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Abstract Diverse macrovegetation can provide het-
erogeneous habitats for benthic diatoms. The removal
of macrophytes as direct plant control, however,
can be considered as a threat, which can even lead
to remarkable microhabitat alterations. Lake Tisza
(Hungary) has a high nature conservation value, but
it is also an important recreation centre, which is
why very delicate water management is necessary
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including vegetation thinning. Here, we studied the
importance of microhabitat heterogeneity (emergent,
submerged and floating macrophytes) in maintaining
diverse periphytic diatom assemblages. We hypoth-
esized that the substrate type has greater influenc-
ing role on the composition and diversity of diatoms
than the lake heterogeneity related to basins. We also
assumed that floating vegetation hosts the most dif-
ferent and least diverse diatom assemblages. Our
results mostly proved these hypotheses. Heterogene-
ous assemblages were formed on the different sub-
strates (support hypothesis), however, the basin level
differences were also detected (reject hypothesis).
Our results also highlighted, that macrophyte species
with lesser morphological complexity hosted the least
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diverse periphytic assemblages (support hypothesis).
However, many unique and red list taxa were found
on floating plants (reject hypothesis). These findings
emphasize the key role of microhabitat complexity
in maintaining diverse and healthy functioning of
microbial assemblages in a multi-purpose reservoir.

Keywords Diatoms - Functional diversity -
Microhabitats - Multi-purpose artificial lake -
Taxonomic diversity

Introduction

Like healthy ecosystems, human society is built on,
inter alia, biodiversity (Diaz et al., 2006), however,
our knowledge about the variety of life on Earth is not
even. While nature conservation studies usually focus
on large animals and other organisms, especially on
those that are used in human activities, aquatic and
subterranean biota, invertebrates or microorganisms
including algae, are underrepresented (MEA, 2003).
At the same time, freshwaters are strongly threatened
by the rapid diversity loss, which can now be consid-
ered an “invisible tragedy” below the water surface
(Richter et al., 1997; Reid et al., 2019).

Benthic diatoms as important primary producers
(Wetzel, 1983; Stevenson, 1996) play a key role in
freshwaters, especially in lakes (Cattaneo & Kallff,
1979). They are usually one of the most abundant
components of epiphyton (Vermaat, 2005), and
may even constitute a significant proportion of the
total periphytic biomass (Vadeboncoeur & Stein-
man, 2002; Sanchez et al., 2017). In addition, even
though diatoms are protected by their silica frus-
tules against grazing, they are still an excellent food
source for both zooplankton and zoobenthos (Kui-
per et al., 2015; Neury-Ormanni et al., 2020) due
to their high protein and polyunsaturated fatty acid
content (Tenore, 1989; Marella et al., 2020). To
perform these functions in ecosystems, well-devel-
oped and diverse diatom assemblages are required
(B-Béres et al., 2022), the formation of which
(besides nutrients and light) can be strongly influ-
enced by the quality and quantity of substrates.
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Freshwater macrophytes are one of the most
important substrates for periphytic organisms, espe-
cially in lakes (Vadeboncoeur & Steinman, 2002)
and lowland watercourses (Varbiré et al., 2020).
Diverse and complex macrophyte community can
drive the periphytic algal community towards
increased abundance (Hao et al., 2017), biomass
(Gross et al., 2003) and species diversity (Biolo &
Rodrigues, 2013), simply because it facilitates set-
tlement, growth and mobility of algae or enables
predator avoidance (Tokeshi & Arakaki, 2012). The
composition and biomass of benthic algal assem-
blages, however, are highly controlled by the basic
nature of substrate: The difference in the shape and
the structural complexity of macrophytes, i.e. pres-
ence/number of thorns and the importance of edges,
can result in differences in the structure and diver-
sity of benthic algal assemblages (Ferreiro et al.,
2013; Osério et al., 2019). Vertical extension of
macrophytes, such as emergent, submerged and
rooted-floating plants, is also an important driver of
algal colonisation, as the amount of light decreases
and its quality changes with depth and transparency
(Middelboe & Markager, 1997). While submerged
macrophytes can provide a variety of habitats for
periphyton due to their most complex morpho-
logical structure (e.g. compound leaves and float-
ing adventitious roots) (Fernandes et al., 2016),
highly variable algal assemblages can be formed
on rooted-floating plants (Rojas & Hassan, 2017).
These species can also be considered one of the
most disturbed microhabitats for algae due to their
flushing upper surface. On the other hand, they can
be favoured by diatoms which have the ability to
survive unstable, aerophilous conditions (Falasco
et al., 2016). In addition, algae living on the under-
water surface of free-floating leaves have to cope
with intense shading. Based on all these, structural
complexity of host plants and their life forms seems
essential for structuring periphytic algae (Dos San-
tos et al., 2013).

