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Abstract Both natural and anthropogenic processes
can lead to the increasing salinity of surface waters.
The knowledge about the ecological consequences of
salinization on the biota is limited especially in case
of microbiota, like diatoms. We collected the exist-
ing knowledge about the relationship between salinity
and diatoms in fresh and saline waters. Based on the
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available papers, conductivity and ion composition
are the most important variables shaping diatom com-
munities. Secondary salinization can mask regional
differences in diatom assemblages. Trait-based analy-
ses highlight the competitive advantages of motile
guild and the extreme trait categories in these environ-
ments. The increasing conductivity along a wide con-
ductivity scale decreases the alpha-diversity. Salini-
zation induces the spread and invasion of marine
and brackish species into inland freshwaters as well
as that of freshwater species tolerating elevated con-
ductivity and/or need specific ions. Concerning food
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webs, salinity can directly change diatom communi-
ties and the subsequent upper trophic levels but most
likely this effect manifests as a top-down regulation.
Applicable diatom indices are available to assess the
level of salinization. Furthermore, diatom-inferred
salinity reconstructions are widely applied to assess
the past changes of salinity. However, future models
predicting ecological consequences of salinization are
scarce and sometimes contradictory.

Keywords Salinity - Diatom composition -
Diversity - Ecological status - Invasion - Predictions

An overview of salinization

Salinity is one of the main factors controlling Earth’s
life (Bradley, 2008). In contrast to the open sea, a
permanent environment, salinity of inland waters
changes six orders of magnitude from almost dis-
tilled to hypersaline water (Hammer, 1986). The
ion content of surface waters and the composition
of the major ions are determined by natural factors
such as bedrock of the watershed, rainfalls and aer-
osol deposits (Williams, 2002; Millan et al., 2011)
(Fig. 1.). Freshwaters are dominated mainly by Ca>*
and HCO;™, athallassic, saline lakes by Na* (and
Mg?*) and CI~, while soda lakes by Na™ and HCO;™ /
CO;* / CI” or SO,> (Grant et al., 1998) showing a
high variability in salt composition (Schagerl, 2021).
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Fig. 1 Schematic figure of surface water salinization
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Permanent and ephemeral saline lakes may develop
in endorheic basins (10% of the global land area),
where, on average, the evaporation is higher than the
annual average rainfall (Schagerl, 2021). This process
is the natural (primary) salinization, which is con-
trolled by the glacial and interglacial cycles occurring
during the Earth’s history (Herbert et al., 2015). Tidal
influences, seasonal cycles, windy and rainy events
can also influence this process (Rengasamy, 2006).
Human activities interfere with the global hydro-
logical- and salt cycles leading to man-made
increases in salinity of inland waters, sometimes even
modifying the salt composition, which is known as
secondary salinization. Vegetation clearing on the
catchment areas, water extractions (agricultural irri-
gation from surface waters, lowering the groundwater
table by pumping), fertilizers, agricultural and indus-
trial wastewaters (Liu et al., 2020), rising of the saline
groundwater (Wagner et al., 2013), mining activities
(Bak et al., 2020), road (especially at high latitudes or
altitudes) and airplane salting (Kaushal et al., 2005),
accelerated weathering of rocks by acid rains, erosion
of impervious surfaces and hydromorphological mod-
ifications can significantly increase the dissolved salt
content of the surface waters (Kaushal et al., 2021)
(Fig. 1.). These activities not only increase the salin-
ity of waters but also change pH and alkalinity (Haq
et al., 2018; Kaushal et al., 2018, 2019), and mobilize
toxic heavy metals (Schuler & Relyea, 2018; Kaushal
et al., 2019). Finally, in these altered and salinized
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environments biota will be characterized by more
intense metal uptake due to their modified osmoreg-
ulation (Grosell et al., 2007). Salt can also stimulate
eutrophication (it mobilizes the N and P forms; Duan
et al., 2012) and reduce carbon storage (Herbert et al.,
2015), which has serious consequences for the water
quality (van Dijk et al., 2019).

Mediterranean climate regions characterised by
low net rainfalls, warm, dry conditions; (Ondrasek
and Rengel, 2021) are especially impacted by salini-
zation (Benson et al., 2019). Runoff events, prolonged
droughts and seasonal low river flows support this
process (Prat & Munné, 2000), and even large rivers
turn to saline or brackish conditions in these regions
(Beatty et al., 2011). The climate change induced
increased global temperature, changes in the dis-
tribution and intensity of precipitation, enhanced
evaporation, evapotranspiration, frequent and severe
droughts, accelerated run-offs and altered cloud for-
mation result in further changes of hydrological cycle
of waters, which have already intensified and globally
extended salinization for humid regions and several
types of aquatic ecosystems (saline lakes, freshwa-
ter lakes, reservoirs, wetlands and running waters;
Caifiedo-Argiielles, 2020). The drought-induced
salinization (Chamberlain et al., 2020) combined
with other environmental constraints (e.g., pollution,
acidity) alters aquatic ecosystems (Cafiedo-Argiielles,
2020) and threatens the general ecosystem resilience
(Ondrasek & Rengel, 2021).

Freshwater secondary salinization was experienced
already by the ancient civilizations (Mesopotami-
ans; Jacobsen & Adams, 1958) and has led to major
environmental, economic and social tensions (drink-
ing water supply, economic development; Guo et al.,
2015) of the Anthropocene (Kaushal et al., 2021).
This phenomenon is defined as Freshwater Saliniza-
tion Syndrome (FSS) by Kaushal et al. (2019). Never-
theless, the increasing salinization was neglected over
a long time compared to other water quality problems
such as the acid rain or the eutrophication (Kaushal
et al., 2021). Recently, one third of the global fresh-
water bodies could be affected by salinization
(Canedo-Argiielles, 2020).

The residence time of salt ions in waters is con-
siderably longer than was expected previously
(Cooper et al., 2014). Even if we reduce or elimi-
nate them, e.g., the usage of road salt, the salt ions
will remain in waters for decades (Kelly et al.,

2019). Salinity of waters is easily measured and
monitored, however, knowing how it alters eco-
systems is more crucial than simply detecting the
ion content. Namely, the effects of salinization on
waters are mostly irreversible: the natural features
of the water bodies are altered which induce a cas-
cade of biological and ecological changes (e.g., bio-
diversity loss, taxonomic replacement, toxic effects;
Williams, 2001) at population, community and
ecosystem levels (Cafiedo-Argiielles et al., 2019).
Freshwaters are very sensitive to even a small rise
of salt concentration because their biota are adapted
to relatively constant ion concentrations and ratios
(Cafiedo-Argiielles, 2020). However, our knowledge
about impacts of salinization is limited from eco-
logical and evolutionary perspectives (Cunillera-
Montcusi et al., 2022).

Diatoms are excellent indicators of environmen-
tal changes. Their response through compositional
alteration was already applied in the understanding
and management of surface water eutrophication and
acidity (e.g., Stroemer and Smol, 2010). Neverthe-
less, primarily macroinvertebrate and zooplankton
communities are in the centre of recent salinization
studies. Microorganisms like diatoms are a neglected
part of these researches despite their key role in eco-
system functioning as primary producers (Cunillera-
Montcusi et al., 2022) and as indicators of salinity
(e.g., Pan et al., 1996). This is the first study, which
reviews the effects of salinization on diatoms (Fig. 1.)
covering the whole salinity gradient from oligohaline
to highly saline waters by collecting knowledge to
reveal and handle the global challenge of salinization.
In this review, first, we focus on the halobion systems
in the diatom research history, then, we reveal the
salinization induced community level changes from
a taxonomical and functional point of view in fresh
and saline ecosystems. We highlight the dispersal and
invasion of diatom species as well as the changes in
the food webs driven by increased ion content. More-
over, the salinity-related diatom indices in ecologi-
cal status assessment were also collected. Finally, we
focus on the past salinity reconstructions and future
modelling of salinity using diatoms.

Conductivity is generally used as a proxy for salin-
ity (total ion content of the water), which is easily
measurable in the field and widely applied in most
of the diatom studies revealing the effect of salinity
on diatoms. In order to compare the results across
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studies we uniformly used the conductivity and its
unit for indicating the salinity level of different eco-
systems by applying approximate conversions of Her-
bert et al. (2015). Species names of diatoms was used
as was mentioned originally in the cited literature, but
we provide the new names and the authors in the sup-
plement (Supplement 1).

Diatom species along the salinity gradient —
classification systems

Perhaps the first pioneer study mentioning the rela-
tion of diatom communities and salinity is the one
by Ehrenberg’s (1836), which classified species as
marine or freshwater. During the twentieth cen-
tury, several classification systems were developed,
which differ in calculation of the salinity spectra in
terms of numbers of individuals (Hustedt, 1957) or
species (e.g., van der Werff & Huls, 1957-1974), or
the system was based on the salinity optima (Kolbe,
1927), or the salinity tolerances of species (Simon-
sen, 1962) (Table 1). Many of the early studies were
conducted in and around the Baltic area (e.g., Hei-
den, 1914), which then were difficult to adapt in
other localities different from the Baltic area (e.g.,
Proshkina-Lavrenko, 1953; Carpelan, 1978). There-
fore, these systems were modified from time to time
resulting in the emergence of new systems (Table 1).
Halobion systems were refined by (i) modification
(new subdivisions and boundaries) of the categories
(e.g., Ehrlich et al., 2016); Hustedt, 1957; Hustedt,
1957; Vilikangas, 1926; or (ii) by adapting them for
specific regions (e.g., Hustedt, 1957, Van der Werff
& Huls, 1957-1974). Furthermore, Dahl (1956) rec-
ognized (iii) the importance of the fluctuation of
salinity, which was appeared in Carpelan’s systems
(1978), similarly to den Hartog (1974), who (iv) took
the importance of continuity or discontinuity of the
transition between fresh and sea water in consid-
eration and established nine main brackish habitats.
Moreover, it has been clear all over the time that the
salinity is not the only factor determining the distri-
bution of the species and (v) there was a need for a
classification recognizing and reflecting the effect
of more than one factor (e.g., pH, temperature;
Proshinka-Lavrenko, 1953; Carpelan, 1978). Another

@ Springer

problem of the classification systems was that they
contained relatively few taxa (e.g., Kolbe used 308
species, of which 60 are precarious) thus, over time,
many researchers (vi) supplemented the existing sys-
tems with further taxa (e.g., Klock, 1930; Petersen,
1943; Proshinka-Lavrenko, 1953; Cholnoky, 1968;
Pankow, 1990).

