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Abstract – Epiphytic diatoms perform a variety of ecological functions. Diatoms are
important primary producers and sources of oxygen which can modify the chemistry of the
surrounding aquatic environment. They may live attached to plant surfaces with the help of
extracellular polymeric substances and compete with plants for resources (e.g., light,
nutrients). Thus, they represent an excellent model system for studies on interactions between
epiphytes and their host plants under different environmental conditions. Further, the practical
usage of epiphytic diatoms in biomonitoring begs questions concerning substrate specificity,
diatom biodiversity, and species delimitations. This review focuses on specific aspects of
freshwater epiphytic diatom ecology as adaptations for epiphytic way of life, epiphyte-host
relationships, and implications for biomonitoring.
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INTRODUCTION

Diatoms live either freely in the water column or attached to substrates.
Attached diatoms are differentiated according to substrate type, such as epipelic
(living on fine bottom sediments; reviewed by Poulíčková et al. 2008a; 2014),
epilithic (growing on stones or hard substrata), epipsammic (attached on sandy
sediments), epizoic (living on animals) and finally epiphytic (growing on different
plant material such as algae, bryophytes and vascular plants, Round & Lee, 1989;
Tiffany & Lange, 2002; Tiffany, 2011).

The need to study epiphytes arises from their ecological importance and
functions. Community ratios among primary producers (e.g., macrophytes,
phytoplankton, periphyton) are crucial to maintaining a favourable transparent states
in lakes with applications in lake management and restoration (Špoljar et al., 2017).
Attached littoral algal communities represent an important component of food webs
as primary producers (Michael et al., 2006). This productivity may be comparable
(Wetzel, 1964) or, under certain circumstances, even higher than the productivity of
phytoplankton (Vadenboncoeur et al., 2003; Adame et al., 2017). We speak mainly
about oligo-mesotrophic shallow lakes or littoral zones (Vadenboncoeur et al., 2003;
2008; Althouse et al., 2014) where the transparency of water is higher and enables
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periphyton development. This may also be the case in lotic systems (mainly in mid-
sized streams), where the primary production of epiphyton is considerable (Vannote
et al., 1980).

Attached algae, similar to submerged macrophytes, chemically modulate
the aquatic environment by nutrient uptake and assimilation-dissimilation processes
(Lock et al. 1984; Celewicz-Gołdyn & Kuczyńska-Kippen, 2017) Epiphytic diatoms
actively metabolize and therefore change chemical compositions and ratios in water,
while their photosynthetic activity leads to diurnal fluctuations of oxygen and CO2,
with subsequent pH variation (Lelková & Poulíčková, 2004). Although the ability
of atmospheric nitrogen fixation is mainly connected with cyanobacteria, some
diatoms can participate in nitrogen cycling via their endosymbionts (i.e., members
of the family Rhopalodiaceae, sensu Precht et al., 2004; Nakayama et al., 2014).
Finally, epiphytic diatoms play an important role in bioindication and paleoecological
reconstructions (Kitner & Poulíčková, 2003; Poulíčková et al., 2004a; Denys, 2009;
Poulíčková et al., 2013b).

Although the attached photoautotrophs have received less attention than the
phytoplankton, the number of epiphyton studies exceeds studies of other bentic
habitats. The ratio of papers in Web of Knowledge database (Thomson Reuters, New
York) on planktonic, epiphytic, and epipelic microalgal assemblages was 62:32:4 in
2013 (Poulíčková et al., 2014). However, there exist knowledge gaps which restricts
the practical applications based on epiphytic assemblages. The purpose of this
review is to address some specific aspects of freshwater, epiphytic diatom ecology,
plant-diatom relationships within epiphytic communities, implications for
biomonitoring, and to suggest the directions for future research.

LIFE ON THE SUBSTRATE

An attached growth form provides periphytic diatoms several advantages
over phytoplankton – stability, light and nutrient access. In an ecological niche,
phototrophic organisms compete for light and only those with suitable adaptations
can be successful. Light appears to be the overriding factor controlling both
macrophyte and epiphyton biomass, composition, and distribution (Mosisch et al.
2001; Laugaste & Reunanen, 2005; Pettit et al., 2016). The relative cover of
periphyton decreases with decreasing light, which means that light conditions
influences the vertical distribution of photoautotrophs (Poulíčková et al., 2006).
Periphytic diatom species are low light tolerant, which could explain their higher
abundance at sites with high overshading (Celewicz-Gołdyn & Kuczyńska-Kippen,
2017).