While the characteristics of species units, i.e.
traits have been used in terrestrial vegetation and
phytoplankton researches for decades, the trait-
based approach has only become widespread over
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the last 15 years in diatom studies (see more Tapol-
czai et al., 2016). This approach, inter alia, allows
comparing the effect of the same natural or anthro-
pogenic processes (e.g. nutrient load, salinization or
climate change) even in different ecoregions. This
helps recognizing global forces and processes jeop-
ardize aquatic ecosystems all over the World (Torok
et al., 2016). In addition, the diverse trait composition
of assemblages (high functional diversity) is essen-
tial for the proper functioning of ecosystem func-
tions, such as productivity and resistance to invasions
(Mason et al., 2005).

Lake Tisza (Kiskore Reservoir) is the second
largest standing water in Hungary and in the Car-
pathian Basin, which has four differently managed
basins serving different purposes (Kodkai et al.,
2019). As part of both national protection (Minis-
terial Order, 2001) and the UNESCO World Herit-
age Convention (UNESCO, 1999), the conservation
of bird habitats and nesting sites is a priority here.
For this reason, this lake is plagued by water quality
problems from time to time, due to the eutrophica-
tion in the highly protected basin characterized by
the highest occurrence of birds. In addition to its
high nature conservation value, Lake Tisza also pro-
vides other ecosystem services as it is an important
recreational centre for anglers, swimmers, cano-
ers, kayakers, etc. (Koékai et al., 2019). In order to
make the lake suitable for multi-purpose services,
very delicate water management must be imple-
mented including water level control and summer
vegetation thinning. Diverse aquatic macrophyte
vegetation develops every summer on Lake Tisza,
which can achieve such a high density and bio-
mass that hinder many water usage and recreation
activities (web 1). Annual vegetation thinning is a
common practice in Lake Tisza, but in the recent
years, there has been a need for more frequent thin-
ning affecting larger areas. However, the removal
of macrophytes in order to directly control plants
can be considered as a threat, which can even lead
to microhabitat degradation (Thomaz & Cunha,
2010) that ultimately results in diversity loss and
reduced functionality. Extended macrovegetation,
however, also provides heterogeneous habitats for

aquatic assemblages (spiders—Raizer & Amaral,
2001; invertebrates—Taniguchi et al., 2003; birds—
Paillisson et al., 2006; fishes—Padial et al., 2009)
including periphyton (Fernandes et al., 2016) by
creating great variety of physical structures. Due
to the above mentioned general dominance of dia-
toms in the periphyton and their importance as
food sources, it is important to know, how vegeta-
tion thinning influences on their composition and
diversity. Finally, compositional changes in diatom
assemblages may affect the structure and diversity
at higher trophic levels. Therefore, the role of dia-
toms in improving practice of conservation seems to
be well established.