Diatom species occur in the whole range of salin-
ity, however, most of them have distributional lim-
its near the overlap of the subsaline and hyposaline
ranges (Fritz et al., 2010; Fritz, 2013). It is clearly
seen from classifaction systems that at least two
important salinity thresholds exist (0.2 and 5-7 g
17! [370 and 7900-11,000 pS cm~']) limiting their
distribution. These breaks represent discontinuities
in the diatom composition (Juggins, 1992), as well
as marked decrease in species diversity (Remane &
Schlieper, 1971).

Anyway, Kolbe’s (1927), Hustedt’s (1957) and
Simonsen’s (1962) halobion classifications are the
commonly and widely applied ones (having 356, 632
and 283 citations up to date according to the Google
Scholar on January 2023), which provided a good
basis for applications and developments of new sys-
tems, in paleolimnology as well (e.g., Gasse et al.,
1987; Denys, 1991; Haila et al., 2006). Despite the
abundance of classification systems, many schemes
still have problems such as allochthoneity and impre-
cision in quantitative interpretation, which reduce
their accuracy and resolution (Juggins, 1992). More-
over, several taxa have remained unclassified and
sometimes the classifications are inadequate/dubi-
ous, or the species can belong to different categories
depending on the halobion systems selected or due
to the lack of sufficient distributional information.
Furthermore, the consideration of long-term changes
in salinity level seems to be also necessary to reveal
the real verification of the species’ requirements and
tolerances, which can lead to a need for changes in
the halobion classification (e.g., Fragilaria famelica
and Halamphora sydowii; Zelazna-Wieczorek et al.,
2015). As a summary, the halobion category of the
species should be taken into account only with a very
due care and it is clear that these classification sys-
tems should be revised because of their aforemen-
tioned shortcomings.
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g Changes in species composition
>
jé 2 Freshwaters
wn
T: Natural, geological background
on
g ‘5 E Beside the fact that marine, brackish and freshwater
= environments host different species, significant com-
g . positional changes can be identified within narrower
|2 = (e.g., freshwater conditions) scales, too. The type of
é: % 2 é bedrock of the catchment area is the main natural
S|E & ,%’ driver determining the water’s ionic composition,
_ conductivity, pH and thus, the diatom composition
T (Ziemann, 1997). In order to study this effect, large
&: spatial scale studies have been conducted covering
= both calcareous and siliceous watersheds and sup-
a 3 ported their significant role in diatom distribution
% (Patrick & Reimer, 1966; Sabater & Roca, 1990,
‘é g :% 1992; Potapova & Charles, 2003; Urrea & Sabater,
'53 E é E 2009; Mirzahasanlou et al., 2021). Urrea & Sabater
SlEEm (2009) showed that river sites in the two watershed
types differed remarkably in terms of species: Cym-
2 = bella affinis, Diatoma moniliformis, Diploneis oblon-
E» - ﬁ § f gella, Encyonopsis microcephala and Gomphonema
% 9| g ;D'r ; olivaceum in calcareous waters and Melosira varians,
= |7 ° - - Navicula capitatoradiata and Staurosirella pinnata in
) - E the siliceous waters. It is important to emphasize that
:c; g ;i E . the community shaping effect of conductivity was
g E g g E £ g much stronger for the silicious subcatchment (Urrea
Slgg2 (2 = < & Sabater, 2009).
Eé Ion preference
=} (=]
© E E Conductivity and ion composition as the most impor-
) P . tant variables shaping diatom communities was high-
= 5 ‘é lighted quite early (Cholnoky, 1968), and then have
E = i§ E been repeatedly shown in several studies (Pan et al.,
;:) -‘é‘ 580(7) g 2 1996; Carpenter & Waite, 2000; Winter & Duthie,
Sl&35 =7 2000; Almeida, 2001; Trobajo, 2004; Soininen,
— c o= 2007; Soininen & Weckstrom, 2009; Bere & Tundisi,
‘?0 - % g g § § 2011b; Potapova, 2011; Virtanen & Soininen, 2012,
- § % g' 5 &e Srivastava et al., 2017, Ali et al., 2018). Even at low
E v g %‘) § 20 50%0 salinity level, the effect of salinity on diatom commu-
=) 3 g &F°="~7 nities is well documented (Soininen, 2002; Virtanen
g o~ & Soininen, 2012; Heikkinen et al., 2022) and already
§ g § 8 . 2 E é a 0.5 mg 17! additional salt content can change the
- 2 53 § .E g T’% Ei community structure of diatoms (Dixit et al., 1999).
2 ; E 23 % g 5 However, understanding the exact effect of salinity
E131882sl& 37 on species composition and ecosystem functioning
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in freshwaters have remained a big challenge (Cas-
tillo et al., 2018) including the need (i) to separate
the effects of the different components of salinity and
thus, (i-a) to distinguish the natural components from
anthropogenic ones and (i-b) to separate the effects of
salinity related pollution from, e.g., eutrophication or
organic pollution.

The most comprehensive attempt to disentan-
gle these mixed effects and to get a detailed insight
of the importance of ionic composition, is a study
covering > 1100 river sites in the United States with
a conductivity range from 10 to 14,500 pS cm™!
(Potapova & Charles, 2003). First, a general con-
ductivity gradient, regardless the ionic composition
was identified in accordance with other studies (e.g.,
Negro & De Hoyos, 2005; Soininen, 2007; Bere &
Tundisi, 2009). Species associated with high con-
ductivity in Potapova & Charles (2003) were, e.g.,
Biremis circumtexta, Denticula kuetzingii, Nitzschia
bita, N. umbonata, Tabularia fasciculata. The next
most important observation was a specific gradient
of monovalent-to-divalent cation ratio, namely Ca**,
Mg?* to Na* and K* (e.g., Bere & Tundisi, 2011b;
Bere, 2014; Riato et al., 2017; Vanhoutte et al., 2006).
Diverse communities were associated both with
high levels of Mg?** and Ca*" (e.g., Nitzschia palea,
Gomphonema parvulum, Planothidium lanceolatum,
Caloneis hyaline) and low concentrations of these
ions (Eunotia spp., Pinnularia spp. and Aulacoseira
spp.) (Potapova & Charles, 2003; Bere & Tundisi,
2011b). However, those taxa with preference to high
Mg** proportion (e.g., Biremis circumtexta, Nitzschia
umbonata, Cymatopleura apiculata, Sellaphora
pupula var. elliptica, Navicula exilis, Simonsenia
delognei) were also found at high conductivity val-
ues (Potapova & Charles, 2003). Moreover, K*:Ca?*
ratio determines the distribution of euryhaline diatom
species like Amphiprora alata, Achnanthes brevi-
pes, Bacillaria paradoxa, Melosira nummuloides
and Nitzschia sigma. In the study of Potapova &
Charles (2003) the proportion of CI~ correlated well
with that of Na™ and K* and it is worth to emphasise
since several studies found this ion as one of the most
important ones in affecting diatom compositions,
favouring some characteristic species like Diatoma
vulgaris, D. moniliformis and D. mesodon (Bere &
Tundisi, 2011b; Stenger-Kovacs et al., 2013; Kokai
et al., 2015; Tapolczai et al., 2021). CI” may origi-
nate not only from anthropogenic sources, but also
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from natural ones like from terrestrial biotopes due
to enhanced chemical weathering (Kamenik et al.,
2001; Heikkinen et al., 2022), which was favoured by
several diatom species (Cavinula jaernefeltii, Stauro-
sira pseudoconstruens, Pseudostaurosira subsalina)
in Arctic ponds (Heikkinen et al., 2022). An inter-
esting finding of Potapova & Charles (2003) is that
taxa with high Na* and CI~ proportion preference can
have either very low (e.g., Psammothidium helveti-
cum or several acidophilus Eunotia spp. from coastal
soft-waters), or high (Navicula salinicola from saline
rivers from the arid region) conductivity optima.
Another gradient from SO,*~ to HCO;™+CO0;>~ can
further influence diatom community (e.g., Hancock,
1973; Sabater & Roca, 1990; Verb & Vis, 2000; Van-
houtte et al., 2006; Urrea & Sabater, 2009). This gra-
dient was found to correlate with mining discharge
contamination and species like Diatoma moniliformis,
Biremis circumtexta, Ctenophora pulchella, Brachys-
ira microcephala, Eunotia exigua and Stenopterobia
delicatissima (Potapova & Charles, 2003).

