4-7 (Kwiatkowski & Roff,
1976) unlike phytoplankton diversity, which appeared
to be the most powerful indicator, especially at pH
lower than 5.5 as was shown in both Canadian
(Kwiatkowski & Roff, 1976; Yan & Stokes, 1978)
and Swedish (Hornstrom, 2002) lakes.

In “average” lakes with quasi-neutral pH phyto-
plankton assemblages are diverse and composed of
many (over 100) species belonging to different
taxonomic and functional groups. Some widely dis-
tributed species [e.g. Limnococcus (Chroococcus)
limneticus (Lemmermann) Komarkova, Jezberova,
O. Komarek & Zapomelova, Asterionella formosa
Hassall, Cyclotella meneghiniana Kiitzing] have not
been recorded in acidic lakes (Blouin, 1989). At
moderately acidic pH, dinoflagellates often gain
dominance. Various species were found under such
conditions like Peridinium volzii Lemmermann (pH
6.5; Hargraves & Viquez, 1981); Parvodinium incon-
spicuum (Lemmermann) Carty (pH 4.5-6.3; Perez
et al., 1994); Peridiniopsis quadridens (F.Stein)
Bourrelly, Peridinium limbatum (Stokes) Lemmer-
mann; Gymnodinium fuscum (Ehrenberg) F.Stein (pH
5.1; Graham et al., 2004); Peridinium umbonatum F.
Stein (pH 3.6-4.3; Nixdorf et al., 1998).

Further decrease of pH commonly shifts dominance
towards small chlorophytes and chrysophytes. In
abandoned, open-cast brown coal mines over 200
small lakes offered a gradient of low pH (2—4) to study
phytoplankton response to such conditions (Kamjunke
et al.,, 2004). Species surviving in these acidic
environments include Chlamydomonas, Ochromonas,
Chromulina, Lepocinclis, Euglena and Nanochlorum
in German mining lakes (Nixdorf et al., 1998,
Lessmann et al., 2010) or Keratococcus, Chloridella,
Chlamydominas, Viridella and FEuglena in Lake
Caviahue, Patagonia (Pedrozo et al., 2001). In Lake
Rotowhero, New Zealand, a geothermal lake with
permanent mixing, a small chlorelloid green alga is the
only phytoplankton species at pH 3.5 (Brookes et al.,
2013). A recently described species, Autumnella
lusatica Ulrich & Roske (Chlorophyta, Trebouxio-
phyceae), though grows well in neutral medium,
tolerates pH down to 3 at low P and inorganic carbon
concentrations and can build up substantial biomass
thus being a successful competitor of the mixotrophic
species typical for such lakes. In stratifying lakes its
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entrainment in the epilimnion is assisted by its
elongated shape and presence of oil droplets in the
cytoplasm (Ulrich & Roske, 2018).

These species are selected by their ecophysiolog-
ical features for tolerating such environments but have
some common morphometric features: they are small
(except euglenophytes) with cell volumes below
200 pm? and are either quasi-spherical with a length/
width ratio between 1 and 2 or elonated like Autum-
nella and Keratococcus.

In lakes with pH ~ 2, phytoplankton assemblage is
further reduced to only some mixotrophic species, like
Chlamydomonas and Ochromonas since under such
conditions inorganic carbon limitation, combined with
high level of proton concentration stress, becomes
severe (Tittel et al., 2005).

Humic lakes can be found in high numbers
especially across the north temperate region. Though
high Pt/Co color (Platinum-Cobalt scale or Apha-
Hazen scale is a color scale originally intended to
standardize the colour of waste water and later
expanded to other applications as the measure of the
humic content) is often associated with acidic pH,
latter is not an obligate characteristics of humic lakes
since they may exhibit very alkaline pH combined
with relatively high salinity (e.g. some soda pans in the
Carpathian basin—Boros et al., 2014; reedless inner
lakes of Lake Ferto—Padisak, 1993).

Though high Pt/Co colour profoundly influences
light attenuation, both in terms of quantity and quality
(Balogh et al. 2000) it appears to select rather for traits
than to species. According to Lepistd & Rosenstrom
(1998) the prominent functional groups (sensu Rey-
nolds et al., 2002) comprise motile taxa (coda Y, X3,
U, Q) and weakly silicified diatoms (codon A,
Urosolenia). Some “iconic” species seem to be
restricted to humic lakes. As an example, Gonyosto-
mum semen (Ehrenberg) Diesing (codon Q) can form
nuisance blooms (and swimmer’s hitch) when the pH
is slightly acidic, concentration of DOC/humic mate-
rials and nutrients are high and light gradient is sharp
(Lepistd et al., 1994; Korneva, 2001; Rengefors et al.,
2012). The species is spreading in northern Europe to
many lakes with higher pH as was quite early noted by
Cronberg et al. (1988). Another species of this genus,
Gonyostomum latum Ivanov, occurs at lower latitudes,
e.g. in oxbow lakes of the Carpathian basin (Schmidt
et al.,, 1990). These lakes are not acidic (pH
~ 7.3-8.4), but their DOC content is high. It is easy

to overlook Gonyostomum spp. since they disintegrate
in Lugol-fixed samples. However, it seems that the
DOC content rather than the pH of the habitat is of
prior importance.

Another species with apparent need for DOC,
especially organically rich sediments, in mainly small
lakes across the cold-temperate climate region is
Gloeotrichia echinulata P. G. Richter (e.g. Jacobsen,
1994). It occurs in lakes of different trophic state
(Carey et al., 2008) and has both benthic and planktic
growth phases (Istvanovics et al., 1993).