Here, we aimed to highlight the importance of
microhabitat heterogeneity (i.e. different types of
macrophytes as emergent, submerged and float-
ing) in maintaining diverse periphytic diatom com-
munities. In our former paper (Kékai et al., 2019),
we studied the influence of seasonality (temporal
effect) and different management control (spa-
tial effect) of basins on the taxa composition and
the diversity of benthic diatoms. We involved the
analyses periphytic assemblages formed on only
one life form type of macrophytes, i.e. on emer-
gent plant. We revealed a more or less pronounced
spatial homogeneity in the taxonomic composition
of diatom assemblages in Lake Tisza, furthermore
the biodiversity was also slightly influenced by the
spatial effect. Based on these results (Kokai et al.,
2019) and the above-mentioned role of life forms
of macrophytes in shaping composition of benthic
algal assemblages, we hypothesized the followings:

(H1) The type of substrate (microhabitat) has
greater influencing role on the composition and
diversity of periphytic diatoms than the spatial effect
related to the different management of basins,

(H2) Floating macrophytes show the most pro-
nounced compositional alterations at both taxonomic

and trait levels,

(H3) Floating vegetation hosts the least diverse
benthic algal assemblages.
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Materials and methods
Sampling setup and measurements

Epiphyitic diatom samples were collected between
2016 and 2019, twice a year (in June and in August),
in the four basins of the lake (Fig. 1): Tiszavalk
basin (47°40'14.7"N, 20°42'56.4"E)—highly pro-
tected, Poroszl6- (47°36'39.2"N, 20°40'27.8"E) and
Sarud basins (47°35'00.7"N, 20°39'11.5"E) — mod-
erately protected, Abadszalok basin (47°29'53.1"N,
20°35'44.3"E)—slightly protected (Koékai et al.,
2019). Beside different basin management, spatial
heterogeneity of the reservoir can be observable in
the basins (Kékai et al., 2019). While the open water
surface is the highest in the Abadszalok and Sarud

basins (60-65%), it is the smallest in the Tiszavalk
and Poroszl6 basins (30-35%). In the four basins, the
main emergent taxa are Phragmites australis (Cav.)
Trin. ex Steud. and Typha spp., while the dominant
submerged taxa are Potamogeton spp. and Cerato-
phyllum spp. As rooted-floating species, Trapa natans
L. is the most abundant and characteristic in Lake
Tisza. During the sampling period no significant
difference was found in the inorganic nitrogen, total
phosphorus and chloride ion concentration, as well as
water temperature, pH and oxygen saturation between
the basins. Other parameters, however, were signifi-
cantly higher in the Tiszavalk basin (orthophosphate
and total nitrogen content) or in the Abadszaldk basin
(transparency) (Supplementary Table 1). The physical
and chemical environment that strongly and directly

Fig. 1 Location of Lake Tisza and the sampling sites in the four basins. Sampling sites are marked by black squares, while main vil-

lages are marked by black stars
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surrounds the different life forms of macrophytes
(emergent, submerged and rooted-floating) was not
measured in this study.

Substrates were characteristic aquatic plants,
belonging to three life-forms, emergent (Phragmites
australis, Typha angustifolia L.), submerged (Pota-
mogeton perfoliatus L.) and floating-leaved/rooted-
floating (Trapa natans) macrophytes. In our study,
macrophytes as substrates have been selected based
on their life form and dominance within the lake,
however, these plants also have different structural
complexity. The most “complex” (with many edges)
is the floating-leaved species, while the less is the
emergent ones (mostly a “tube”) (in part according to
Ferreiro et al., 2013). All three types of macrophytes
were sampled from the same spot in the given basin.
During one sampling, i.e. on the same day, we col-
lected altogether 12 samples (4 basinsXx3 types),
the only exception was the early summer period in
2017 when submerged substrates were not available
in the Sarud and Abdadszalok basins. This means that
the total number of samples was 94: 2 per year per
sitex4 yearx3 life form types of macrophytesx4
basins (except in June in 2017). Sampling and pres-
ervation were performed according to the European
standard (EN 13946). Samples from the emergent
macrophytes were collected from the underwater
stem of the plant (5-5 stems per sampling events): the
biofilm of a 15-20 cm stem section was removed with
a toothbrush and then washed into a sampling bottle
filled with tap water. In the case of Potamogeton per-
foliatus, 10—-10 shoots (stem and leaves) per sampling
sites were collected (no rhizome and roots), while
10-10 floating leaves per rosette of Trapa natans
(5-5 rosette per sites) were used as substrate during
sampling. The plants (leaves, shoots) were placed in
a plastic sampling box filled with sterilized tap water,
then shaken to remove the weakly attached algae.
After that, strongly attached algae were removed
with a toothbrush. Periphytic samples were preserved
in the field with acetate-free Lugol’s solution, then
checked in the laboratory to see if they contained a
sufficient amount of living cells, i.e. the ratio of frus-
tules with organic matter was over 90-95%.