Attachment enables epiphytes to stay in places with optimal light conditions
and perhaps in the vicinity of decaying plant cells, which may serve as a nutrient
source (Cattaneo & Kalff, 1979). However, competition for such surfaces is stiff
even amongst the periphyton itself (Hoagland et al., 1982), favouring motile diatoms
(Hudon & Legendre, 1987). Secondly, attachment to the surface prevents current
stress, mainly to diatom cells living closest to the substrate (Stevenson, 1996). Passy
(2007) classified attached diatoms into three guilds: low-profile, high-profile, and
motile diatoms (Figs 1-15). Low profile representatives have small body size,
horizontal growth, and tolerate unfavourable positions close to the substrate
(Figs 4-5). Both the high-profile and motile guilds may secure more beneficial
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positions due to specialized habits (Figs 6-7, Soininen et al., 2016). As planktonic
diatoms can settle into the benthos, a fourth “planktic” guild has been added (Rimet
& Bouchez, 2012b) to the classification mentioned above (Fig. 16).

Fránková et al. (2017) divided epiphytic diatoms in a similar way. They
created five functional groups according to their relation to the host plant surface
(“life style”): FT1 planktonic taxa represented by centric diatoms; FT2 typically
periphytic taxa adhering to the surface directly by a mucous film or with a
mucilaginous stalk; FT3 facultatively periphytic araphid taxa, passively moving
diatoms able to attach; FT4 facultatively periphytic taxa with raphe with fibulae,
actively moving diatoms able to attach; FT5 epipelic taxa with raphe, actively
moving, mainly symmetrical biraphid pennate diatoms.

Attachment to living surface

Diatoms should not be considered parasitic since they stick to the external
tissue only, with the help of extracellular polymeric substances (EPS, Tiffany, 2011;
Fránková et al., submitted), that are considered to be one of the reasons for diatom
ecological success. Because, apart from sessile adhesion, they enable a variety of
other functions such as motility), colony formation and they also serve as
antidessicants (Hoagland et al., 1993). EPS are composed mainly of acidic
polysaccharides (Wustman et al., 1998), more or less carboxylated or sulphated,
while more detailed composition is genus- or species specific (Hoagland et al.,
1993). Occasionally, proteins have been identified as well (Daniel et al., 1987;
Wustman et al., 1998), but never lipids (Hoagland et al., 1993).

EPS may form a variety of structures, such as stalks, pads, and adhering
films, all of which are crucial for attachment (Figs 1-16). Stalks are more or less
long fine fibrils connecting the substrate and diatoms. They are exuded from the
siliceous cell wall either through the apical pore field (Hoagland et al., 1993, e.g.,
Cymbella cistula (Ehr.) Kirchn. (Hufford & Collins, 1972), Cymbella affinis Kützing
(Roemer et al., 1984), Gomphonema olivaceum (Hornemann) Brébisson (Roemer
et al., 1984), rhoicosphaenia curvata (Kütz.) Grun. (Mann, 1982), etc.), or from the
raphe, at the terminal nodule on the valve face (Hoagland et al., 1993, e.g. Achnanthes
longiceps (Daniel et al., 1987; Novarino, 1992) and A. minutissima Kütz (Roemer
et al., 1984). Pads do not differ much from stalks: they are even called ‚short stalks‘.
They are also secreted through the apical pore field (Hoagland et al., 1993). However,
apart from the attachment to the surface they enable also the cell to cell attachment
and therefore are responsible for colony formation (Geitler, 1971). Diatoms forming
pads include Fragilaria acus Kütz. and Gomphonema parvulum (Kütz.) Grun.
(Hoagland et al., 1982), Fragilaria vaucheriae (Ehr.) Peter (Roemer et al., 1984),
Diademis confervacea Kützing (Rosowski et al., 1983), etc. Adhering films are
found in prostrate diatoms such as Amphora (Daniel et al., 1980, Round & Lee,
1989), and Cocconeis (Daniel et al., 1987, Wang et al., 2014).

The movement of chemotactic diatoms is influenced by the chemical nature
of the substrate (Chet & Mitchell, 1976). This chemotaxis can be passive or active,
as observed on the marine diatom Achnanthes longiceps (Wang et al., 1997). Diatoms
inoculated to the hydrophobic substrate attached passively and reversibly but diatoms
inoculated to hydrophilic substrate did not attach until they produced extracellular
polymers. Active attachment can be observed on the hydrophobic surface as well.
However, much more time is needed and the action has four steps. Raphe-associated
transient attachment enabling movement is followed by the formation of pads which
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prevents motility. Then, a shaft is secreted from the pole of the raphe valve and it
elongates. Finally, the cells at the end expand creating colonies (Wang et al., 1997).