Effect of trophic status

Beside the salinity constraint, the other major envi-
ronmental factor controlling benthic diatom assem-
blages is the trophic level independently from region
or habitat type (e.g., Dixit et al., 1999; King et al.,
2000; DeNicola et al., 2004; Urrea & Sabater, 2009;
Bere & Tundisi, 2011b; Srivastava et al., 2017) and
their interacting effect cannot be neglected. For
instance, under low ion content, elevated nutrient
concentrations do not promote the dominance of the
otherwise eutrophic Nitzschia or Navicula species
(Soininen & Niemeld, 2002). In lakes, the selection
of the dominant diatom species during the spring
bloom largely depends on morphometric proper-
ties of the given lakes and their trophic state. In oli-
gotrophic lakes typically small-sized Cyclotella spp.
provide the spring bloom (Reynolds et al. 2002; see
species-specific examples in Padisak et al., 2009), but
species selection depends on whether the lake is base-
poor and alkaline, Ca-rich lakes. For example, Cyclo-
tella tripartita is an uncommon species occurring
only in alkaline, oligotrophic, northern circumpolar
lakes (Scheffler & Padisak, 1997). In mesotrophic-
eutrophic lakes, some species of mostly Aulacoseira
and Stephanodiscus are typical with no clear prefer-
ence to salt quality and content. In shallow, eutrophic,
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turbid habitats the spring bloom is characterized by
small-sized, elongated diatoms, mostly representa-
tives of the genera Fragilaria/Synedra and Nitzschia
spp., which are also typical in, e.g., shallow soda
ponds in the Carphatian basin (Stenger-Kovécs et al.,
2014).

Effect of landuse

Secondary salinization overwrites and masks regional
differences and homogenize impacted sites (Urrea
& Sabater, 2009) with pollution tolerant taxa (e.g.,
Navicula lanceolata, N. cryptotenella, N. gregaria,
N. veneta, Nitzschia frustulum, N. palea, N. amphibia,
Surirella angusta) regardless of geochemistry (Car-
penter & Waite, 2000; Toman et al., 2014). In ponds
highly impacted by agricultural land-use Fragilaria
spp. were found to dominate and their abundance
showed the strongest, positive correlation with con-
ductivity (Della Bella & Mancini, 2009). The effect
of elevated conductivity by land-use and the selec-
tion of conductivity-tolerant taxa (Nitzschia palea,
Gomphonema acuminatum, G. parvulum, Sellaphora
pupula, Nupela praecipua, Planothidium lanceola-
tum, Fallacia monoculata, Pinnularia subcapitata,
Rhoicosphenia abbreviata, Cyclotella meneghini-
ana, Conticribra weissflogii) was shown by several
authors (e.g., Michels et al., 2006; Walker & Pan,
2006; Chessman & Townsend, 2010; Bere & Tundisi,
2011a; Mangadze et al., 2015; Stenger-Kovics et al.,
2020; Tapolczai et al., 2021). Diatom assemblages
characteristic of different salinity regimes caused by
land use can be also identified: e.g., Amphora coffe-
aeformis, Hantzschia baltica and Navicula salinicola
were commonly associated with hypersaline condi-
tions (Taukulis & John, 2006).

Effect of mining

Coal mining can extremely increase the salinity of
waters (Smucker & Vis, 2009), sometimes to the
level of marine environments (Bak et al., 2020). At
this high salinity level, occurrence of brackish-marine
or invasive species, like Pleurosira laevis, Cte-
nophora pulchella, Achnanthes brevipes var. inter-
media, Pleurosigma salinarum, Halamphora cof-
feaeformis (Bak et al., 2020) and Navicula flandriae
are reported (Halabowski et al., 2021). Schroder et al.
(2015) defined a threshold around 1200 pS cm™! as

a clear change in the diatom community composi-
tion, with some species favouring higher conductivity
like Amphora libyca, Bacillaria paxillifera, Navicula
subhamulata, Nitzschia inconspicua, Rhoicosphenia
abbreviata. Potapova & Charles (2003) found that
high values on the defined SO,*/(HCO;™ +CO,*")
gradient were represented by typically halophil-
ous and acidophilus taxa (Diatoma moniliformis,
Biremis circumtexta, Ctenophora pulchella, Brachy-
sira microcephala, Eunotia exigua, Stenopterobia
delicatissima) indicating the coal mining discharge
pollution in US streams. Gold mining can also sig-
nificantly increase the ion content of the otherwise
low-conductivity streams favouring the occurrence
of, e.g., Navicula capitatoradiata, Luticola mutica
and Surirella spp. (Potapova, 1996). Even 10 years
after the termination of the mining activities, the
extreme saline conditions still influenced the diatom
assemblages with presence of halophilic diatom taxa
(Achnanthes thermalis, Navicula incertata) and it
reduced the chrysophyte cyst/diatom valve ratio (Per-
rett et al. 2021). Salt mine operations also modify
the diatom assemblage resulting in high abundance
of Nitzschia frustulum, Surirella ovata and Navicula
atomus (Sabater et al., 1987). Post ore mining reser-
voirs are impacted with high pH, conductivity, SO,>~,
Na* and K* levels favoured several centric species
(e.g., Thalassiosira duostra, Stephanodiscus bina-
tus, Discostella woltereckii, Aulacoseira pseudomuz-
zanensis) (Olszyfiski & Zelazna-Wieczorek, 2018).
Wunsam et al. (2002) demonstrated that the elevated
CI™ concentrations delivered from the industrial tail-
ings from soda and salt mining industries since 1883
resulted in a higher portion of an Achnanthes minutis-
sima morphotype in a deep alpine lake, compared to
the reference lakes in Austria. In that case, the impact
on the epilithic diatom flora was subtle and indicated
seasonally restricted effects of the industrial emis-
sions. In other cases, however, the effect can be strong
and sudden. The high CI™ concentration derived from
potash mines generated a Thalassiosira bloom in
German rivers causing more than 200% oxygen satu-
ration (Buhse, 1989). Moreover, with the combination
of high nutrient concentration and salinity, further
diatom blooms (Thalassiosira fluviatilis, Cyclotella
meneghiniana and Cyclotella nana) were reported
(Ziemann, 1967).
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Effect of climate change

At high latitudes, water bodies are particularly sen-
sitive to climate change induced warming, where
shortened ice-periods and eventually increasing
evapotranspiration that can enhance the originally
low conductivity values (Griffiths et al., 2017). In
impacted Arctic lakes, therefore, characteristic taxa
like Diatoma spp. increased their dominance (Grif-
fiths et al., 2017). In Siberia, there are some lakes
with naturally high ion-content but warming is
expected to further increase their salinity as indi-
cated by the species such as Cyclotella meneghiniana,
Anomoeoneis spp., and Epithemia adnata (Pestryak-
ova et al., 2018). Streams and lakes in the ice-free
zones of the Antarctic/subantarctic region are often
considered poorly inhabited possess a very diverse
diatom flora, where conductivity and nutrients are
also the most important driving factors of the com-
munities (Kopalova & van de Vijver, 2013; Kopal-
ova et al., 2013, 2019; Saunders et al., 2015). In this
region, some characteristic species, e.g., Denticula
Jjamesrossensis, Amphora veneta and Craticula cf.
molesta are reported showing the elevated conduc-
tivity (Sabbe et al., 2004; Kopalovi et al., 2019). In
South Shetland Islands Navicula gregaria, Hippon-
donta hungarica correlated well with the enhanced
salinity, which species known to prefer such condi-
tions in other regions (Kopalovd & van de Vijver,
2013). Global warming has an important influence
on high altitude water bodies fed by melting rock gla-
ciers which is the source of a set of different ions and
thus elevating water conductivity (Thies et al., 2013).
A study conducted in the Tyrolean Alps (Thies et al.,

2013) showed that impacted streams possessed more
homogenous communities, while reference sites with
their low conductivity and slightly acidic pH due to
the siliceous bedrock hosted characteristically differ-
ent but heterogeneous communities with, e.g., Psam-
mothidium spp. Some special habitats, such as sub-
tropical peatlands are also exposed to climate change
and enrichment of inorganic elements (Chen et al.,
2021). Here, a shift from Pinnularia species to taxa
preferring less-acidic habitats was observed since the
last century in relation to the increase of, e.g., Na*
and Ca** ions.

Intermittent watercourses are as common as peren-
nial waters (Tooth, 2000; Datry et al., 2014; Messager
et al., 2021) and their number will globally increase
in the coming decades (Pumo et al., 2016). One of the
most important properties that allows some diatom
groups to survive in intermittent waters is their abil-
ity to tolerate increasing concentration of nutrients
(Piano et al., 2017; Novais et al., 2020) and other ions
(see more in Magand et al., 2020) during drying up.
Thus, not only diatom species indicating high-nutri-
ent content appear within these assemblages, but also
halophilic species (Caloneis amphisbaena var. sub-
salina, Craticula halophila, Nitzschia tryblionella).
However, the proportion of halophilic species is
typically the highest not in the dry phase, but when
the water flow slows down and an almost stagnant
aquatic environment develops (Koékai et al., 2015) or
later, when disconnected pools are formed (Novais
et al., 2020). Survival in the dry phase requires
a quite different adaptation strategy from algae,
including tolerance of desiccation, osmotic changes,
increased light intensity and UV radiation (Timoner
et al., 2014; Sabater et al., 2016, 2017). One such

Fig. 2 Saline lakes: a Lake Magadi, Kenya (February, 2009, Photo: Lothar Krienitz — with permission); b Zab-szék, Hungary (May,

2014)
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important property is the ability of mucilage produc-
tion, which protects diatoms from desiccation and
osmotic changes during desiccation (McKew et al.,
2011; Sabater et al., 2017). Periodicity of dry and wet
phases often exhibit different patterns in individual
lakes that complicates to raise a general view on asso-
ciated diatom assemblages (Lengyel et al., 2019).