Preparation of the samples was conducted by hot
hydrogen-peroxide method using Naphrax for embed-
ding (EN 13946). At least 400 diatom valves were
identified in each sample (EN 14407) at 1000-1600-
fold magnification (Leica DMRB microscope)

according to the following references: Krammer &
Lange-Bertalot (1997a,b, 2004a,b), Potapova & Ham-
ilton (2007), Bey & Ector (2013), Stenger-Kovacs &
Lengyel (2015).

Data processing and analyses

Diatom taxa were classified into five traits (Supple-
mentary Table 2): length—width (L/W) ratio (6 cat-
egories; Stenger-Kovics et al., 2018), cell size (5
categories; Berthon et al., 2011), attachment (3 cate-
gories; Lange et al., 2016), life-form and guild (3 and
4 categories, respectively; Rimet & Bouchez, 2012).
Endangered taxa were listed into threatened catego-
ries according to the German diatom-specific Red
List (3 categories; Hofmann et al., 2018).

To compare the taxonomic and trait composition
of the three microhabitats, we performed non-metric
multidimensional scaling (NMDS; Canoco 5.0; ter
Braak and émilauer, 2002). For the trait-based analy-
ses, the community-weighted mean (CWM) matrix
was used, in which the mean trait values in the com-
munity were weighted by the relative abundances
of the species. Permutational multivariate analysis
of variance (PERMANOVA) was performed on the
community matrix after NMDS analyses to test the
statistically significant differences in terms of com-
position (Anderson, 2001). The percentage break-
down of average dissimilarity between the groups
was determined by similarity percentage (SIMPER)
analysis using the Bray—Curtis dissimilarity index
(Clarke, 1993). The PERMANOVA and SIMPER
analyses were performed using Past 4.09 (Hammer
et al., 2001).

Species richness (Taxa_S), Shannon diversity (H)
and species evenness (Jgyenness) Were calculated to
compare the taxonomic diversities of assemblages
(Pileou, 1975). These metrics were calculated using
Past software (version 4.09; Hammer et al., 2001).
Functional diversity metrics as functional richness
(FRich), functional evenness (FEve) and functional
divergence (FDiv) were estimated as described by
Villéger et al. (2008), while functional dispersion
(FDis) was calculated according to Laliberté and
Legendre (2010). R environment was used for the cal-
culation of these functional diversity metrics (Lalib-
erté & Legendre, 2010; version 3.5.2; R Core Team,
2019).
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In the case of normal distribution, one-way
ANOVA and in case of non-normal distribution,
Kruskal-Wallis were used to compare the diver-
sity characteristics between aquatic plant life forms
and between differently managed basins (ter Braak
& Smilauer, 2002; using Past 4.09). The fixed fac-
tors were life forms and basins, while the dependent
variables were the taxonomic and functional diversity
metrics as Taxa_S, Shannon diversity (H), species
evenness (Jgyeness)> functional richness (FRich), func-
tional evenness (FEve), functional divergence (FDiv)
and functional dispersion (FDis).

Results
Taxonomic composition

In the 94 samples, a total of 288 taxa were identi-
fied: 286 to species and 2 to genus level; 150 species
were found on all three substrates. 19 of them were
proved to be characteristic elements of the total peri-
phyton community (occurred at least half of the sam-
ples/substrates with abundance >5%; Supplementary
Table 3). Altogether 231 diatom taxa were found on
the emergent (32 samples), 197 on the submerged (30
samples) and 210 on the floating-leaved substrates
(32 samples). Between substrates, number of com-
mon species was 165 (emergent-submerged), 163
(emergent-floating) and 172 (submerged-floating),
respectively. In contrast, 87 species occurred only on
one type of plants: there were 53 unique species pre-
sent on emergent, 9 on submerged and 25 on floating
macrophyte substrates. Approximately 90% of these
species were present in only 1 or 2 samples of the
given microhabitat, and their abundance was typically
below 1%.