Salinity

Salinity (salt content expressed in g17') is often
measured as electric conductivity (mS cm™") though
precise relationship cannot be established since small,
charged, organic molecules contribute to conductivity
but not to salinity. However, close correlations
(r2 > 0,9) between these variables was demonstrated
e.g. by Williams (1986) using data from 109 Aus-
tralian lakes in the range of 5-100 mS cm™' and
Zinabu et al. (2002) in Ethiopian lakes and rivers (salt
content: 0.08-33.7 g 17").

Saline lakes occur all over the world. Athalassoha-
line (not deriving from the sea) lakes are either salt
lakes or soda lakes. Dominant ions in salt lakes are
Na* and CI™ (e.g. Great Salt Lake, Utah; pH 7-8) or
Nat, Mg2+, and C1™ (e.g. Dead Sea, Israel; pH 6-7).
Soda lakes (e.g. Lake Magadi, Kenya; pH 10-12)
commonly have Nat, CO327, HCO; and CI™ as main
ions (Grant et al., 1998). Some lakes have other types
of ionic composition as a consequence of receiving
groundwater from deep aquifers (Madl-Szonyi &
T6th, 2009). Heliothermic lakes (Ionescu et al.,
1998) and permanently frozen lakes at high latitudes
are often characterized by hypersaline conditions
(Stewart & Platford, 1986). Salinity of continental
saline lakes may well exceed that of the seawater.

Dead Sea (Israel) with its 270-340 g 17! surface
salt content is a typical example of hypersaline, Na™,
Mg ", and CI™ type lakes. In those periods when fresh
waters from the Jordan river dilute the surface waters
by at least 10% (Oren, 1999), Dunaliella sp. is the only
representative of phytoplankton, similarly to Mediter-
ranean saltpans (Asencio, 2013). Taxonomy of the
genus Dunaliella has been still confused and molec-
ular DNA sequence-based approaches have done little
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to solve the problems of the classical morphology-
based taxonomy being D. salina (Dunal) Teodoresco
and D. parva W .Lerche, the most frequently reported
species, both occurring at a wide salt range
(9-200 g 17'; Oren, 2014). According to ecophysio-
logical experiments, their growth optima is lower than
the salinity range of the environments they occur:
~ 60-90 g 17! for D. viridis Teodoresco and
~ 100-150 g 17! for D. salina (Borowitzka, 1981).
Survival of Dunaliella at salinities exceeding its
tolerance limits, caused either by drastic dilution of
the water or drying-up, is assisted by formation of
asexual thick-walled non-motile cysts with bumpy
surfaces (aplanospores) or palmelloid stages encased
in a gelatinous mucilage (Oren, 2014), a multifunc-
tional adaptation tool of phytoplankton (Reynolds,
2007), that allows for survival in the dry sediments.
Observations by remote sensing recorded starts of
blooms originating from shallow areas (Oren & Ben-
Yosef, 1997) and formation of resting stages was
observed during the decline of blooms (Oren et al.,
1995). Dunaliella is a good example for understanding
that evolutionary/biochemical adaptation, survival
and dispersion strategy, and habitat heterogeneity are
all to be regarded when we try to understand the
success of a particular species (Naselli-Flores &
Padisak, 2016; Padisak et al., 2016).

The Great Salt Lake, Utah, is a typical example of
salt lakes with similar ionic dominance as that of the
Dead Sea. Like in other saline lakes, salinity varies in a
wide range (10-160 g 1~") depending on precipitation
patterns. Typical phytoplankton is composed by
chlorophytes (Dunaliella viridis, D. salina, Carteria
sp., QOocystis sp., Treubaria triappendiculata C.
Bernard, Sphaerellopsis sp., Spermatozopsis sp.),
occasionally dinophytes (Glenodinium sp.) with a
number of diatoms of which only Cyclotella sp. and
Chaetoceros sp. are planktic. Cyanobacteria include
Nodularia sp., Microcoleus sp. Pseudanabaena sp.
and Spirulina sp. (Wurtsbaugh & Marcarelli, 2004).
Phytoplankton composition is controlled both by
salinity and nutrients. According to laboratory bioas-
says, the approx. 70 g 17! salt concentration repre-
sents a critical limit. Above this threshold, Dunaliella
is dominating and its standing crop is controlled by the
availability of nitrogen. When salinities drop below
70 g 17!, N,-fixing cyanobacteria (especially benthic
Nodularia spumigena Mertens ex Bornet & Flahault)
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appear and the overall production becomes P-limited
(Marcarelli et al., 2006).

Similar, though less “famous” lakes occur all over
the world, such as Urmia Lake, Iran (Esmaeili Dahesht
et al. 2010) with overwhelming Dunaliella dominance
and occasional presence of diatoms (Nitzschia, Nav-
icula, Synedra). In the hypersaline lakes formed in
abandoned salt mines in the Transylvanian Basin
(Romania) some dinoflagellates and small crypto-
phytes were present typically below 60 g 17! salt
content. Eukaryotic picoplankton dominated the phy-
toplankton in the 61-170 g 1™ salinity range and
above this value Dunaliella became largely mon-
odominant (Somogyi et al., 2014).