Saline waters

In alkaline saline lakes (Fig. 2.) diatoms are also
widespread and they are present in considerable quan-
tities both in benthic and planktic communities (Tuite,
1981; Afonina & Tashlykova, 2020). Sometimes dia-
toms appear in diverse taxonomic composition (Fritz
et al., 1993; Gasse et al., 1995; Reed, 1998b) in these
types of lakes, but in other cases, only two or three
species contribute to more than 70% relative abun-
dance (Servant-Vildary & Roux, 1990) of the com-
munity. Diatom taxa living here have definitely broad
tolerance ranges, consequently, they are able to with-
stand even the major fluctuations in salinity (Gasse,
1987). This applies to the most abundant taxa at this
end of the salinity spectrum, such as Amphora acu-
tiuscula, Navicula salinicola, N. phyllepta (Fig. 3.d),
Navicula crucicula var. cruciculoides (Reed, 1998b).

Species specificity and regional differences in saline
lakes

Several diatom taxa are exclusive for extremely low-
oxygen levels (e.g., Halamphora borealis, H. ten-
errima, H. acutiuscula, Navicula phylleptosoma,
N. salinicola or Staurophora lanceolata), which is
related to their ability to inhabit highly saline inland
waters (Zelazna-Wieczorek et al., 2015). Species such
as Navicula cincta, Navicymbula pusilla (Fig. 3.e),
Nitzschia hungarica (Fig. 3.h) and N. pusilla are
widely distributed in waters rich in dissolved miner-
als (Wojtal, 2013; Zelazna-Wieczorek et al., 2015)
including those rich even in metal ions.

Though there are regional and habitat differ-
ences in African lakes, Anomoeoneis sphaerophora
(Fig. 3.a), Rhopalodia gibberula, Craticula elkab
(Fig. 3.c), Nitzschia communis (Fig. 3.f) and Thalas-
siosira faurii are common diatom species among oth-
ers (Tuite, 1981; Gasse et al., 1995; Verschuren et al.,
1999; Samylina et al., 2014; Ogato & Kifle, 2017).
In Europe, Spanish saline lakes are characterised by
Cyclotella quillensis, Chaetoceros muelleri, Syne-
dra pulchella (Fig. 3.g), Amphora coffeaeformis and
Nitzschia inconspicua at elevated salt concentrations
(Reed, 1998b). Polish saline spring water (Wojtal,
2013) and salt water outflows and marshes (Zelazna-
Wieczorek et al., 2015) are dominated by Nitzschia
pusilla and some Halamphora species (H. borealis,

Fig. 3 Some of the most typical diatom taxa found in saline
lakes: a Campylodiscus clypeus var. bicostatus, b Anomoeo-
neis sphaerophora, ¢ Craticula elkab, d Navicula phyllepta,

e Navicymbula pusilla, £ Nitzschia communis, g Synedra
pulchella, h Nitzschia hungarica, i Surirella peisonis (scale
bar=10 pym)

@ Springer



4638

Hydrobiologia (2023) 850:4627-4663

H. tenerrima, H. acutiuscula). In degraded saline
lakes, basically, freshwater diatoms prevail due to the
lack of natural hydrological cycle, insufficient conser-
vation management, nutrient and pesticide pollution
(Lengyel et al., 2016; Ciri¢ et al., 2021).

Planktic diatoms in saline lakes

In lakes with very high-salinity planktic diatoms are
typically outcompeted by cyanobacteria and chloro-
phytes and their presence is negligible or restricted to
some halophilic non-planktic species (e.g., Afonina &
Tashlykova, 2018). In African saline lakes (Fig. 2.a)
planktic diatom (e.g., Thalassiosira species (Ogato
& Kifle, 2017) dominated only at moderate salinity
range (Hecky & Kilham, 1973). However, some evi-
dence showed that the anionic composition of these
lakes may be selective for some of the benthic species
(Hecky & Kilham, 1973). In an oligotrophic alkaline
soda lake (Turkey) Epithemia and Rhopalodia are the
dominant elements of the plankton (Kocer & Sen,
2012).

In the lack of long-term studies on saline lakes
with fluctuating conductivity, it is difficult to find
examples on its effect of planktic diatom population
dynamics. An example is Neusiedlersee (Austria,
Hungary), a large, shallow lake with seasonal and
decadal conductivity fluctuations between 2000 and
3500 pS cm™'. In the open water of this lake, phy-
toplankton is permanently (except the ice-covered
period) dominated by large diatoms (long chains of
Fragilaria construens, additionally Campylodiscus
clypeus (Fig. 3.a) and Surirella peisonis (Fig. 3.i).
These species show decadal fluctuations that accord
to high- or low conductivity pattern (Padisdk &
Dokulil, 1994). One of them is Chaetoceros muel-
lerii, the only freshwater member of the marine
genus, Chaetoceros. The species appears in consider-
able amounts in the open waters of the lake in high
conductivity (over about 3000 uS cm™!) periods and
survives in the humic lakes enclosed in the reed-belts
during the low-conductivity years (Padisdk, 1998).
Other studies also support that the 3000 uS cm™~! con-
ductivity threshold is crucial for the apperence of C.
muellerii (Calvo et al., 1993; Barone et al., 2010).
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Ion preference in saline lakes

In turbid, soda pans of the Charpathian basin
(Europe) (Fig. 2b) where Nitzschia and Navicula
species are the most frequent species, primarily the
conductivity and the anions determine the diatom
compositions (Stenger-Kovacs et al.,, 2014; Foldi
et al., 2018; Vidakovi¢ et al., 2019; Ciri¢ et al.,
2021), which are also characteristic at generic level
in other saline lakes (e.g., Gasse, 1986; Blanco et al.,
2013). However, in hypersaline environments diatom
response is more pronounced to the ion composition
than to the salinity alone (Servant-Vildary & Roux,
1990), especially to major anions (Reed, 1998b):
e.g., Anomoeoneis sphaerophora (Fig. 3.b) con-
nected to higher HCO;™ concentration, Mastogloia
spp.- to CI™ rich waters, while Synedra pulchella to
SO42‘ dominance (Blinn, 1993). However, there is a
counterexample, when the anion preference proved
invalid: Campylodiscus clypeus (Fig. 3.a) is an iconic
species frequently recorded from inland saline lakes,
where the dominant anions are often CO;*~ and
SO,*~, rather than CI~ (Miller, 1982). A detailed
study using a combined dataset from North America
and Africa could not provide evidence to this anion
liking: it revealed that Campylodiscus clypeus does
not show a clear ion type preference (Carvalho et al.,
1996). However, characteristic diatom species can be
distinguished along the salinity levels: (i) halophobe
or oligohalob species are, e.g., Achnanthes linearis,
Cymbella affinis, Rhopalodia gibba, (ii) typical meso-
halobe species is Achnanthes chilensis and (iii) Mas-
togloia smithii var. ampicephala was restricted to
hypersaline environment (Servant-Vildary & Roux,
1990) (See in detail in chapter of “Diatom species
along salinity gradient — classification systems”).

Changes in guild and trait composition in fresh
and saline ecosystems

Passy (2007) classified diatom taxa into guilds and
her concept has been supplemented with a number of
other traits such as cell size, length and width ratio,
life forms, mobility (e.g., Berthon et al., 2011; Lukacs
et al.,, 2021). In the last decade, these studies have
become widespread in diatom research (Tapolczai
et al., 2016). Therefore, more and more research has
revealed a strong impact of elevated ion content and
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conductivity on the proportion of morphological and
functional characteristics of diatoms (Kokai et al.,
2015; Stenger-Kovics et al., 2018, 2020; Heine-Fus-
ter et al., 2021; Vendrell-Puigmitja et al., 2021).

Traits

One of the most easily measurable trait with ecologi-
cal significance is the cell size (see more Rimet &
Bouchez, 2012). Though the number of case studies
has been few, they show that high salinity and con-
ductivity push assemblages to a higher proportion
of trait extremes such as small size or large size cat-
egories. Similar to naturally saline lakes (Acs et al.,
2019b), the hypersaline effluent of an abandoned
potash mine (max. conductivity 13,200 pS cm™;
CI"117,000 mg 17') in a microcosmos experiment
resulted in proportional changes in cell size distribu-
tion of diatom assemblages inducing an increase in
ratio of small-sized taxa (Vendrell-Puigmitja et al.,
2021). Prolonged drought causing an increase in
conductivity as well as in C17, HCO;™, PO43_ and
NO;~ concentrations (max. conductivity 3530 pS
cm™; CI- 557 mg 1'1) can also alter the cell size
composition in streams (Kokai et al., 2015). In this
study, extreme size categories correlated positively
either with elevated nutrient content (small size cat-
egory), or with enhanced CI™ concentration (large
size category). Ecological conditions of continental
soda pans (max. conductivity 15,000 uS cm™') can be
also revealed by proportional differences and changes
in cell size composition. Small diatoms (<300 pm?)
indicated the high conductivity, consequently pris-
tine conditions while larger sized species indicated
the worse ecological condition of these soda lakes
(Stenger-Kovics et al., 2018).

Guilds

Diatom guilds are characteristic for high conductivity
and salt content. Land-use and urbanisation studies
by Hlubikova et al. (2014) and Stenger-Kovécs et al.
(2020) confirmed that the motile diatom ecological
guild is a strong indicator for salinization in stream
ecosystems. However, Zhao et al. (2021) also found
a strong significant, positive relationship between
anthropogenic salinization and elevated propor-
tion of the high profile guild in Chinese streams. In
soda lakes (Fig. 2.b), mostly motile diatom species

dominate (Samylina et al., 2014; Stenger-Kovacs
et al., 2014). These stress tolerant species can survive
and adapt to this special environment characterised
by high salinity and turbidity, strong daily tempera-
ture fluctuation and ephemeral features (Stenger-
Kovacs et al., 2014). In addition, Heine-Fuster et al.
(2021) investigated biofilms originating from very
high-altitude salt flats where independently of the ion
composition, high salt content was indicated by both
motile- and low profile guild taxa. In extreme envi-
ronments as closed-basin temporary streams in Gaut-
eng Province of South Africa, similarly, low profile
guild taxa, mostly pioneer and/or adnate ones were
found as indicative for drought induced elevation in
Na* content and alkalinity (Riato et al., 2017).