Like higher plant assemblages, attached algal succession appears to be a
result of interactions among processes such as colonization, environmental filtering,
interspecific, and intraspecific competition (Hoagland et al., 1982; Kitner et al.,
2005; Passy & Larson, 2011). As Hoagland et al. (1982) describe, firstly the substrate
becomes coated with organic film and the bacteria attach, sometimes even actively
via mucilaginous material. The presence of bacteria definitely plays an important
role, as Buhmann et al. (2011) note that Achnanthidium minutissimum produces
mucilaginous material only if bacteria are present. Second, early colonizers may be
various types of microbes, including low-profile diatoms. Later, clumps or rosettes
of diatoms develop, finally followed by long stalked (high profile) diatoms. Their
stalks represent a surface for further epiphytic attachment (secondary epiphytes) and
therefore further structuring (Figs 11-12). Secondary epiphyton species richness,
abundance and even biomass (Whitton et al., 2009) can exceed quantitative
parameters of primary epiphyton (Letáková, unpublished data). The arrangement of
epiphytic assemblages in the climax stadium of succession resembles the multi-
layered structure of forests (Kitner et al., 2005; Poulíčková et al., 2006).

The microbial community has a diffusive boundary around itself (Jørgensen
& Revsbech, 1985), where the chemical conditions inside may differ significantly
from the surrounding environment and affect the metabolism of the whole community
(Carlton & Wetzel, 1987; Riber & Wetzel, 1987). The older the community, the
bigger the difference in chemical conditions where the exchange of chemicals from
an older community with external water is significantly less important than that of
a young and thin community (Sand-Jensen, 1983).

Host plant surface

Diatom flora is influenced by the physical, chemical, and biological
characteristics of the host plant surface, even though there is not a strict boundary
between these influences. Biological interaction is often run by chemical substances
and the physical one is often associated with the chemical one, etc. The section is
divided according to these three interconnected aspects.

Physical influence
The physical influence of the host surface is represented mainly by

macrophyte host morphology (overall body architecture, form of leaves, etc.),
anatomy (particularly surface microtopography, e.g. roughness or smoothness), and

Figs 1-16. 1-3. Epiphyton on plant epidermis imaged using environmental scanning electron microscopy
(ESEM; method described in Fránková et al., submitted): 1. Cocconeis (asterisk), Gomphonema (arrow),
2. Cocconeis, Planothidium, 3. Gomphonema attached by mucilagenous stalks (arrow). – 4-12, 15-16
Epiphytic diatoms imaged using light microscopy (bright field 4-5,11-12,15-16 or Nomarski contrast
6-10, 13-14) 4,5 – Cocconeis (arrow) attached to Pleurosira and green alga respectively by valve face
(low profile guild), 6-7. Gomphonema attached by mucilagenous stalks (arrow, high profile guild),
8-9. Achnanthidium attached by mucilagenous stalk, 10. Fragilaria attached to green alga by one end
using mucilage pad (arrow), 11-12. Didymosphenia with Achnanthidium as secondary epiphytes on their
stalks (photo Sarah Spaulding), 13. Free living navicula (motile guild), 14. tabellaria colonies connected
by mucilage (arrow), 15. Fragilaria and 16. Asterionella planktonic guild

▲



8 M. Letáková et al.

growth forms (emerged, submerged and floating). The length of host life cycle is
also important (Laugaste & Reunanen, 2005; Pomazkina et al., 2012; Letáková
et al., 2016; Pettit et al., 2016).

Primarily, diatom composition is influenced by the size and surface texture
(Whitton, 1975), which is most evident in lotic waters where it is harder to stay
attached, but it is present also in lentic waters (Laugaste & Reunanen, 2005),
highlighted in splash zones. Finely branched and morphologically complex
submerged plants, such as Myriophyllum, ranunculus or elodea, seem to be rich in
epiphytes (Laugaste & Reunanen, 2005; Celewicz-Gołdyn & Kuczyńska-Kippen
2017). Similarly, higher diatom density was found on bryophytes with more crevices
than on leafy liverworts (Knapp & Lowe, 2009) because the current is decelerated
within the bryophyte thallus (Suren et al., 2000) creating a shielded habitat enabling
higher attachment rates (Burkholder, 1996). Similarly, in the study conducted on the
River Durance in South-East of France, significant differences in epiphyton densities
were observed in different parts of plants (Compte & Cazaubon, 2002). The influence
of water movement is also known from lentic ecosystems. Albay & Akçaalan (2008)
show that physical disturbances, such as water-level fluctuation, influence colonisation
of epiphyton. Fránková et al. (2017) found in the Dehtář fishpond (the Czech
Republic) different compositions of epiphytes according to their functional
traits (diatom “life style“ in relation to the substrate) caused by different intensity of
wave action.