Saline-alkaline lakes (often referred to as soda
lakes) are characterized by high pH (over 9) and are
rich in carbonate forms with additional CI~ and
SO,*~. Typical examples are the African lakes famous
about their dense flamingo populations. Salinity in
these lakes may reach extremely high values towards
the end of the drying out periods but rarely exceeds
70 g 17'; pH often exceeds 10. These lakes are
characterized by the almost monodominance of Lim-
nospira fusiformis (Voronichin) Nowicka-Krawczyk,
Miihlsteinova & Hauer (syn. Arthrospira fusiformis
(Voronichin) Komarek & J.W.G. Lund [in early
publications Spirulina, or S. platensis (Gomont)
Geitler]. Limnospira with its large sizes serves as
food for the Lesser Flamingo (Phoeniconaias minor E.
Geoffroy Saint-Hilaire, 1798). It is one of the most
productive phytoplankton species being able to double
its biomass every 11-20 h (Vonshak et al., 1996)
under high temperature and light conditions (Kebede
& Ahlgren, 1996) thus providing a continuous food
supply for the dense Lesser Flamingo populations. In
Kebede’s (1997) turbidostat experiments, in a carbon-
ate-dominated medium and salinity ranging between
13 and 88 g1, this cyanobacterium showed the
highest growth rate at the lowest salinities.

Collapse of Limnospira populations with irregular
(often multi-annual) periodicity was observed in many
African lakes and was explained by various reasons
like changes in salinity, nutrient concentrations, water
level; outcompeting by other species (filamentous
cyanobacteria, coccoid or flagellated algae), attacks by
cyanophages (Peduzzi et al., 2014) or autolysis
(Vareschi, 1982; Melack, 1988; Oduor & Schagerl,
2007; Schagerl & Oduor, 2008). Krienitz and Kotut
(2010) described a similar fluctuation in
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phytoplankton composition in three Kenyan soda
lakes where Limnospira was outcompeted by an
unidentified Anabaenopsis sp. and Picocystis sali-
narum R. A. Lewin, both being previously subdom-
inant. P. salinarum is a particularly important species
when regarding phytoplankton in saline environments.
The species was described only in 2000 (Lewin et al.,
2000) from a saline pond at the San Francisco Salt
Works and later was recorded from a number of saline
environments across almost all continents (Inner
Mongolia—Hollibaugh et al., 2001; Mono lake USA
Roesler et al., 2002; Fanjing et al. 2009; North
Africa—Rihab et al., 2017; Peru—Tarazona Delgado
et al.,, 2017; India—KTrienitz, 2018; Mayotte Island,
Indian Ocean—Cellamare et al., 2018; Bernard et al.,
2019).

P. salinarum has strikingly different morphological
and ecophysiological properties than Limnospira
platensis: it is shade tolerant, much less productive,
tolerates high salinities, is of picoplanktic size,
therefore, unsuitable to be grazed by flamingos
(Palmai et al., 2020) and according to some observa-
tions is able to tolerate cold temperatures (Fanjing
et al., 2009). The species appeared to be sensitive to
salt composition of the medium: growth rates were
significantly higher in a carbonate dominated medium
as compared to a chloride dominated one (Palmai
et al., 2020). Though described from marine environ-
ments (Fawley et al., 2015), Eustigmatophytes of the
genera Nannochloropsis and Microchloropsis may
play a role in extreme saline inland waters as their
presence was supported in e.g. Namibian lakes
(Krienitz, 2018).

Occassionally and especially after Limnospira
blooms diatoms gain dominance in East African saline
lakes (Hecky & Kilham, 1973): Cyclotella menegh-
iniana is common in less concentrated lakes and as
salinity increases Craticula (Navicula) elkab (O.Miil-
ler ex O.Miiller) Lange-Bertalot, Kusber & Cocquyt
and Thalassiosira (Coscinodiscus) rudolfii (Bach-
mann) Hasle and finally Nitzschia frustulum (Kiitzing)
Grunow are typical. Many diatom species occur, or
even reaches bloom amounts such as Anomoeoneis
sphaerophora Pfitzer, in saline habitats of different
origin like soda lakes, marine mudflats, salt evapora-
tion ponds or salt pans and some of them are of
importance for the whole food-web (Krienitz et al.,
2016).

A number of shallow hypo- or mesohaline lakes can
be found at higher latitudes; many of them are astatic
or semiastatic (with annual or interannual frequency
they dry out completely or do not dry out but show
high water level fluctuation depending on precipita-
tion patterns). Their salinity may reach a maximum of
60 g 17", Their “higher than freshwater” salinity is
combined with pH above 9, high inorganic turbidity
and high daily temperature variation. Additionally,
type-specific annual hydrological regime complicates
understanding selective forces driving phytoplankton
changes (Lengyel et al., 2019). Typical examples are
soda pans in the Carpathian basin (see description in
Boros et al., 2014). In these cases it is difficult to
decide that salinity, alkalinity, turbidity or daily
temperature variation is the most decisive component
of their extremity. Some features of their phytoplank-
ton will be mentioned in the chapter “Temperature and
light”.

There are some species, which indicate salinity
increase in hyposaline lakes. One of them is Chaeto-
ceros muellerii Lemmermann appearing in lakes when
conductivity exceeds about 3000 uS cm™' (Calvo
et al., 1993; Padisak & Dokulil, 1994; Barone et al.,
2010). One of the main triggers of the increasing
incidence of Prymnesium parvum N. Carter nuisance
blooms is salinity increase (Roelke et al., 2016).