These studies highlight that salinization sig-
nificantly transforms trait composition of diatom
assemblages. It should be emphasised, however, that
although some conclusions can already be drawn
about the directions of compositional change (size
extremes — high conductivity’ relationship), further
analyses are needed to define salt tolerant traits.

Effect of salinization on diatom diversity

Environmental extremities (pH, conductivity, tem-
perature, light etc.) substantially determine biodiver-
sity and compositional diversity at least for two rea-
sons (Padisiak & Naselli-Flores, 2021). First is that
extreme conditions qualify as stress factors that select
for one or only some species that are able to survive
in such environments. Secondly, in typically very per-
manent aquatic habitats with special stress factors the
stochasticity of, e.g., weather-generated disturbance
events cannot act at a way than in lakes with "average
properties” (Borics et al., 2013).

Diatom diversity in freshwater springs and rivers
Elevated salinity induced by land use

Conductivity is or among the most important vari-
ables which determine alpha- (species richness) and
beta-diversity in springs and rivers from different
regions (e.g., tropical, boreal, subarctic, high latitude
and altitude), where the conductivity is characteristi-
cally low and its enhancement induces an increase of
diatom species richness (Teittinen & Soininen, 2015
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[67-1015 pS cm™'; Teittinen et al., 2016 [17-154 IN
cm™!]; Jyrkinkallio-Mikkola et al., 2018; Taxbock
et al., 2020). Anthropogenic activities like catchment
land use can increase the nutrient content, turbidity
and conductivity of streams (Naymik et al., 2005). In
these environments species richness (Naymik et al.,
2005; Urrea & Sabater, 2009 [39-3610 uS cm_l]; Tei-
ttinen et al., 2015), Shannon diversity (Naymik et al.,
2005 [46-90 uS cm™1)), beta-diversity (Pajunen et al.,
2017), as well as functional (guild) diversity (Stenger-
Kovacs et al., 2013 [956-1886 uS cm™!]) show a
highly significant positive relationship with conduc-
tivity because of the high number of emerged, unique
species (Pajunen et al., 2017). However, in agricultur-
ally affected sites having significantly higher conduc-
tivity, Ca>*, Mg?*, Na*, CI~, and P content, the spe-
cies richness and diversity followed a hump-shaped
distribution: moderately impacted sites had the high-
est richness and diversity (Smucker & Vis, 2009)
[1550-9940 uS cm™!]. This conductivity level and the
dependent response of diatom diversity was also sup-
ported in lotic mesocosm experiments (Cohen, 2010).
However, on a wider conductivity scale (from fresh
[~5000 uS cm™!] to hypersaline [~72,500 uS cm™~!])
an inverse trend was observed between species rich-
ness and salt loading in the wheatbelt region of West-
ern Australia (Taukulis & John, 2006).

Elevated salinity induced by mining and industry

The other globally important anthropogenic activity,
which can significantly or even drastically increase
the mineral content of surface waters, is the mining
(Schowe et al., 2013). Its very strong effect on dia-
tom diversity was reported in a number of papers.
A study of phylogenetic diversity (OTU richness) in
Appalachian rivers (US) revealed large (41%) decline
of algal diversity at even low levels of mining impact
(Simonin et al., 2021). In reference streams, diatoms
were the most abundant taxa among the algae and
they were lost in mined streams and taxonomic com-
position shifted to the dominance of Cyanobacteria
with the increased conductivity (Simonin et al., 2021
[37.5-1922 pS cm~!]). Consequently, the elevated
conductivity, Ca®*, Mg?* pH, SO,>~ and metal con-
centration on the watershed as complex effect signifi-
cantly reduces the diatom richness and species diver-
sity (Verb & Vis, 2000; Jiittner et al., 2003 [9-345
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IN cm™!]; Smucker & Vis, 2009, 2011 [185-1247
uS ecm~!]; Schowe et al., 2013 [22-1919 pS cm™'])
as was also shown in a microcosmos experiment
(Vendrell-Puigmitja et al., 2021 [~22,000 uS cm™']).
In Polish rivers salinized by mining, the diatom taxo-
nomic richness was ~two-fold lower (Bak et al., 2020
[~300-52,000 uS cm™!]) than in not salinized waters.
This diatom diversity reduction can be sometimes
catastrophic because of the complexity of this envi-
ronmental change (Luis et al., 2009, 2013 [39-17,140
uS cm™!]). Industrial pollution with increased heavy
metal, nitrogen and conductivity level can cause simi-
lar effects: the degraded condition is associated with
low species richness and diversity (Pandey et al.,
2018 [170-4007 pS cm™']). The remediation proce-
dures proved to be effective as was documented by
the increasing proportion of less tolerant taxa and
diversity (Luis et al., 2009, 2013).

Climate change derived salinity

As a consequence of global climate change, the
decreasing water flow conditions in dry months in
temperate (Kokai et al., 2015), in semi-arid Mediter-
ranean streams (Ros et al., 2009 [7000-17,500 puS
cm_l]), in dryland rivers (Vélez-Agudelo et al., 2021
[~ 100-2000 pS cm™'7), in permafrost thawings (Ben-
ito et al., 2018 [11-421,655 pS cm™!]; Rotta et al.,
2018 [some — 516 pS cm™']), in meltings of rock
glaciers (Thies et al., 2013 [some — ~510 pS cm™')
increase the conductivity, a set of different ions
(e.g., SO42_), alkalinity, pH and trace elements lead
to decreases of diatom diversity, loss of taxa, conse-
quently, to more homogenous communities.

Diatom diversity pattern in freshwater lakes
Freshwater lakes with natural, low-conductivity level

In boreal, freshwater lakes the conductivity driven
by HCO;™ explained both the taxonomic and phy-
logenetic diversity of diatoms (Stoof-Leichsenring
et al., 2020). Low salinity apparently does not limit
the number of co-existing planktic diatom species in
lakes, therefore, has no negative impact on compo-
sitional diversity as exemplified by the rich flora and
high diversity of Lake Baikal, Russia (conductivity:
16-18 pS cm™'; Yoshioka et al., 2002), among them
10% are considered endemic, especially diatoms
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like Aulacoseira baikalensis, Cyclotella baicalensis,
Cyclotella minuta and Stephanodiscus meyerii (Gen-
kal & Bondarenko, 2006). Other examples exist all
over the world, as, for example the Faxinal Reser-
voir, Brazil (conductivity: 27 uS cm™!; Becker et al.,
2008). However, in Arctic lakes with low conductiv-
ity (13-131 pS cm™!) the highest species richness
was found in “more mineralised” lakes, and the rise
of the conductivity induced the increase of the spe-
cies richness (Barinova & Stenina, 2013) in benthic
communities. A similar pattern was found in fens
(Bojkova, 2009), and peatlands (Mutinova et al.,
2017): diatom species richness increased from min-
eral poor to mineral rich tufa forming fens (31-599
[N cm™l; Bojkova, 2009). In mountain regions, lakes
diatom diversity was higher above 238 pS cm™! (Nau-
moski, 2012) than below, moreover, in dry seasons
the atmospheric deposition of sea aerosoles enhanced
their Nat and Cl~ concentration followed by appear-
ance of halophilic species, which are rare in these
area (Ognjanova-Rumenova et al., 2009).

Freshwater lakes with higher conductivity level

At elevated conductivity ranges species richness and
diversity showed clear negative correlation with the
conductivity as observed in wetlands (138-2430 pS
cm™ !l Gell et al, 2002), in wetlands created by sand
mining (>3499 uS cm™'; John, 1993) and in subarc-
tic lakes, affected by gold mining (285-22,900 pS
cm™!; Perrett et al. 2021). The reductions in the den-
sity, species richness and diversity of epiphytic dia-
toms in intermittent wetlands was also supported by
a field experiment applying high-salt (8500 pS cm™!)
and the low-salt (3000 pS cm™!) treatments (James
et al., 2009). However, some studies proved the oppo-
site or no response in diversity and functional diver-
sity indices to the increasing conductivity (Singh
et al., 2011; Teittinen et al., 2018 [2.6-77.4 pS cm™;
Aykut et al., 2021 [312-1322 pS cm™h)].

Diversity changes in freshwater metacommunities

Diatom metacommunity studies of lakes revealed that
the conductivity had a significant positive effect on
the overall species beta-diversity (Rodriguez-Alcala
et al., 2020 [conductivity: 9-1010 pS cm™']; Wang
et al., 2020) and significant negative effect on the spe-
cies nestedness (Wang et al., 2020). Opposite result

was shown in lakes (USA) with very low conductiv-
ity (<18 pS cm™!) where higher local contribution
to beta diversity (LCBD) was recognised, but above
this conductivity level the LCBD decreased (Win-
egardner et al., 2017). Similarly, to high elevation,
naturally salty tropical lakes (South America) where
conductivity also negatively correlated with the rich-
ness component of the LCBD, but the replacement
component increased with increasing conductivity
(Benito et al., 2020). However, metacommunity stud-
ies of diatoms have just started, and these seemingly
contradictory results can be clarified with time and
continuously increasing knowledge on this area.

In summary, conductivity and ion composition
are the main factors determining the diversity vari-
ations in both hemispheres (Vyverman et al., 2007).
The above-mentioned studies revealed the conductiv-
ity level and anthropogenic activity type dependent
response of diatom diversity in streams and lakes.
Generally, in salt poor environments a small enhance-
ment of conductivity can generate an increase of
diatom diversity similar to mild catchment land use.
But the more intensive land use (agricultural and/or
urban) and the industrial pollution (minings) with
the further rising of conductivity and with the exten-
sion of conductivity scale initiates a clear opposite
trend as observed and supported by the global pattern
(Soininen et al., 2016 [0-6000 pS cm™']) (Fig. 4.).