Epiphytic species composition may also differ significantly between various
macrophytes taken under similar conditions (Compte & Cazaubon, 2002; Fernandes
et al., 2016; Mutinová et al., 2016). Diatoms have diverse body shapes, sizes, and
means of attachment, and for thus heterogeneity of colonization may be most
prominent in the presence of a current, but again it appears also in lentic waters. For
instance, large adnate diatoms, such as epithemia adnata, rhopalodia gibba, eunotia
arcus, e. arcubus, are the most frequent and abundant inhabiting Potamogeton
gramineus rather than Chara aspera, which are favored mainly by small-sized and
motile taxa – such as Brachysira neoexilis and encyonopsis cesatii (Laugaste &
Reunanen, 2005; Letáková et al., 2016). Micro-scale distribution pattern of periphyton
taxa is associated with microhabitats and influences the overall distribution and
diversity of benthic autotrophs (Yang et al., 2009). Such fine-scale distributions can
finally be studied using new and promising tools for in vivo observation (Figs 1-3,
Fránková et al., 2017). For example, Low Temperature Method for Environmental
Scanning Electron Microscopy (LTMESEM) enables the study of fresh diatom
material attached on plant substrate without any chemical pretreatment and conductive
coating.

The variation of diatom epiphytic assemblages can be expected in
consequence of host plant life forms as emergent macrophytes (e.g., typha spp.),
submerged macrophytes (e.g., Myriophyllum), free floating macrophytes (e.g.,
Lemna), macrophytes with floating leaves (e.g., Nymphaceae), and wet bryophytes
(Poulíčková et al., 2004b; Fernandes et al., 2016; Letáková et al., 2016; Adame
et al., 2017). Floating-leaved macrophytes increase shading, reduce both planktic
and bentic algal/diatom photosynthesis and reject zooplankters, whilst emergent
macrophytes prevent coastal erosion (reviewed by Špoljar et al., 2017). In summary,
a mosaic structure of macrophyte community caused higher habitat heterogeneity
and support overall diversity (Wang et al., 2009). Over the last two decades,
increasing attention has been paid to bryophytes because of the ecological significance
of wetlands. Mosses often have unique diatom flora, therefore Johansen (1999) uses
the term bryophytic diatoms and Cantonati named epiphytic algal assemblages
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inhabiting mosses epibryon (Cantonati et al., 2012; Poulíčková et al., 2013a). The
moss thallus protects the epiphyton from heat, wind, and desiccation since it is able
to retain a great amount of water. Moisture content is the major ecological parameter
determining diatom assemblages in moss communities, especially in the terrestrial
environment (Nováková & Poulíčková, 2004; Poulíčková et al., 2004b; 2013a).
Epibryon (diatoms on bryophytes) is common and abundant in regions where mosses
comprise the dominant vegetation: Subarctic and Subantarctic islands (Van de Vijver
& Beyens, 1997; Van de Vijver et al., 2003; Chattová et al., 2014), peat bogs and
mires (Poulíčková et al., 2004b; Buczkó & Wojtal, 2005; Buczkó, 2006; Kokfelt
et al., 2009; Poulíčková et al., 2013a,b) and spring fens of boreal and temperate
zones (Cantonati 1998; Poulíčková et al., 2003; 2004b; Fránková et al., 2009; Hájek
et al., 2011; Cantonati et al., 2012).

Chemical influence
Various chemical substances influence benthic diatoms with two main

groups bearing note: nutrients and allelopathic substances.
Apart from nutrients supplied via the water column, benthic diatoms may

also obtain nutrients from underlying substrata (Burkholder & Wetzel, 1990). The
use of nutrient-diffusing artificial substrates has shown that benthic diatoms receive
nutrients from underlying substrata, (Fairchild et al., 1985; Carrick & Lowe, 1989;
Pringle, 1990), particularly phosphorus (Burkholder & Wetzel, 1990), silica (Sand-
Jensen, 1990) and organic matter (Kassim & Al-Saadi, 1995). The prevailing source
also influences the community structure and species diversity (Pringle, 1990).
Substrates releasing nutrients were described in the epipelon (Pringle, 1990; Hašler
et al., 2008; Poulíčková et al., 2008a; 2014), in studies on artificial substrates
(Fairchild et al., 1985; Carrick & Lowe, 1989), and also in freshwater epiphyton
(Burkholder & Wetzel, 1990) particularly in the early stages of colonization (Albay
& Akçaalan, 2003). Host-plant nutrient supplies play an even more important role
in habitats with low turbulence of water because water flow enables nutrient cycling
that diffuse across a thin boundary level (Riber & Wetzel, 1987).