Temperature and light

Due to physicochemical properties of water, lakes
have a well balanced, slowly changing temperature
climate with variation between 0 and about 40°C in
contrast to terrestrial habitats with much faster and
wider variation of temperatures. According to eco-
physiological studies using combined light-tempera-
ture gradients, low temperatures are allied with
increased shade tolerance with no known exception.
However, cold adapted species reach their maximum
photosynthetic activity at temperatures no higher than
20°C and above this threshold they become light-
inhibited while species adapted to high temperature do
not show light inhibition at all due to their effective
mechanisms to avoid photo-oxidation, as shown by
different models for cases with yes/no photo inhibition
(Webb et al., 1974; Platt et al., 1980).

For the above reasons, phytoplankton is not the best
group of organisms to explore limits of algal life in
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environments characterized by extreme temperatures.
Snow or ice surfaces (low temperature + high light)
allow for development of largely non-phytoplanktic
algal assemblages (Sdwstrom et al., 2002), and
hotsprings (Castenholz, 1969) also support adapted
algal species.

The light-photosynthesis ecophysiological experi-
ments are mostly aimed at exploring optimal growth
conditions therefore the experiments are mostly run in
the temperature range 5-35°C with no or at least little
attention to find upper or lower tolerance limits, which
would be essential for understanding survival or even
success of some species within suboptimal tempera-
ture/light conditions. An interesting example is Aph-
anizomenon flosaquae Ralfs ex Bornet et Flahault, a
common late summer species in eutrophic lakes at
higher latitudes. This species pertained net photosyn-
thesis under extremely dark and cold (2°C) conditions
both in lab experiments and in Nature where it was
observed to bloom under the ice cover (Uveges et al.,
2012).

The poorly explored hydro-physical convectional
movements under long-lasting lake ice (Bouffard
et al., 2016, 2019; Pernica et al., 2017) act as floating
aid for species adapted to grow under such conditions.
A number of species, mostly diatoms, possess this
ability like Aulacoseira spp. and Urosolenia longiseta
(O. Zacharias) Edlund & Stoermer in Lake Pagjarvi,
Finland (Vehmaa & Salonen, 2009); Uroglena sp.,
Stephanodiscus cf. parvus Stoermer & Hakansson,
Asterionella formosa and Aulacoseira spp. in Lake
Vesijarvi, Finland (Salmi & Salonen, 2016); Stepha-
nocostis chantaica Genkal et Kuzmina in Lake
Stechlin, Germany (Scheffler & Padisdk, 2000) and
in Lake Tovel, Italy (Cellamare et al., 2016); Aulaco-
seira baicalensis (K. Meyer) Simonsen in Lake Baikal
(Jewson et al., 2009).

In other permanently ice-covered lakes phytoplank-
ton traits with good floating abilities are characteristic
like flagellated species of chrysophytes, cryptophytes
and chlorophytes or buoyant cyanobacteria (Vincent
& Vincent, 1982; see more details in Izaguirre et al.,
2020).

Convection currents are of major importance in
selection of phytoplankton assemblages in areas where
day-night air temperature difference is high; typically
in the tropical and subtropical regions and/or at high
altitudes. Convectional currents generated at daily
frequency result in a special mixig type: atelomixis
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(Lewis, 1978; Barbosa & Padisak, 2002), which is
either complete (expands to the whole water column)
or partial (restricted to the epilimnion). The regular
daily mixing keep non-motile species, first of all
small-celled desmids and in some cases small diatoms,
in suspension thus making possible to avoid ultimate
sedimentation to the dark layers. ,Atelomictic”
assemblages taxonomically are not monospecific as a
number of species contribute but dominance of the Ny
(Borics et al., 2005; Padisak et al., 2009) functional
group is overwhelming. Case studies are described
from all over world with relevant climate, like Lake
Zirahuén, Mexico (Tavera & Martinez-Almeida,
2005), Dom Helvécio and Carioca lakes, Brazil
(Souza et al., 2008; Barbosa et al., 2011, 2013); Lake
Cuicocha, Ecuador (Gunkel & Beulker 2009); Feitsui
Reservoir, Taiwan (Wu & Kow, 2010); Lake Hayq
and Lake Wonchi, Ethiopia (Fetahi et al. 2010; Degefu
& Schagerl, 2015); Lake Kivu, East Africa (Rugema
et al., 2019).

Geothermal lakes would be ideal for finding
thermoadapted phytoplankton species. However, their
surface temperature rarely exceeds that of the ,,nor-
mally high” (up to 45°C) and most of them are highly
kinetic habitats. Mixing regime, therefore, is probably
a more important selective force than temperature
alone. These lakes will be mentioned in the chap-
ter ,,Mixing regime and turbidity”.