A total of 60 red list species were found in the
samples (Supplementary Table 2), of which 31 taxa
occurred only on one type of plants: 21 on emergent,
2 on submerged and 7 on floating substrates. While
the highest taxa number (43) and cumulative mean
abundance (13.07%) were also found on the emergent
macrophytes, in the other microhabitats, frequency
of endangered taxa was very similar (taxa number 29
and 34, abundance 9.94% and 9.79%, respectively).

Regarding the taxa composition of basins, 181
taxa occurred in Tiszavalk-, 188 in Poroszlo-, 216
in Sarud- and 192 in Abadszal6k basin. The highest
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average taxa number was found in the submerged
samples in both sampling periods in the case of Tisza-
valk-, Poroszl6- and Abadszaldk basins. The number
of common species was 136-155 between basins
(Supplementary Table 2), and 80 taxa were found in
only one basin (15 in Tiszavalk basin, 12 in Poroszl6
basin, 33 in Sarud basin and 20 in Abadszaldk basin,
respectively). Most of these species were rare (1-2
samples) and less abundant (< 1%).

Although there was almost a complete overlap
between microhabitats according to the taxonomy-
based NMDS analyses (Fig. 2a), the PERMANOVA
analyses revealed significant differences between
them (p=0.0277). The pairwise analyses, however,
did not reveal compositional differences between
the assemblages formed on submerged and floating
macrophytes (Supplementary Table 4). In the case of
basins, there was a more visible separation (Fig. 2b),
which was also supported by the PERMANOVA
(»=0.0001) (Supplementary Table 5). The SIMPER
analyses revealed that species as Achnanthidium
minutissimum (Kiitzing) Czarnecki, Aulacoseira dis-
tans (Ehrenberg) Simonsen, Diadesmis confervacea
Kiitzing, Gomphonema parvulum (Kiitzing) Kiitz-
ing and Melosira varians C.Agardh contributed the
most (contribution% >4) to the compositional dif-
ferences among substrates (Supplementary Table 4).
In addition to these species, two other taxa (Cocco-
neis lineata Ehrenberg and Gomphonema pumilum
(Grunow) E.Reichardt & Lange-Bertalot) also highly
contributed to differences among basins (contribu-
tion%=4.05 and 2.898, respectively; Supplementary
Table 5).

Trait composition

All trait categories were found both in all types of
substrates and in all basins, only their proportions
were different. Similar to taxa composition, there
was also an overlap in trait composition between
substrates (Fig. 3a) and the PERMANOVA revealed
marginally significant alterations between substrates
(p=0.0838; Supplementary Table 6). Based on pair-
wise analyses, there were no significant differences
in the composition between assemblages formed on
floating and submerged, or floating and emergent
macrophytes (Supplementary Table 6). The samples,
however, collected from submerged macrophytes can
be characterized by the strongly elongated (LW6),
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Fig. 2 Taxonomic composition of microhabitats (a) and basins
(b) according to NMDS. OMNIDIA codes represent domi-
nant species (abundance>5%). Green circle-emergent, blue
square—submerged, orange diamond—floating macrophytes (a);
orange circle-Tiszavalk basin, blue square—Poroszl6 basin,
green diamond-Sarud basin, red star—Abadszalok basin (b)

and/or colonial, high profile species. In contrast, the
smallest (S1), and/or unicellular, and/or strongly
attached, and/or low profile taxa and/or moderately
attached species were rather related to the emergent
plants (Fig. 3a).