In contrast to the oldest studies suggesting macrophytes as an inert material
(Cattaneo & Kalff, 1979), Burkholder & Wetzel (1990) consider host plant surface
as important nutrient source for epiphyton. The importance of this nutrient source
increases particularly in oligotrophic and moderately eutrophic waters (Kitner &
Poulíčková, 2003; Poulíčková et al., 2004a; Laugaste & Reunanen, 2005).

The release of nutrients from plants is pronounced on sites of tissue damage,
where more epiphytes may grow (Roos, 1983). Also, with increasing plant age, the
integrity of the material decreases and therefore more nutrients are diffused,
particularly phosphorus (Landers, 1982) or silica (Laugaste & Reunanen, 2005).
Furthermore, the release of nutrients is greater in the spring time after winter
decomposition than in the late summer time. However, no matter the age and
seasonality, there is always nutrient release to some extent (Burkholder & Wetzel,
1990). Unfortunately, new studies in this field are missing, although new methods
and sophisticated facilities have recently become available.

Biological interactions
Life on a plant substrate is usually regarded as beneficial for diatoms: their

gain is quite clear. As it is mentioned above, they acquire a better position in the
water column, higher light illumination together with a wider source of nutrients.
But the question is: How do epiphytes influence their hosts? Different studies often
support completely opposite opinions.
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Negative influence of hosts. – At first, the epiphyte vs host macrophyte
relationship can be regarded as negative. Epiphytes shade aquatic plants and therefore
decrease their photosynthetic activity (Philips et al., 1978; Eminson & Moss, 1980;
Sand-Jensen & Borum, 1984). Epiphytes also compete with macrophytes for space
and nutrients, they increase pH and oxygen levels, and during the night, they
contribute to the induction of hypoxic conditions (Sand-Jensen & Borum, 1984).
Consequently, aquatic macrophytes have developed certain protective adaptations:
either a smooth surface (Eminson & Moss, 1980), quick growth of new tissue/leaves
and changes in macrophyte morphology (Eminson & Moss, 1980; Sultana et al.,
2010), or the production of algal antibiotics (Mähnert et al., 2017). Changes in leaf
shape were reported in response to water depth and phosphorus limitation (reviewed
by Sultana et al., 2010). The average number of leaves, total length of newly
recruited shoots, and diameter of stems seems to be greater in the epiphyton-free
control plants than in the epiphyton-colonized plants under low light conditions
(Sultana et al., 2010). They also showed that in laboratory conditions plants with
epiphyton allocate more biomass in their rhizomes and roots. In contrast to epiphyton
free plants, epiphyton-laden plants did not show internodal elongation, which is
considered as a response of plant to red light under shading conditions (Sultana et
al., 2010). It is known that primary producers can produce allelopathic substances
in order to beat rivals (Gross, 2003; Mähnert et al., 2017). The toxic influence on
cyanobacteria and algae has been shown experimentally in case of Myriophyllum
(Gross et al., 2002), Ceratophyllum (Iványi et al., 2002), and Chara (Mähnert et al.,
2017). Allelopathic effects of submerged macrophytes on phytoplankton have been
studied for their practical usage in water management (Körner & Nicklisch, 2002;
Gross et al., 2007; Hilt & Gross, 2008; Hu & Hong, 2008). Epiphyton is considered
to be less vulnerable to allelopathic chemicals than phytoplankton (Hilt, 2006),
probably because epiphytic algae might have developed resistance to some extent
by the process of co-evolution (Reigosa et al., 1999).

Allelopathic substances are not only those with an inhibitory effects but
also stimulatory ones (Molish, 1937), although the latter are the main discussed in
the literature (Letáková et al., 2016). Understanding allelopathic substances still
represents a challenge because elucidating their roles and prevalence in an aquatic
environment is not an easy task, and the laboratory evidence does not necessarily
apply in nature (Gross, 2003; Berger & Schagerl, 2003; 2004; Mähnert et al., 2017).
The question is also if the chemicals are secreted in biologically active amounts and
if they are secreted ‘intentionally‘ or just as a coincidence of factors, to know if
they should be called toxins or allelopathic substances (Inderfit & Dakshini, 1994).
These are the reasons why this chemical-biological issue still requires further
investigations.