There is another “extreme” that has to be consid-
ered: high UV radiation, which might be of relavance
in high miuntain lakes’ phatopkankton. There are a
number of papers (not reviewed here) dealing with
physiological aspects of this issue, but field observa-
tions are rare. In in situ mesocosm experiments no real
difference was found btween UV exposed and pro-
tected enclosures (Halac et al., 1997). Experiments
with and without natural UV-B radiation using
samples from a high mountain lake species-specific
sensitivities and tolerances were found (Cabrera et al.,
1997): when the mesocosms were exposed to full
sunshine Ankyra judayi (G. M. Smith) Fott reached
highest density while in UV-shaded ones Staurosira
construens Ehrenberg and Fragilaria crotonensis
Kitton were dominant. However, pupulation changes
depended on the longevity the experiments: different
results were obtained in short-, medium- and long-
term exposures. Interesting size dependence was
found in natural phytoplankton from three arctic lakes
(van Donk et al., 2001). Short wavelength radiation
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inhibited growth of small sized species (chlorophytes,
diatoms, picocyanobacteria) and large sized, colonial
or filamentous species like Planktothrix sp., Woroni-
chinia sp, and Uroglena americana Calkins were
apparently stimulated. The reason behind might be
that the distance between the cell surface and the DNA
is shorter in small than in big cells as absorbance of
short wavelengh radiation by intracellulat “sun-
screens” is a function of cell size (Gracia-Pichel,
1994). Observations on the Antarctic marine prymne-
siophyte Phaeocystis pouchettii (Hariot) Lagerheim
found that colonies contained significant amounts of
the UV-absorbing micosporine than the free-swim-
ming single cells of the same species (Marchant et al.,
1991). These results allow the conclusion that
inrceased UV radiation has a substantial impact on
the community composition of phytoplanton (and
because of size dependence on the entire food-web),
but the species selection highly depends on the
original species composition of the habitat.

Mixing regime and turbidity

Periodic mixing is a common event in most lakes.
Generated by temperature gradients developing in the
water masses, it is mediated either by wind (mono, di-
and polimictic lakes) or convective currents (amictic
and atelomictic lakes). Phytoplankton is well adapted
to these periodic changes, which, according to their
frequency and extension act as master driver of
selection of different traits (Reynolds et al., 2002).
In shallow lakes, frequent mixing results in sediment
resuspension and then its effect on phytoplankton
depends on the depth of the lake and on the sedimen-
tation velocity of the resuspended inorganic particles.
If sedimentation is slow, Secchi transparency is
reduced (0.5-20 cm) and the lake are almost always
inorganically turbid. In other words, such lakes are
shallow by their absolute depth but are optically even
more shallow (euphotic depth is permanently smaller
than water depth). Optical shallowness can either be
caused by high algal density or high inorganic
turbidity. Such lakes occur all over the world (see
review by Boros et al., 2017 and literature therein) and
in many cases low transparency is a combined
consequence of high turbidy and hypertrophic condi-
tions resulting in dominance of cyanobacteria. Exam-
ples are Lake Aktas (Turkey) with dominant

Planktolyngbya contorta (Lemmermann) Anagnos-
tidis & Komarek (Ozbay & Kiling, 2008) and Lake
Baringo (Kenya) with Microcystis dominance (Scha-
gerl & Odour, 2003). These cases will not be discussed
in detail since, as was nicely shown by Allende et al.
(2009), inorganic and phytoplankton-caused turbidity
result in very different algal assemblages. Optical
properties alone are not sufficient for characterizing
phytoplankton assemblages (Scheffer et al., 1993).

Most likely because of difficulties in counting
,Utermohl-phytoplankton” in inorganically turbid
lakes, very few papers with species-specific data are
published about their phytoplankton but some exam-
ples are available. Lake Fert6 (Neusiedlersee) is a
mesotrophic, macrophyte-free, inorganically turbid
lake located in Europe, in the wind corridor between
the Carpathian mountains and the Alps with average
depth of 1.3 m and maximal Secchi transparency not
exceeding 20 cm in ice-free periods. Phytoplankton is
dominated by large sized diatoms: long chains of
Staurosira construens Ehrenberg, Campylodiscus
clypeus (Ehrenberg) Ehrenberg ex Kiitzing, Surirella
peisonis Pantocsek (Padisak & Dokulil, 1994). Similar
cases are described from elsewhere with dominance of
Aulacoseira spp. and Closterium aciculare T. West
(Izaguirre et al., 2012) or Licmophora antartica G.
W. F. Carlson (Unrein & Vinocur, 1999).

In very shallow (less than 0.5 m), highly turbid
soda pans, diatoms are represented mostly by several
small-sized, weakly silicified species belonging to the
genus Nitzschia. As day-night temperature variation is
high (Boros et al., 2017) in these lakes, atelomixis
might help these species to be entrained enough for
supporting growth (Lengyel et al., 2015, 2020).

As was evidenced by quatification of phytoplank-
ton both with inverted- and epifluorescence micro-
scopy in Lake Fertd, autotrophic picophytoplankton is
the other main representative of phytoplankton
(Padisak & Dokulil, 1994) in shallow and optically
even more shallow shallow (z., < Zmix), inorganically
turbid lakes. Other studies reported on similar obser-
vations independently from geographic location (Un-
rein & Vinocur, 1999; Allende et al., 2009; Palffy et al.
2014; Somogyi et al., 2017).

As can be revealed from the available data,
inorganically turbid shallow lakes allow for co-
existence of less phytoplankton species than others
with “average conditions”. Species number per
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sample rarely exceeds 10, therefore compositional
diversity is kept low because species number is low.

A small number of functional groups characterizes
these lakes (MP meroplanktonic diatoms: Staurosira,
Melosira, Campylodiscus, Surirella and/or large
desmids belonging to codon N, see Padisdk et al.,
2009) periodically resuspended by winds. These
species spend most of their life-time settled to the
aphotic soft sediments where they may avoid burial
because of their large sizes and winds periodically
resuspend them into the shallow euphotic zone
(meroplankton dynamics; Padisak & Dokulil, 1994).
Photosynthesis of most diatoms saturates at low light
intensities and plankonic desmids, in general, are
among the most shade tolerant species within ,,green
algae”. Additionally, sediment surfaces are richer in
nutrients than the water column which facilitates
nutrient acquisition.