The basins were separated from each other, espe-
cially the Sarud- and Abadszaldk basins (Fig. 3b).
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Fig. 3 Functional composition of microhabitats (a) and basins
(b) according to NMDS. Green circle—emergent, blue square—
submerged, orange diamond—floating macrophytes (a); orange
circle-Tiszavalk basin, blue square—Poroszld basin, green dia-
mond-Sarud basin, red star—Abadszalok basin (b). Length—
width (L/W) ratio—LW1, LW2, LW3, LW4, LWS5, LW6; cell
size—S1, S2, S3, S4, SS5; strength of attachment—Ilow attach-
ment, medium attachment, high attachment; life-form—unicel-
lular, filamentous, colonial; guild—low profile, high profile,
motile, planktic

The PERMANOVA analysis showed significant dif-
ferences among them (p=0.0001; Supplementary
Table 7). However, assemblage composition did not
reveal pairwise differences between the Poroszl6- and
Sarud basins (Supplementary Table 7). Colonial or
filamentous high profile, and/or LW6, and/or plank-
tic, and/or weakly attached taxa characterized the
Sarud basin, while LW3 and/or, strongly attached,
and/or unicellular, and/or small sized (S1) and/or low
profile traits were indicative to the Abadszaldk basin
(Fig. 3b).
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Accordingly, the most abundant taxa of the
mentioned trait categories were the followings:
LW6—Eunotia bilunaris (Ehrenberg) Schaarschmidt
(max. abundance 5.47%), colonial-Diadesmis confer-
vacea (max. abundance 41.42%), high profile-Melo-
sira varians (max. abundance 68.31%), medium
attachment-Gomphonema pumilum (max. abundance
46.19%), unicellular—Cocconeis placentula Ehren-
berg spp. (max. abundance 70.48%), S1-Achnan-
thidium minutissimum (max. abundance 64.2%),
motile—Epithemia adnata (Kiitzing) Brébisson (max.
abundance 24.7%).

Diversity

While basin level differences had a significant effect
only on taxa number, microhabitats significantly
influenced trait diversity but not taxonomic diversity
(Table 1). The species richness was the highest in the
Poroszld basin, however, neither Shannon diversity
nor evenness did differ significantly among the basins
or the substrates. Regarding the trait diversity, sub-
strate had significant effect on three of the four com-
ponents of functional diversity, i.e. functional rich-
ness (p=0.043), functional divergence (p=0.023)
and functional dispersion (p =0.005; Table 1). While
functional divergence (FDiv) reached the highest
value on the emergent macrophytes, functional rich-
ness (FRich) and functional dispersion (FDis) of sub-
merged microhabitats were the highest compared to
the other substrates (Table 1).

Table 1 Effect of lake heterogeneity related to basins and type
of substrate on taxonomic- and functional diversity metrics.
Significant correlations represented with bold letters (P <0.05)
were detected using PERMANOVA. Dependent variables were
the diversity metrics, the fixed factors were the four basins and

Discussion
Compositional changes

The role of aquatic vegetation in habitat structuring
for periphyton communities has been demonstrated
several times (e.g. de Souza et al., 2015; Fernandes
et al., 2016; Ledo et al., 2021). Variation in periphytic
algal communities, especially in diatom assemblages,
implies in changes in large-scale structure of systems
that influence dynamics across trophic levels (Hino-
josa-Garro et al., 2010). However, opinions differ on
how the various life forms of aquatic macrophytes
contribute to the formation of diatom assemblages.
Regarding the basically different life form and
morphological structure of the sampled host macro-
phytes in Lake Tisza, the effects of these character-
istic plants on the periphytic diatoms’ community
could be assessed at microhabitat scale. Here, a more
pronounced substrate- than basin-based assemblages
heterogeneity was expected (H1). Our results only
partially confirmed this hypothesis: More or less
heterogeneous assemblages were formed on the dif-
ferent substrates, however, in this study strong basin
level differences were detected. Disturbance toler-
ant taxa, such as Achnanthidium minutissimum (Acs
et al., 2006) and other low profile, strongly attached
species were definitely characteristics in Abadszaldk
basin, which is intensively used for recreational activ-
ities as water skiing, pleasure boating, swimming
(Kékai et al., 2019). In accordance with the find-
ings of Messyasz et al. (2009), that different types of

the three substrates. The ‘relation’ column shows the relative
position of basins (TV-Tiszavalk-, PO-Poroszl6-, SA-Sarud-,
AB-Abadszalok basin) and substrates (E—emergent, S—sub-
merged; F-floating)