A typical group studied for allelopathic release are Charophytes. They
produce toxic substances inhibiting the photosynthesis of microalgae, which together
with the incrustation of their surface by calcium carbonate is responsible for the
lower epiphyton densities on Chara spp. (Hafner & Jasprica, 2013; Letáková et al.,
2016). Allelopathic substances produced by Charophytes are known to lower the
photosynthetic rates (Dodds, 1991) or even completely inhibit photosynthesis of
different species of the genus Nitzschia (Wium-Andersen et al., 1982). Fránková et
al. (2017) observed lower diatom species richness on the non-incrusted Chara
braunii (20 - 24 diatom species per sample) in comparison with elatine hydropiper
(44 - 46 diatom species per sample) studied at the same locality. The species of the
genus Nitzschia present on other macrophytes were almost absent. On the other
hand, stoneworth epiphyton from south Bohemian fishponds was inhabited by
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common euryvalent species, which probably have a high tolerance to stress factors
(Fránková et al., 2017).

Low epiphyte density is also known from Spirogyra. Tannin-like compounds
released by this filamentous macroalga might be responsible for this (Pankow, 1961).
Jorgensen (1956) notes that Chlorella pyrenoidosa filtrate inhibits the growth of
Nitzschia palea, while the same substance stimulates the growth of Desmodesmus
quadricauda. Nitzschia palea produces an autotoxic substance, while Asterionella
formosa forms a substance accelerating its own growth (Jorgensen, 1956).
Unfortunately, the evidence of influences of chemicals secreted by macrophytes or
other benthic organisms on diatoms and chemicals secreted by diatoms themselves
is greatly lacking.

Neutral influence. – Not all consider the macrophyte – diatom relationship
to be determinative for the occurrence of diatoms species. According to the ‘neutral
substrate hypothesis,‘ there is no significant effect of the plant substrate on its
epiphytes (Cattaneo & Kalff, 1979; Blindow, 1987; Kitner & Poulíčková, 2003;
Cejudo-Figueiras et al., 2010) and algal communities growing on surfaces other than
plants do not differ greatly. Neither plant nor diatom influences are essential, and,
although macrophytes provide some nutrients to epiphytes, their influence can be
neglected (Cattaneo & Kalff, 1979), especially in waters with high trophy. If a water
plant is substituted with an artificial substrate, the diatom community does not differ
significantly (Cattaneo & Kalff, 1979; Millie & Lowe, 1983).

Positive/symbiotic interactions. – Finally, there are studies suggesting that
this type of relationships can be regarded as mutualistic (Ulanowicz, 1995). Epiphytes
have been defined as loose non-obligate ectosymbiotic (Allen, 1971; Wetzel, 1975;
1983; Kies, 1992) though it sounds too bold after all the facts mentioned above. We
already know what the diatom gains, but what advantage can epiphytic diatoms
bring to their hosts? If the shading effect of epiphyton is not too heavy, it brings the
benefit of absorption of UV radiation and therefore protects the macrophytes
(Klančnik, 2014). There is one more important factor within the water environment
and that is grazing pressure. Aquatic plants and macroalgae are under the risk of
consumption. Epiphytic cover can represent a barrier against host grazers (Hutchinson,
1975), since they are eaten first and the aquatic plant might stay unhurt. Grazing
pressure strongly influences the epiphytic community and it prevents the undesirable
shading (Brönmark, 1989; Hillebrand, 2005).

EPIPHYTIC DIATOMS IN BIOMONITORING

Overall diversity

Biomonitoring is based on specific ecological requirements of organisms
called bioindicators (Adams, 2002). Aquatic bioassessment based on phytobenthos,
particularly diatoms, seems to be quite popular especially in freshwater ecosystems
(Lavoie et al., 2014). However, major taxonomic revisions clearly showed that the
overall diversity of diatoms is underestimated. Although we have 12,000 currently
described diatom species, the estimates of total diversity range between 30,000 and
200,000 (Mann & Vanormelingen, 2013). Recent evidence from molecular data and
mating experiments has shown that some traditional morphospecies are aggregates
and contain several cryptic species (e.g., Achnanthidium minutissimum agg.), which
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are ecologically differentiated (Poulíčková et al., 2008c; 2017). Increasing numbers
of described diatom species lead to problems with their usage in routine biomonitoring
(Zampella et al., 2007). Analyses based on epiphytic assemblages lead to the
recommendation employ fine taxonomic resolution in cases where the assemblage
is dominated by a “good indicator”, which is an easily recognized diatom taxon
(Poulíčková et al., 2017). Species as Achnanthidium minutissimum (Kützing)
Czernecki, A. lineare W. Smith and A. caledonicum (Lange-Bertalot) Lange-Bertalot
seems to be promising as indicators of lower trophic levels and A. eutrophilum
(Lange-Bertalot) Lange-Bertalot and A. straubianum (Lange-Bertalot) Lange-
Bertalot as indicators of higher trophic levels.