Saline lakes

It is a general phenomenon that diatom species num-
ber and diversity of saline lakes (Fig. 2.) are lower
that in freshwater ones (Servant-Vildary & Roux,
1990). In alkaline saline lakes of the Carpathian
basin (Fig. 2.b) the high conductivity level allows
only for reduced species richness, Shannon diver-
sity, phylogenetic diversity (average taxonomic
distance; Stenger-Kovacs et al., 2016; Ciri¢ et al.,
2021) and trait-diversity (Acs et al., 2019b) because
only a few closely related taxa can survive in these
highly stressed habitats (Stenger-Kovécs et al., 2016).
The increasing conductivity in saline lakes further
reduces the naturally low species number and diver-
sity (Blinn, 1993; Samylina et al., 2014) even within
the same year (Nagy et al., 2006). A mesocosm study
highlighted that the highest loss rate of the diversity
occurs between 79,000- 118,000 pS cm™! (Herbst &
Blinn, 1998), which is in line with more field studies
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Fig. 4 Schematic figure of the correlations (red line: positive
relationship, blue line: negative relationhip) between diversity
and conductivity (a) on the basis of some examples of litera-
tures (1) Barinova & Stenina, 2013; (2) Teittinen et al., 2016;
(3) Naymik et al., 2005; (4) Mutinova et al., 2017; (5) Bojkova,
2009; (6) Rodriguez-Alcalé et al., 2020; (7) Teittinen et al.,

of saline lakes in Western-North-America~ 79,000 pS
cm™'; Blinn, 1993; Wilson et al., 1996) and Australia
(Blinn, 1995).

Closed lake basins can be characterised by natu-
rally or anthropogenically (climate change and hydro-
logical modifications) induced fluctuation of their
salinity. The maintenance of their hydrological cycle
and natural status is a key for their future preserva-
tion, their disturbance and degradation will result in
desalination with enhancing diatom diversity and
species number, which is not characteristic for the
pristine status of saline lakes (Lengyel et al., 2016;
Stenger-Kovacs et al., 2016; Heine-Fuster et al.,
2021). In this context, conductivity could be a vari-
able to ensure conservation of diatom communities in
naturally salty waters (Benito et al., 2020).
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2015; (8) Stenger-Kovécs et al., 2013; (9) Vélez-Agudelo et al.,
2021; (10) Gell et al., 2002; (11) Pandey et al., 2018; (12)
Bak et al., 2020; (13) James et al., 2009; (14) John, 1993; (15)
Taukulis & John, 2006; (16) Ros et al., 2009), and its general
trend (b dashed line: in smaller resolution; line: global)

Diatom dispersal and invasions

Species dispersion from marine environment to
inland waters

It is known from marine ecosystems that a small
sized centric diatom (Cyclotella marina) can cause
harmful algal bloom far from its type locality (Tokyo
Bay, Japan and Korean waters) in a tropical region
(Gulf of Mexico) (Aké-Castillo et al., 2012). Another
marine diatom (Synedropsis roundii) characteristic
for Arctic and Antarctic habitats, broadens its distri-
bution into the Mediterranean lagoons (Blanco et al.,
2019) where it can tolerate fluctuating salinities pre-
sumably due to its genetic adaptation (Prasad & Liv-
ingston, 2005). From the Indian and Pacific Oceans
Coscinodiscus wailesii was introduced with ballast
water to European waters. This species has a high
tolerance to heavy metals, especially to copper, cad-
mium and zinc, and formed dense blooms with high
amounts of mucilage (Laing & Gollasch, 2002). The
marine invasive benthic diatom species (Licmophora
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Fig. 5 Spreading diatom species due to the increase in salin-
ity (scale bar=10 um): a Didymosphenia geminata, b Skele-
tonema subsalsum, ¢, d Achnanthidium delmontii, e, f Achnan-
thidium druartii

normaniana) appeared in an oasis mineral spring in
Egypt (presumably because of fish farming activi-
ties), where the conductivity was very high (>4000
uS cm™!) with notable concentrations of heavy met-
als (Saber et al., 2022). Actinocyclus normanii and A.
normanii f. subsalsus are also considered as marine
and brackish species. Their dispersal from brack-
ish to freshwaters supported their invasive features
(Kastovsky et al., 2010; Vidakovi¢ et al., 2016). Mine
waters are the habitats, which simulate brackish and
saline environments and open the way of the estab-
lishment of marine and brackish algal species (e.g.,
Gyrosigma fasciola, Conticribra guillardii; Wilk-
Wozniak & Najberek, 2013).

Species dispersion through inland waters in
connection to increased ion concentration

In the Skeletonema genus there are only two non-
marine species; S. subsalsum (Fig. 5.b) and S.
potamos, which occur in saline, brackish and in

freshwater habitats as well. The abundance of
S. potamos increased and after 10 years it could
become the dominant element of the planktic com-
munities in rivers (Kiss et al., 1994; Duleba et al.,
2014) where elevated salinity derived from agricul-
tural discharge and higher than usual water temper-
ature was characteristic (Kaeriyama et al., 2011).

Achnanthidium delmontii (Fig. 5.c,d) and A. dru-
artii (Fig. 5.e,f) inhabit freshwaters with high con-
ductivity and calcium concentration. These species
are typical invasive freshwater diatoms with rapid
expansion and proliferation in Europe (Péres et al.,
2012; Ivanov, 2018; Cantonati et al., 2022) and A.
delmontii even throughout the eastern US (Ciugu-
lea & Potapova, 2020). It is worth to note that the
first report of A. delmontii in North America exactly
coincided with its first European occurrence; both
in 2007. A. delmontii reorganises the benthic com-
munity composition and it spreads along the flow
direction in the River Danube, which is an impor-
tant invasion corridor of Europe (Buczké et al.,
2022).

The original area of the distribution of Didymos-
phenia geminata (Fig. 5.a) is North America and
Europe, but it spread and bloomed in the Southern
Hemisphere representing a growing ecological and
economic problem in the last decades (Kilroy et al.,
2006; Blanco & Ector, 2009; Bray, 2014). Though
both native and invasive bloom-forming genotypes
of D. geminata prefer oligotrophic waters, the lat-
ter ecotype is positively correlated with secondary
nutrients as Ca* and SO,*~ ions (Lindstrgm & Skul-
berg 2008; Whitton et al., 2009; Rost et al., 2011).
Although Ca™ content decreases in freshwaters world-
wide (Reid et al., 2019), its concentrations, however,
can be locally high enough, which, simultaneously
with other factors, may lead to bloom formation of
D. geminata (Rost et al., 2011). In contrast to Ca™,
freshwaters are strongly impacted by anthropogenic
SO,>~ pollution modifying the nitrogen-phosphorus-
carbon cycles (Zak et al., 2021). The risk is low that
SO,*~ will increase up to such concentrations, which
could induce further proliferation of D. geminata.
Acid mine drainage, however, could significantly
enhance the concentration of SO,>~ in surface waters
(Fernando et al., 2018), which can contribute the evo-
lution towards heavy metal tolerant strains (Whitton
et al., 2009).
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River salinization can induce biological inva-
sions (Piscart et al., 2011). The spread and the inva-
sion process of the halophilic or salt-resistant species
is clearly visible. They replace the native species of
the original communities, consequently, threaten the
characteristic species composition and biodiversity
(Saber et al., 2022). The application of road salts
and industrial sewage may further support the expan-
sion of halophytic species (Kastovsky et al., 2010) in
the future as well as the increased salt concentration
induced by the extreme weather events (droughts;
T-Krasznai et al., 2014).

Changes in food webs
Lotic habitats

Salinization can significantly alter the food web
dynamics both in lacustrine and riverine ecosystems.
The increasing salt concentration and the change of
major ion composition in lotic environments show
decadal trends (Dugan et al., 2017) altering the abun-
dance and composition of diatoms (eg. Porter-Goff
et al., 2013; see more details in chapter “Changes in
species composition”). Species exchange in the ben-
thic diatom community may significantly alter the
algal food resources, which could affect the macroin-
vertebrate community, especially that of the graz-
ers’ feeding trait (Hintz & Relyea, 2019). However,
our knowledge of the real impacts of increasing salt
concentration on the relationship of grazers and peri-
phyton is deficient. We know that macroinvertebrate
communities are sensitive to salt pulses (Cafedo-
Argiielles et al., 2014) and grazers show different
responses to salinization. On one side there is stronger
grazing pressure on the periphyton if the dominance
of the tadpole snail (Physella acuta [Draparnaud
1805]) is characteristic, since the abundance of this
species increased up to 1000 mg 17! CI~ (~2500 pS
cm™') (Kefford & Nugegoda, 2005). On the other
hand, grazing pressure can decrease if sensitive spe-
cies such as marsh-rams horn (Helisoma trivolvis
[Say 1817]) dominate (Hintz & Relyea, 2019).