According to Padisak et al. (2009), small Nitzschia
spp. abundant in very shallow lakes belong to codon
C but the strategy they follow in this case is similar to
that of N, members. Benefits are those descibed here
for MP species with the difference that the driving
force of resuspension is not the wind but the
atelomixis. Picocyanobacteria (codon K) fit to these
environmental conditions since they benefit from their
small sizes or, if colony forming, because the organ-
isms’ density is very close to that of the water
(Reynolds, 2007), and therefore, they sink slowly.
Shade tolerance contributes to their success. Subdom-
inant taxa in inorganically turbid lakes can mostly be
allocated to coda F and/or X1. Codon F comprises
species with well deceloped mucilage slowering
sinking rates. A good example is Lake Fert6 with
almost permanent subdominance of QOocystis lacustris
Chodat and occassional presence of such a rare species
as Lobocystis dichotoma R. H. Thompson (Dokulil &
Padisak, 1994; Padisak & Dokulil, 1994). For codon
X1 small sizes and attenuated shape (Padisak et al.,
2003; Naselli-Flores et al., 2020) ensures low settling
velocity. Examples are from Lake Fert6 (Monoraphid-
ium contortum (Thuret) Komarkova-Legnerova, M.
pseudobraunii (J. H. Belcher & Swale) Heynig;
Dokulil & Padisak, 1994; Padisak & Dokulil, 1994),
Lake Aktas, Turkey (M. contortum, M. irregulare
(G.M.Smith) Komarkova-Legnerova; Ozbay &
Kiling, 2008) and Argentinian pampa lakes (M.
contortum; Allende et al., 2009).
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A completely different environmental scenario was
described by Brookes et al. (2013) in Lake Rotowhero,
New Zealand, a 14 m deep geothermal lake receiving
some 10 L s™! of hot water (~ 70°C), which results
in a surface lake temperature of 35.7-37.7°C (diurnal
range). The pH of the lake is 3.5 for geothermic
reasons. The continuous circulation consequent on
geothermal input and atmospheric instability negates
any tendency of thermal stratification, entraining
phytoplankton and dispersing them all over the lake
water. The only phytoplankton species that could build
up a persistent population under such circumstances is
a small, spherical chlorelloid green alga (no genetic
analysis has been conducted for precise identification).

Hévizi-t6 (Hungary) is the largest (7.75 ha) and
deepest (26 m) natural geothermal lake in Europe.
Most of its physical and chemical properties vary in
“average” ranges—surface temperature varies from
20°C (winter) to 32°C (summer); pH 6.9-8.0; con-
ductivity: 634-728 uS cm™'; Ca®" and HCO;™ are
the dominant ions (Vizkelety, 1981). From the point of
view of phytoplankton, the only extreme is the
retention time, which is estimated as 2-3 days. Such
a short residence time does not allow stratification, and
its time-scale corresponds to or less than the doubling
time of natural phytoplankton. This means, that any
planktonic population will be washed out before it
could double, and therefore, the lake does not support
the development of even a monospecific phytoplank-
ton “assemblage”. The only paper (Vizkelety, 1981)
available on the algae of the lake reports on the
presence of a rich algal flora with 78 species; most are
attached to surfaces. Oscillatoria tenuis C. Agardh ex
Gomont and Pseudanabaena papillaterminata (Kise-
lev) Kukk are named as dominants in the open water
samples; none is planktic. Consequence is that at
retention time below 3 days neither phytoplankton
assemblage can develop nor a sufficiently adapted
phytoplankton species can persist.

Hypolimnetic aeration installed in some lakes for
avoiding inconvenient consequences of anaerobic
conditions may generate similar mixing conditions
as in Lake Rotowhero or in the Hévizi-t6, however, no
general pattern arises. Not surprisingly, such a man-
agement favors non-buoyant diatoms or at least
extends the longevity of the spring diatom bloom
(Webbetal., 1997; Kozak et al., 2017). In another case
three species of cyanobacteria [Limnothrix redekei
(Goor) Meffert, Pseudanabaena limnetica
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(Lemmermann) Komarek and Aphanizomenon gracile
Lemmermann] dominated in the phytoplankton.

General discussion

Inland waters offer very different habitats for phyto-
plankton growth: almost all, or probably all, of their
ecologically relevant environmental parameters can
reach more extreme values than observed in the sea,
could it be salinity, acidity/alkalinity, DOC content,
turbidity, mixing regime or trophic status.

Selection of assemblages under the ,,given” envi-
ronmental conditions is much more complex than
could be explained by individual adaptation to a
singular constrain, though, some of these constrains
may be so strong that requires special biochemical and
physiological adaptations. Probably the best example
is Dunaliella salina in highly saline, or Ochromonas
spp. +Chlamydomonas spp. in highy acidic waters.

A number of environmental variables were consid-
ered in this review. However, it is often difficult to
substantiate phytoplankton response to the extremes of
these variables since multiple stress is common. For
example, in acidic mining lakes besides the low pH,
concentrations of sulphate, aluminum, iron and other
heavy metals are several orders of magnitude higher
than those typical in circum-neutral lakes and col-
oration might also be important (Weithoff et al.,
2010). In other lakes, high humic material content with
its consequences on light climate contributes to
extremity set by acidity. At the other edge of the pH
scale, highly alkaline lakes are often saline and,
additionally, many are astatic requiring adaptation to
survive desiccation periods (Incagnone et al., 2015).
These constraints alone or in combination offer highly
selective environments suitable only for a limited
number of species with relevant morphological,
physiological and biochemical adaptations. This
determines an important feature of their phytoplank-
ton: low species number and low compositional
diversity (Fig. 1).