Basin Substrate

P relation P relation
Species richness 0.006 PO>SA>AB>TV 0.256
Shannon diversity 0.127 0.479
Evenness 0.777 0.611
Functional richness 0.105 0.043 S>F>E
Functional evenness 0.774 0.262
Functional divergence 0.104 0.023 E>S>F
Functional dispersion 0.225 0.005 S>E>F
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macrophytes maintain microalgal assemblages with
different taxonomic compositions, we also found
significant structural alterations among the assem-
blages of various substrates. In addition, trait-based
differences in composition were also detected here.
These results supported the first part of our second
hypothesis (H2): specific morphological features of
macrophyte life forms may enhance the formation of
different periphyton communities. Furthermore, most
unique species were found on emergent plants, thus
they seem to provide important niches for more dia-
tom species preferring stable substrate and tolerating
variable light intensity including high number of red
list taxa than other macrophytic life forms.

However, it should be emphasised that our results
partially rejected the second part of H2, because
taxonomic and trait composition of benthic diatom
assemblages did not show differences between the
floating-leaved and the other two macrophyte types
and the number of endangered species was high on
this substrate. Small, shade tolerant species, such as
Achnanthidium minutissimum (Johnson et al., 1997,
Diaz Villanueva & Modenutti, 2004), may dominate
the underwater surface of free-floating leaves simi-
lar to the lower layer of matured biofilm of emergent
aquatic plants. Furthermore, the high profile, fila-
mentous or long stalked species, which were charac-
teristic on submerged plants, prefer low disturbance
(Passy, 2007), can also find suitable living conditions
on the underwater surface of the floating leaves, and
since they emerge from the substrate, they can also
get enough light there.

Diatom taxa attached to the emergent plants have
to cope with various environmental effects both indi-
vidually and at assemblages level, e.g. changes in
light intensity with vertical extension. In line with
previous findings (Liess et al., 2009; Stenger-Kovacs
et al., 2013; Tapolczai et al., 2016) in our study,
shade-tolerant low profile species mainly small-sized
(S1) and pioneer Achnanthidium minutissimum and
Amphora pediculus (Kiitzing) Grunow, moreover, the
larger-sized Cocconeis lineata dominated the biofilm
of emergent macrophytes. These strongly attached
species can also tolerate grazing by macroinverte-
brates (Rimet et al., 2015) which has been suggested
as a common biotic pressure in Lake Tisza (Kdkai
et al., 2019).

High profile colonial (Diadesmis confervacea) and
filamentous (Melosira varians), as well as planktic

filamentous (Aulacoseira distans) species clearly
related to the submerged macrophytes, which cover
large areas, creating lentic habitats that are less
affected by disturbances caused by abrupt changes in
current velocities (époljar et al., 2017). These explain
why D. confervacea preferring high levels of nutri-
ent supply and reduced flow conditions (van Dam
et al., 1994; Kelly & Whitton, 1995; Stenger-Kovécs
et al., 2013) reached extremely high abundance here.
The submerged macrophytes also provided favour-
able environment for the subsidence of Aulacoseira
distans.

Epiphyte grazers (e.g. snails) can be predominant
in Trapa natans that can strongly transform commu-
nities attached to the floating-leaved macrophytes
(Cattaneo et al., 1998). Moreover, in microhabitats
formed by floating-leaved macrophytes, there can
be an interaction between macrophytes and planktic
algae (Scheffer, 1998) resulting in decreased TSS
and reduced intensity of photosynthesis (Kdkai et al.,
2019). Here, weakly attached (Halamphora veneta
(Kiitzing) Levkov) and motile (Nitzschia amphibia
Grunow, Nitzschia dissipata (Kiitzing) Rabenhorst)
species achieved the highest frequency and abun-
dance. As subaerophilic species (van Dam et al.,
1994—updated in 2011), these taxa also well tolerate
water cessation, which occasionally affects floating
macrophytes.