Host specificity

The issue of substrate preference arises from physical, chemical, and
biological influences. Since the relationship between epiphyte and macrophyte is
complex, the idea of substrate specificity is intriguing. The fundamental question is
if the environmental conditions or the host type are more responsible for the
community structure. The answer has obvious relevance for the use of diatoms in
biomonitoring. Conflicting data has been generated from different studies, localities,
and macrophyte species.

Prowse (1959) suggests there is a probable relationship between macrophytes
and their epiphytes, i.e. certain species of macrophytes have certain species of
epiphytes. This might be due to different surface architecture (Lauguste & Reunanen,
2005), possible allelopathic release (Gross, 2003; Hilt, 2006), or for other biotic
interactions (e.g., Pip & Robinson, 1984; Cattaneo et al., 1998; Laugaste & Reunanen,
2005; Letáková et al., 2016). Some researchers have noted host specificity only for
certain macrophytes while not for others (Blindow, 1987; Kollár et al., 2015;
Mutinová et al., 2016; Messyasz & Kuczynska-Kippen, 2006). In a similar way, the
diatom Lemnicola hungarica is recorded as a typical inhabitant of Lemna sp.
(Buczkó, 2007; Poulíčková et al., 2008b). However, Lemnicola has also been
recorded from Phragmites australis (Kollár et al., 2015). Cocconeis placentula is
well known from algal surfaces, particularly Cladophora-Cocconeis association
(Laugaste & Reunanen, 2005; Tiffany 2011, our observations Fig.4-5). On the other
hand, negligible or no substrate-dependent differences have been noted (e.g.,
Cattaneo & Kalff, 1979; Milie & Lowe, 1983; Cejudo-Figueras, 2010).

Related to this issue, most studies agree that host specificity is usually
observed in places with lower trophy (e.g. Eminson & Moss, 1980; Poulíčková
et al., 2004a; Letáková et al., 2016; Mutinová et al., 2016). The higher the trophic
status the less the specificity, which, if present, is likely due to plant morphology
(Eminson & Moss, 1980; Kitner & Poulíčková, 2003). For example, Messyasz &
Kuczyńska-Kippen (2006) documented the substrate preference in eutrophic lakes
and concluded that the specific architecture of a host plant is more determinative
than the features of the lake. In oligotrophic waters, the possible release of nutrients
by plant surface might play a more important role than in waters full of inorganic
and organic compounds (Eminson & Moss, 1980; Kitner & Poulíčková, 2003).
However, some studies claim the opposite (Kahlert & Peterson, 2002).

In the case of bryophytes, water chemistry is still found to be the most
relevant determinant. For example, Sphagnum seems to influence epiphyton by
altering the pH (acidification) in the surrounding environment (Clymo, 1964;
Mutinová et al., 2016), although the effect is not universal. Although some authors
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found a significant relationship or affinity between some diatom species and
bryophytes (Cantonati, 1998; Poulíčková et al., 2004b; Cantonati & Spitale, 2009),
the environment (especially water chemistry represented mainly by pH) appears to
be more important than the substrate (Buczkó, 2006; Cantonati & Spitale, 2009;
Hájková et al., 2011).

In sum, host preference is an unresolved issue relating to epiphytic diatoms.
The chemical and biological interaction between the host plant of various species
and its epiphyton should be in the centre of attention, although it is problematic from
the practical point of view.