In the particular papers cited in this review two
common features related to phytoplankton emerge:
uncommon structure of food-webs and high frequency
of equilibrium/steady state phytoplankton
composition.

Food webs

Food-webs of extreme environments are often referred
to as “simple”. Indeed, food-webs are markedly
different from those typical in “average” pelagic
ecosystems but it does not mean they would be simple
either because the microbial food-web is dominant and
rather complex or because top predators are birds.
Weithoff et al. (2010) found a nice example of indirect
competition between Ochromonas and Chlamy-
domonas in acidic mining lakes: the osmo-mixo-
trophic Chlamydomonas competed with bacteria for
dissolved organic carbon and the phago-mixotrophic
Ochromonas grazed on bacteria. Other components of
the food web consisted of two rotifers, and heliozoans
represented the top predators at pH 2.6-2.9 (Bell et al.,
2006). As shown by Wollmann et al. (2000) in similar
environments, as pH raises to 3.4-3.8, the complexity
of the food-web increases and the pelagic-benthic
coupling gains increasing importance.

Food-webs in saline lakes are at first sight simple.
In salt lakes, algae are grazed by brine shrimp
(Artemia species complex), which then are finally
consumed by a variety of birds, e.g. the eared grebes
(Podiceps nigricollis Brehm, 1831; Belovsky et al.,
2011). In the African saline-alkaline lakes the Lim-
nospira — Lesser Flamingo is the dominant trophic
pathway. After periodic collapses of the Limnospira
population flamingoes graze on other algae if they
reach the minimum grazeable size (about 20 pm)
otherwise, as is the case when Picocystis gains
dominance, they abandon the lake with all its touristic
and economic consequences. Just a note: this is an
interesting case when grazeability is set by the smaller
and not by the highest threshold value of the main
predators. However, after collapses of the Limnospira
blooms otherwise benthic diatoms can be considered
as functionally planktonic (Hecky & Kilham, 1973)
though not all of them are sufficiently big for reaching
the lower grazeable limit for the lesser flamingoes. An
interesting example is the meroplanktonic Opephora
in saline waters of Namibia, which falls into the lower
size range of edibility by the top predator. Many small
cells, not held by the filter lamellae, form the inoculum
for a sizeable Opephora population in salt evaporation
ponds (Krienitz et al., 2016).

In many other saline habitats Greater Flamingos
(Phoenicopterus ruber Linnaeus, 1758) are filter-
feeding on the brine shrimp Artemia salina, which is
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Fig. 1 Response of phytoplantkon community attributes to combined effect of salinity increase, pH increase and desiccation (modified

from Fig. 3 in Afonina & Tashlikova, 2020)

based on Dunaliella e.g. in Camargue, Rhone Delta,
France (Britton et al., 1986) but these cases will not be
discussed here since these water bodies typically get
seawater. In both salt and saline-alkaline lakes birds
act as top predators of the “simple” food webs. The
case is similar in the very shallow soda pans of the
Carpathian basin: a diverse assemblage of migratory
aquatic birds have a profound impact on the nutrient
load and —cycling of the whole ecosystem (Boros
et al., 2008a, b; Horvath et al., 2013) especially that
many dries out periodically and therefore cannot
support fish populations.

Relationship of Reynolds’ functional groups
to assemblage composition of extreme habitats

Development of the functional group concept has long
roots starting with Reynolds’ publications (Reynolds
1980, 1984) and finally summarized in Reynolds et al.
(2002) has doubtlessly been a milestone in phyto-
plankton ecology. When developing the concept, the
following constraints were considered: depth of the
surface mixed layer, mean daily irradiance levels,
water temperature, the concentrations of soluble
reactive phosphorus, dissolved inorganic nitrogen,
soluble reactive silicon, dissolved carbon dioxide and
the proportion of the water processed each day by
rotiferan and crustacean zooplankton. Evidently, the
functional group concept was developed for “average
conditions” as seen, for example, from that salinity
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was not listed. During the preparation of this paper, we
tried to link species occurring in extreme environ-
ments to the functional group concept, however with
little success especially at the margins of the variable
ranges. This is not surprising, since adaptation to such
conditions often needs special biochemical settings,
which are species-specific. Substantial ecophysiolog-
ical differences occur within species (ecotypes; see
e.g. Piccini et al., 2011; Miotto et al., 2017), and within
species of the same genera (Kust et al., 2015; Lengyel
et al., 2020)—all belonging to the same functional
group. Minor differences between ecophysiological
tolerance levels may basically determine dispersal
opportunities (Lengyel et al., 2020) or even compe-
tition between species of different functional groups
can be strain dependent (Marinho et al., 2013).
Additionally, the food-web structure is markedly
different in such lakes with absence or of subordinate
role of common grazers (like rotifers and crustaceans).
These considerations were not meant for being critics
for Reynolds’ functional group concept. No theory is
known in natural science, which could be applied
outside its scales. Humankind could never reach a
planet far away from the Earth using Newton’s
mechanics and, in return, if we experience that a
snooker table is not flat enough it is much wiser to call
for a joiner than to start space warp calculations.
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Species number, compositional diversity,
equilibrium/steady-state

Due to the inhomogeneity of species-specific data and
rarity of “complete” species list along with compa-
rable abundance (biomass) data, it is practically
hopeless to outline general environmental variable-
species number relationships for the afore discussed
environmental constraints not talking about other
habitat features (e.g. lake size, see Borics et al,
2018), which may strongly interfere with species
richness. However, plenty of case studies demon-
strated species number decrease towards the edges of
variable ranges.