Lentic habitats

Responses to salinization in lacustrine ecosystems
are quite complex because it generally parallels
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eutrophication (Judd et al., 2005; Lind et al., 2018).
Road salt effluents in a lentic ecosystem could result in
a higher density layer at lower parts or at the bottom
of the lake, which alter the stratification patterns, and
could fasten oxygen depletion in the surface of the sedi-
ment leading to release high amounts of sedimentary,
biological active phosphorus (Sibert et al., 2015; Ficker
et al., 2018). As a consequence, phytoplankton biomass
increases because of (i) the direct effect of nutrients
cascading to zooplankton and, depending on the prolif-
erating phytoplankton species may lead to uncoupling
of the food web (Selmeczy et al., 2019) and (ii) the
decline of the zooplankton community as a result of ele-
vated salt concentration (Hintz et al., 2017; Sinclair &
Arnott, 2018). However, Moffett et al. (2022) observed
in a mesocosm experiment that in oligotrophic alpine
lakes salinization can lead an initial increase of the zoo-
plankton, which reduces the phytoplankton biomass.
Moreover, two long-term experiments (Coldsnow et al.,
2017; Hintz et al., 2019) revealed the potential of rap-
idly increasing tolerance of zooplankton to elevated
salt concentration, which suggests decreasing phyto-
plankton biomass as well. But, the comparison of the
salinity tolerance of typical diatom species in the spring
community of temperate lakes and the tolerance of zoo-
plankton shows that the decreasing grazing pressure
and increasing biomass of diatoms are more likely to
occur. Additionally, synergistic effects of eutrophication
symptoms caused by salinization through available food
for zooplankton and the increased concentration of salt
sooner or later decreases the abundance and diversity
of the zooplankton community (Lind et al., 2018; Hintz
& Relyea, 2019). The increased nutrients and salinity
favour the Asterionella (Judd et al., 2005), which occurs
in even slightly brackish environment. The salinity
tolerance of the cosmopolitan planktic species, Cyclo-
tella meneghiniana, is also well documented, which is
common in freshwaters and in brackish habitats as well
(Roubeix & Lancelot, 2008). Because of sizes, graze-
bility of these two species is remarkably different.

In lakes, increased periphyton biomass was observed
at elevated nutrients and salt concentrations in the
experiments of Lind et al. (2018) probably because
grazing pressure decreased as a consequence of the
increased salt concentration was toxic for the most
important grazer, the banded mystery snail Viviparus
georgianus (Isaaac Lea, 1834). In another experiment,
periphyton and snails remained unaffected (Hintz et al.,
2017) when only the salt concentration was increased.
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Fish could structure the periphyton as well, especially,
in case of omnivorous fish dominance because most
of them include periphyton in their diet (Brucet et al.,
2012). Since fish have relatively high salinity tolerances
compared to zooplankton (Lind et al., 2018) or to other
grazers, salinization most likely affects the periphytic
diatom community through direct effects or via other
trophic relationships.

In conclusion, the increased salt concentration can
alter the abundance and diversity of different trophic
levels and the interactions among them, additionally it
can alter ecosystem functions, as well (Hintz & Relyea,
2019).

Capturing the salinity-related conditions
by diatom indices

Special Halobien Indices for freshwaters

The increases in salinity, and thus conductivity can
change water quality and ecological status of inland
waters (James et al., 2009). From the 1960s’, a Halo-
bien index was developed and had been improved in
Germany (Ziemann, 1967, 1968, 1971, 1999, 2010)
to assess the level of salinization in rivers caused
by minings. However, the application of this index
remained regionally restricted (Ziemann et al., 2001;
Ziemann, 2005; Szigyart6, 2014; Schulz, 2016) pre-
sumably because the halobic classes of diatom spe-
cies applied by this index were published in several
hard-to-find literature (Ziemann, 1975, 1982, 1999;
Pankow, 1990; Strecker, 1997, Hofmann, 1998).
Meanwhile, halobiontic (brackish water diatoms
according to van Dam et al., 1994) diatoms were
applied as a metric to indicate salinity, conductiv-
ity and CI™ concentration in running waters (Porter
et al., 2008). Within the frame of the NAWQUA Pro-
gram (Geological Survey’s National Water-Quality
Assessment, US), a special diatom index was devel-
oped to detect especially the effect of the acid mine
drainage (Zalack et al., 2010) in the US and recently
in South Africa (Riato et al., 2018). Furthermore,
Halobic index-Diatom based (HI-D) was developed
in Italy (Dell’'uvomo & Torrisi, 2011) as a part of
the EPI-D index to detect mineral pollution in rivers
based mainly on systems developed by Kolbe (1927),
Hustedt (1956), Ziemann (1982) and van Dam et al.
(1994) providing the reliability of a given species as

an indicator (Dell’'uomo & Torrisi, 2011). Moreo-
ver, in lakes the chrysophyte cyst/diatom valve ratio
is also used as indicator of salinization (Smol, 1985;
Zeeb & Smol, 2001): the decreasing ratio indicates
enhanced salinity Perrett et al. (2021).

General indices for freshwaters applied in salinity
indication

International/interstate water management legisla-
tions like the Water Framework Directive (WFD)
(European Communities, 2000) in the EU, and the
Clear Water Act (CWA) in the United States (US EPA
2009, 2013) initiated the application and development
of several diatom indices (Charles et al., 2021) to
assess the ecological status of surface waters, mostly
in lotic environments. In Europe, most of the exist-
ing diatom indices were collected in the OMNIDIA
software (Lecointe et al., 1993), therefore, they are
easily reachable and applicable (Table 2). Different
diatom indices use different species pools, therefore,
their applicability depends on ecoregions. Most of
the indices included in OMNIDIA cannot only indi-
cate the saprobic, trophic or overall status of the riv-
ers, but they clearly correlate with the conductivity
of waters and are applicable to detect the salt pollu-
tion and define the level of the degradation even in
other regions (Table 2). Although the possibility
is given to use these indices to follow the processes
of salinization in freshwaters, specific salinity indi-
ces are required to be developed and tested to detect
salt pollution properly (Schulz & Cafiedo-Argiielles,
2019). For example there are efforts to develop an
index based on teratological forms using geometric
morphometry (Cerisier et al., 2019) and percentage of
deformities (Lavoie et al., 2017; Falasco et al., 2021).

Diatom Indices for saline lakes

Besides the applicability of the categorization of the
species by the different systems (see chapter “Dia-
tom species along salinity gradient — classification
systems”), a more precise autecological index (SCI
-specific conductance index) was developed for saline
lakes to indicate the response of given diatom species
along the salinity gradient (Blinn, 1993). However,
the evaluation of the status of natural saline lakes
requires inclusion of other considerations, where
higher salinity values are associated with good status,
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Table 2 Diatom indices and their correlation with conductivity (*), conductivity and different ions (**) or only with specific ions
(without marks) applied in different habitats and regions

Index  Reference Habitat Region Paper
APDI  Artois-Picardie Diatom Index, Prygiel Temperate river* South Africa Dalu et al. (2016)
et al. (1996) River#®* Poland Kwandrans et al. (1998)
BDI Biological Diatom Index, Lenoir & Coste Temperate rivers* South Africa Dalu et al. (2016)
(1996) Mangadze et al. (2019)
BIWQ Biological Index of Water Quality, Lobo ~ Temperate rivers* South Africa Dalu et al. (2016)
et al. (2004) Mangadze et al. (2019)
CDI Comprehensive Diatom Index, Yu et al. Lakes* China Yu et al. (2021)
(2021)
CEE Commission of Economical Community, River** Poland Kwandrans et al. (1998)
Descy & Coste (1991) Temperate rivers* South Africa Mangadze et al. (2019)
Rivers** France Prygiel & Coste (1993)
Subtropical streams* Australia Tan et al. (2017)
DDI Duero Diatom Index, Alvarez-Blanco Rivers* Spain Alvarez-Blanco et al. (2013)
et al. (2013)
Descy Descy’s pollution metric, Descy (1979) River** Poland Kwandrans et al. (1998)
DI-CH Swiss Diatom Index, BUWAL (2002); Subtropical river China Tan et al. (2013, 2017)
Lecointe et al. (2003) Subtropical streams** Australia
DSIAR Diatom Species Index for Australian Riv- Tropical and temperate rivers* Australia Chessman & Townsend (2010)
ers, Chessman et al. (2007)
EPI-D  Eutrophication Pollution Index, Subtropical river China Tan et al. (2013)
Dell’Uomo (1996) Temperate rivers* South Africa Mangadze et al. (2019)
Mediterran river** Turkey Cetin et al. (2021)
GDI Generic Diatom index, Coste & Aypas- Floodplain system* South Africa Musa & Greenfield (2018)
sorho (1991) Rivers** France Prygiel & Coste (1993)
IBD Biological Diatom Index, Prygiel & Coste Subtropical river China Tan et al. (2013)
(2000)
IDSE  Leclerq & Maquet (1987) Temperate rivers* South Africa Dalu et al. (2016)
River** Poland Kwandrans et al. (1998)
IPS Specific pollution sensitivity Index, Subtropical streams* Poland Dalu et al. (2016)
Cemargef (1982) Rivers** South Africa Kwandrans et al. (1998)
Temperate river system* Australia De la Rey et al. (2004)
France Tan et al. (2017)
Prygiel & Coste (1993)
PDI Pampean Diatom Index, Gémez & Subtropical river* China Tan et al. (2013)
Licuirsi (2001)
SADI  South African Diatom Index, Mangadze = Temperate rivers* South Africa Mangadze et al. (2019)
et al. (2019)
SHE Schiefele and Schreiner’s Index, Schiefele Subtropical river China Tan et al. (2013, 2017)
& Schreiner (1991) River** Poland Kwandrans et al. (1998)
Subtropical streams** Australia
SI Saprobic Index, Rott et al. (1997) Subtropical streams* Australia Tan et al. (2017)
TDI Trophic Diatom Index, Kelly & Whitton = Temperate rivers* South Africa Mangadze et al. (2019)
(1995) High altitude river Iran Atazadeh et al. (2007)
TI Specific Trophic Index, Rott et al. (1999)  Temperate rivers* South Africa Mangadze et al. (2019)
SLA Sladecek’s Index, Sladecek (1986) Subtropical streams™ Australia Tan et al. (2017)
WAT  Watanabe, Watanabe et al. (1986) Subtropical river China Tan et al. (2013, 2017)
Temperate rivers* South Africa Mangadze et al. (2019)
Subtropical streams* Australia
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since desalination and artificial freshwater inputs can
threaten these ecosystems (Stenger-Kovacs et al.,
2018). From this point of view, the development of
Conductivity Index for Lakes (SCIL; Acs, 2007) was
moving forward since it assesses the status of shallow,
large, slightly alkaline lakes at an appropriate way.
Another step was the extension of the application of
the Halobien index formula (Ziemann, 1971, 1999)
with the well-known van Dam halobity categories
(van Dam, 1994) for the assessment of the ecological
status of soda ponds (Foldi et al., 2018; Duleba et al.,
2021). Contemporally, trait- (TBI) and species-based
(DISP) diatom indices were developed specifically for
these continental saline lakes (Stenger-Kovacs et al.,
2018).