Biomonitoring and limnological reconstructions

Water is an essential substance for humans and therefore there is a need to
maintain and protect it. These actions are impossible without deep understanding of
what constitutes a “healthy” and “natural state”. To analyse such complex systems,
chemical analyses need to be accompanied by the biological ones (Round, 1991):
the chemical analysis illuminate the immediate information about the environment,
while organisms provide complex and long-term information, as they need some
time to develop their community. Furthermore, simple chemical analysis may be
biased by the organisms that cause the fluctuations, thus the simultaneous usage of
bioindicators is necessary (Cox, 1991; Round, 1991). Among other chemical and
biocenotic investigations, diatoms seem to show the most precise results (Leclercq,
1988; Hájek et al., 2014; Rimet et al., 2015; Kelly et al., 2016). The composition
of the community reflects various physico-chemical characteristics (van Dam, 1982),
since diatoms have preferences for pH, conductivity, humidity, trophy, presence of
organic matter, oxygen, nutrients, current and so on (Lobo et al., 2016). Diatoms are
perfect bioindicators (Blanco et al., 2004; 2014) that help to distinguish eutrophication
(Descy & Coste, 1990; Kitner & Poulíčková, 2003; Poulíčková et al., 2004a) and
pollution (Lange-Bertalot, 1979). Moreover, their response to changing conditions
is fast (Blanco et al., 2004), even faster than that of macroorganisms (Rühland et
al., 2003; Hájek et al., 2014). Therefore, diatoms are among the organisms mentioned
in the Water Framework Directive (WFD; 2000/60/EC) as fundamental bioindicators
of waters.

Periphyton based monitoring must be segregated by ecosystems (e.g., lotic,
lentic waters, and wetlands), because different factors apply in each. Many river
periphyton studies exist (e.g. Whitton & Rott, 1996; Prygiel et al., 1999; Rimet &
Bouchez, 2012a, b) and there is also a standardized sampling method available
(CEN, 2003). For ponds and lakes the number of studies is increasing lower (Kelly
et al., 2008; 2016), and even more scant for wetlands (Della Bella et al., 2007; Chen
et al., 2016). Overall, the epiphytic community has a great potential for biomonitorning
of all the three habitat types.

In running waters, the most commonly sampled substrates are epilithon and
epiphyton (CEN, 2003; King et al., 2006), with epilithon preferred if present (Round,
1991; Álvarez-Blanco et al., 2013), although in slower parts of a stream it can be
contaminated with mud (Round, 1991). The use of epiphyton for biomonitoring
purposes also has its difficulties. There are numerous species of macrophytes growing
along streams, and a comparison between epiphytes growing on different macrophyte
species might be burdened by an error, for the reasons mentioned above. The
comparison of epilithon and epiphyton has been done several times for both streams
and lakes (Danilov & Ekelund, 2000; Poulíčková et al., 2004a; Torrisi et al., 2006).
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In lentic waters, mainly in shallow lakes and littoral parts of deep lakes
(Kitner & Poulíčková, 2003; Blanco et al., 2004; Poulíčková et al., 2004a; Ács
et al., 2005; King et al., 2006; Blanco et al., 2014; Cejudo-Figueiras et al., 2010),
epiphyton was found to be suitable for bioindication, and actually very similar
principles can be applied as in lotic systems (King et al., 2006). Cantonati et al.
(2012) proposed epibryon for the assessment of spring habitats. Epilithon is tied to
substrate preferences, but contamination by dead frustules may lead to biased results
(Poulíčková et al., 2004a). This can be prevented by using epiphytic samples from
vertically orientated macrophytes (reeds), where covering by silt is minimized (see
Round, 1991; Poulíčková et al., 2004a; King et al., 2006).

Epiphytic diatoms can be further used in paleolimnological reconstructions.
The Water Framework Directive (WFD; 2000/60/EC) requires researchers to derive
ecological status categories from „reference conditions“. The sheer absence of
reliable reference sites all over Europe, and difficulties with sediment-based
paleolimnology limited by poor stratigraphic resolution due to sediment mixing, has
inspired some authors to look for other sources of information on a pristine situation
(Denys, 2009). Macrophytes that are stored in a herbarium together with their diatom
epiphytes represent an easy way to reconstruct past conditions from the composition
of their epiphytic assemblage (van Dam & Mertens, 1993; Cocquyt & De Wever,
2002; Shirey et al., 2008; Denys, 2009; Poulíčková et al., 2013b).

CONCLUSIONS

We have outlined a number of knowledge gaps with respect to the ecology
and importance of freshwater epiphytic diatoms as bioindicators. Future research
directions are summarized below:

1. Studies on epiphytic species diversity, distribution, dispersal, and
autecology, together with improvements in taxonomy using a combination
of molecular and traditional methods with emphasis to compile taxonomic
reference libraries for environmental barcoding, should ameliorate limits
of biomonitoring systems.

2. Studies on microhabitats and fine-scale distribution of epiphytic taxa
“in situ” should bring better understanding of diatom life strategies and
adaptations.

3. Studies on chemical influences and exchanges within host-epiphyte
system, as well as biological interactions (e.g. allelopathy), is necessary
for better understanding of host-epiphyte specificity.
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