As was demonstrated earlier, along the pH range
both extreme edges limit species number to 1-3
species: to an Ochromonas-Chlamydomonas assem-
blage in acidic edge, and to mostly Limnospira and
Anabaenopsis assemblage in alkaline (Ballot et al.,
2004, 2005; Tittel et al., 2005; Krienitz et al., 2013a).
A marked difference between hyperacidic and hyper-
alkaline conditions is the productivity of phytoplank-
ton in these lakes: very high phytoplankton biomass
can develop in the latter ones, while acidic lakes are
often dystrophic with low phytoplankton biomass.
High level of salinity selects ultimately to a
monospecific phytoplankton, Dunaliella. However,
very low salt content does not seem to influence
species number as exemplified, e.g. by the species rich
phytoplankton of Lake Baikal with its low conductiv-
ity (Kozhov, 2013). Continuous deep mixing appears
also highly selective leading to monospecific phyto-
plankton (e.g. Brookes et al., 2013).

Compositional diversity as measured by the Shan-
non—Wiener function depends both on the species
number and on the evenness: distribution of species
within the whole sample (Ortiz-Burgos, 2016). As
species number is low in extreme environments,
compositional diversity is also low. Same for the
evenness: when one or some (few) species are highy
dominant, diversity is also low. As a consequence, a
common feature of extreme environments is the low
compositional diversity.

Conditions for establishment of low-diversity equi-
librium/steady state phytoplankton assemblages was
thoroughy discussed during the IAP workshop orga-
nized in Castelbuono Italy/Sicily, 2002 (Naselli-
Flores et al., 2003). By definition, such assemblages
can be identified if no more than 3 species contribute at

least 80% to total biomass and this condition prevails
for at least 3 weeks (Sommer et al., 1993). Conclusion
of these studies was that development of equilibrium
phases in phytoplankton assemblages of “average
lakes” is rare and if occurs, it is the most probable late
summers with dominance of a species belonging to
cyanobacteria. The underlaying reason is either a
specialized strategy (diurnal migration between the
surface and the sediment combined with tolerance of
high light; Microcystis) or high level of shade
adaptation [Raphidiopsis raciborskii (Wotoszynska)
Aguilera, Berrendero Gémez, Kastovsky, Echenique
& Salerno; Planktothrix agardhii (Gomont) Anagnos-
tidis & Komarek], but other explanations are also
abundant.

As follows from the low diversity (low species
number combined with high dominance of one or few
species) in extreme lakes, equilibrium phases must be
presistent or at least prevail during most of the time.
Cyanobacterial dominance in extreme lake environ-
ments appears typical in saline-alkaline lakes and such
equilibria last long. For example, Limnospira fusifor-
mis and Anabaenopsis sp. contributed to total biomass
for at least 7 years in Lake Oloiden, East Africa
(Krienitz et al., 2013a) and a Limnospira fusiformis,
Anabaenopsis sp. and Cyanospira assemblage for
6 years in Lake Nakuru (Krienitz et al., 2013Db).
However, cyanobacterial equilibria are not typical in
lakes with other kinds of extremes. In acidic coal-mine
lakes the Ochromonas—Chlamydomonas assemblage
is frequent and even if the assemblage consists of more
than two species(complex), dominance of only several
is high. For example, in the volcanic-acidic Lake
Caviahue, Patagonia, 5 species (Chlamydomonas sp.,
Viridella sp., Chloridella sp., Keratococcus rhaphid-
ioides (Hansgirg) Pascher and Euglena mutabilis F.
Schmitz) were recorded in the phytoplankton but
during the 6 years of the observations in no case more
than 3 of the above species contributed to more than
80% of phytoplankton biomass (Beamud et al., 2010).
Therefeore, even if species contributions changed the
equilibrium was persistent.

In conclusion, at the edge of extremes single (stress
tolerant) species with appropriate biochemical and
physiological adaptations are selected and monodom-
inant phytoplankton often occurs. Under less but still
extreme conditions permanent equilibria persist—in
many cases over years. Long lasting equilibria make
quite a contrast to ,,average” lakes where these are rare
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and ephemeral. Phytoplankton in extreme environ-
ments are similarly exposed to variation of seasons
and weather than ,average lakes”. However, the
single (or combined) extreme condition that shapes
their species composition and dominance levels
appears to be much stronger than stochasticity of
common disturbances and this leads to their biotic
permanency.

It is implortant, however, to realize that establish-
ment of equilibrium/steady states imply different
mechanisms in ,avarage” and extreme lakes. In
common cases the ephemeral equilibrium is resulted
from competitive exclusion (Naselli-Flores et al.,
2003 and references cited there) and under extreme
conditions individual physiological adaptation of
some (one or few) species’ stress tolerace is the main
driver.

It does not mean that these phytoplankton assem-
blages would not change. They do, depending on
severely extreme conditions and, as ecophysiological
research documented, minor differences in ecophys-
iological properites may change competitve abilities
under the threat of the climate change (Lengyel et al.,
2020).
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