Diatom-based reconstruction of past salinity

Diatoms are important paleosalinity indicators and
potential climate tracers in athallasic environments
due to their abundance, diversity and sensitivity to
salinity change (Gasse, 1983, 1987; Fritz et al., 1991;
Reed, 1998a; Reed et al., 2012). Recent concern about
global change and its impact on human societies has
stimulated interest in paleolimnology using diatom
records from arid/semi-arid regions (Mackay et al.,
2014; Covert & Medeiros, 2021). Diatom assem-
blages from lacustrine deposits offer the possibility
for quantitative reconstruction of shifts in hydrology
and climate on broad time scales (Fritz, 1990; Fritz
et al., 1991; Barker et al., 1994; Birks, 2010; Maslen-
nikova, 2020). Although the relationships that link
lake salinity with climate are very complex, salt con-
centration in lakes can be regarded as a proxy of cli-
mate change although it does not allow a direct esti-
mate of paleoclimatic variables (Gasse et al., 1997).

There is a direct link between climate and sur-
face water hydrology in arid and semi-arid regions as
closed-basin lakes may fluctuate in both water level
and water chemistry in response to seasonal, interan-
nual or long-term climatic variability (Gasse et al.,
1995). The chemistry of closed basins lakes responds
to the hydrological budget through the concentration
or dilution of dissolved salts.

Diatom-inferred salinity reconstruction of subsa-
line to hyposaline lakes in semiarid to arid climates
can be the best independent method for climate
reconstruction because variations in precipitation

and evaporation cause salinity changes that are suffi-
ciently extensive to produce shifts in diatom species
composition (Fritz, 2013). Closed lakes are found in
the dry interiors of continents, in subtropical deserts
and in dry polar regions. Thus, diatom-inferred salin-
ity can be used to reconstruct effective moisture from
lake deposits in many regions of the Globe (Fritz,
2013).

Starting from the mid-1980s, transfer functions
applied to fossil diatom assemblages have increas-
ingly been used in paleoenvironmental studies to
quantitatively reconstruct salinity (Gasse, 2002; Fritz,
2013; Tolotti et al., 2021; Han et al., 2022). These
transfer functions are based on modern calibration
data sets, which sample a group of contemporary
lakes that span a salinity gradient and use these lakes
to characterise the salinity range of diatom species
and the so-called salinity optimum, the salinity at
which each diatom species is the most abundant. A
variety of statistical techniques can be used to gener-
ate transfer functions for the reconstruction of salinity
or other environmental variables (Birks, 2010; Fritz
2013). Maybe the most challenging task in this field
is to tackle the explanatory variable of anions. How-
ever, diatom-based salinity transfer functions have so
far been developed for different regions and datasets
(collected by Vélez-Agudelo et al. 2021).

Shifts between freshwater and saline diatom taxa
have been used effectively to infer moisture variation
on orbital and millennial time scales in extant and
former lake basins, like in the Owens Lake basin in
North America (Bradbury, 1997), in Lake Titicaca
(Bolivia-Peru) in the tropical Andes (Fritz et al.,
2012), but probably the best-known example for dras-
tic changes effective moisture variations. In Africa,
diatom analysis has been instrumental in document-
ing massive precipitation changes during the late
Quaternary, including the greening of the Sahara and
Sahel in the early to middle Holocene (Gasse, 2002).
Also in Africa, massive reduction in lake level is
evident during the late Pleistocene from the diatom
records in Lake Malawi (Stone et al., 2011).

Bias of reconstruction
However, application of the transfer functions should
proceed with caution as several factors may affect the

accuracy of hydrochemical reconstructions and their
palaeoclimatic interpretation (Gasse et al., 1995).
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Fig. 6 Dissolution process
of diatom valves (cf.
Diploneis and Pantocseki-
ella spp.) in alkaline, saline
waters (scale bar= 10 pm)

First, water bodies in arid and semi-arid zones com-
monly experience large fluctuations in water chem-
istry, which influence diatom productivity and com-
munity composition during a single hydrological
cycle. The taphocenoses may thus contain a mixed
assemblage of diatoms derived from different source
communities, which reflect a range of water qualities.
Second, taphonomic problems related to diatom dis-
solution are critical in saline waters. Dissolution of
diatoms (Fig. 6.) can bias the assemblage by selective
dissolution of weakly silicified forms. Diatom disso-
lution is highest in sodium carbonate solutions, where
high pH (>9) enhances the dissociation of silicic
acid, but dissolution also occurs in other salt solu-
tions. The process depends on both ionic composition
and concentration and thus is site specific (Barker
et al., 1994; Reed, 1998a; Flower & Ryves, 2009;
Fritz, 2013). Dissolution indices can be developed to
correct for some of the bias imposed by taphonomic
processes (Ryves et al., 2009).

Recently, the diatom-based salinity reconstructions
are very popular and have been an often-used method
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in paleolimnology. New and promising alternative
approaches include the use of lipid biomarkers in sed-
iments to produce high-resolution reconstructions of
changes in lake water salinity and climate are being
in progress (Han et al., 2022). Fritz (2013) discussed
the pros and cons of using transfer function in salinity
reconstructions and concluded that these methods are
the most robust when they are corroborated by infer-
ences from other proxies, such as ostracodes, chi-
ronomids, sedimentology, or sediment geochemistry
(Gasse, 2002; Reed et al., 2012; Fritz, 2013).

Future models

As regard of inland waters, researches have already
concluded from the early times that besides severe
direct impacts (such as temperature, pH, etc.), climate
change has also significant effects on the salinity level
(Rawson & Moore, 1944; Hammer, 1990; Nielsen
& Brock, 2009; Somura et al., 2009; Friedland
et al., 2012; Jeppesen et al., 2015, 2020). Patterns
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in precipitation, drought, runoff related to regulation
of salinity level could be very different regionally
(IPCC, 2021). Thus, not all habitats will be affected
in the same way and individual lakes may exhibit
high variability in their responses to climate change
(Blenckner, 2005) similarly as reviewed by Selmeczy
et al. (2017): we see or forsee the effect but direc-
tions are habitat specific and often opposite. Further-
more, [PCC projections do not consider the concur-
rent changes in water abstraction (such as increasing
irrigation) which can further accelerate salinization
processes (Jeppesen et al., 2020). Despite the fact,
that a variety of possible approaches (such as labora-
tory culture experiments, mesocosm studies, models)
exist in order to simulate climate change scenarios on
diatoms, most of them focus mainly on the impacts
of temperature, pH, eutrophication and water man-
agement (e.g., Mooij et al., 2007; Burger et al., 2008;
Trolle et al., 2008; He et al., 2011; Chen et al., 2014;
Bussi et al., 2016; Ladwig et al., 2018; da Silva et al.,
2019; GroB et al., 2021). The simulation of the effects
of salinity on diatoms has received less attention and
were mainly restricted to marine/coastal ecosystems
(e.g., Miller & Kamykowski, 1986; Peperzak, 2003;
Doucette et al. 2008; Svensson et al., 2014; Ayache
et al., 2019, 2020; Glaser & Karsten, 2020) even
though significant and remarkable changes in this
highly determinant environmental factor have already
been predicted in inland ecosystems (e.g., Cunillera-
Montcusi et al., 2022). Only some studies on saline
lakes can be found, which revealed that standing crop
and the photosynthetic oxygen production of benthic
diatoms will be reduced with increased salinity (e.g.,
Herbst & Blinn, 1998). Although an enhanced pri-
mary production of the most typical Nitzschia species
of soda pans (N. aurariae, N. reskoi, N. supralitorea)
is expected, with the increasing average conductivity
based on future projections, they will not be able to to
tolerate and survive the salinity extremities (Lengyel
et al., 2015, 2020).

Final remarks

Salinization processes have accelerated with clear
regional (Dugan et al., 2017; Le Trong et al., 2019)
and global signals (Cunillera-Montcusi et al., 2022).
Salinization is consequential upon ecosystem func-
tions and services (Castillo et al., 2018) through

the loss of biodiversity, shifts in the composition of
aquatic communities (dominance of salt -tolerant
species, proliferation of invasive species [Schulz &
Cafiedo-Argiielles, 2019]), which has negative effect
on the human health and well-being (Kaushal, 2016).
Salinity has unequivocal effects on diatom commu-
nity level with food-web consequenves. However, in
the absence of comprehensive experimental studies,
which simultaneously focus on more than two trophic
levels in case of increasing salt concentration we
know very little about the interaction of the food web
elements in aquatic environments. Salinity can cause
several serious impacts on diatoms, which in turn,
can easily lead to threat and loss of ecosystem ser-
vices (B-Béres et al., 2022). Models are also missing
though they would be very important and necessary
to develop for adequate future management. Further-
more, we cannot forget that the dilution of naturally
saline ecosystems (desalinization) because of artifi-
cial freshwater inputs/agricultural runoffs represents
an equally important problem (Velasco et al., 2006)
as salinization, which also threatens biodiversity
(Gutiérrez-Canovas et al., 2019).
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