Diversity changes

Assembly of periphyton can be driven by physical
structure and roughness of host plants (Thomaz et al.,
2008; Sultana et al., 2010; Thomaz & Cunha, 2010)
resulting in higher species richness on rough sub-
strates (Schneck et al., 2011). On the contrary, in our
study, the taxonomic diversity was not influenced by
the life form and structure of macrophytes, but, the
species richness was controlled by basin level dif-
ferences in water management, which resulted in the
highest diversity in the Poroszl6 and Sarud basins. As
these two basins are characterized by moderate dis-
turbance (i.e. moderately used for recreational activi-
ties: Kokai et al., 2019), these findings are in line
with Connell’s intermediate disturbance hypothesis
(1978), which predicts the peak of species diversity at
intermediate intensities of disturbance.

Beside taxonomic diversity, diverse functional
composition also plays pivotal role in maintenance of

@ Springer



Hydrobiologia

ecological processes and healthy functioning of eco-
systems (Tilman, 2001; Petchey & Gaston, 2006). In
our study, trait distribution of periphytic diatoms was
clearly driven by plant characteristics, and as a result,
three elements of functional diversity changed signifi-
cantly on the substrates. While functional divergence
reached the highest values on the emergent substrate,
functional richness and functional dispersion val-
ues were the most elevated on the submerged plants
implying that emergent and submerged macrophytes
contribute to the functional diversity in different
ways, but with equal importance.

Not surprisingly, macrophyte species with greater
morphological complexity provide high niche avail-
ability for species (Pacini et al., 2009), resulting in
more abundant and diverse periphytic communi-
ties (Lucena-Moya & Duggan, 2011). In our study,
however, the lowest values of the two elements of
functional diversity, i.e. functional divergence and
functional dispersion, were associated with floating-
leaved macrophytes. Although the leaves of T. natans
have the most “complex” structure in this study (in
part according to Ferreiro et al., 2013), the float-
ing rosette provides also the most disturbed habi-
tat for diatoms. Thus, these results well supported
our assumption that the least diverse assemblages
populate the floating vegetation (H3). Low func-
tional divergence indicates strong resource compe-
tition resulting in inefficient resource use (Mason
et al., 2005) in diatom assemblages living on floating
macrophytes. In addition, floating substrates created
highly disturbed environments for diatoms resulting
in significant reduction in the number of specimen
within the same trait combinations (Laliberté & Leg-
endre, 2010). Although functional richness was not
the lowest here, it was lower than in assemblages liv-
ing on submerged plants, which highlights the reduc-
tion of functional roles within the biofilm (Laliberté
& Legendre, 2010).

These results, i.e. differences in biodiversity at
taxonomic and functional level, suggest that the dis-
tribution of species were strongly influenced by the
difference in water management of the basins and the
regular artificial water level control. This latest means
that the water level of Lake Tisza is regularly drained
off in late autumn and is filled up in early spring,
which may have a key role in the spread of diatoms
and the difference in taxonomic diversity. In con-
trast, trait-level changes within the assemblages were
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affected by the microhabitats, i.e. life forms, which
strongly supports the importance of special character-
istics in the colonization and occupation of different
habitats.

Diatom-based perspective in conservation biology

Lake Tisza was primarily created for water stor-
age and flood control. Besides its main function,
this standing water/wetland complex represents high
nature conservation value acknowledged by both
UNESCO and national law. To fulfil all these tasks,
water management have to face great challenges,
since in addition to complying with water protec-
tion regulations, it must also ensure the preservation
of nature conservation values, e.g. diverse aquatic
habitats for macro-and microorganisms. The absence
of significant differences in taxonomic diversity met-
rics and the relatively high number of unique species,
especially on emergent and floating plants, high-
lighted that all the studied macrophytic life forms
contribute to the maintenance of diverse benthic dia-
tom assemblages in Lake Tisza.

In artificial reservoirs, like Lake Tisza, anthro-
pogenic impacts are strongly indicated by diatoms
(Falasco et al., 2012), thus, diversity loss and negative
changes in assemblage composition stress the need
for effective conservation. In accordance, Dunck et al.
(2016) found more diverse periphytic algal communi-
ties in preserved habitats emphasizing the importance
of these researches in conservation initiatives to avoid
environmental degradation and save healthy trophic
structure. By contrast, our results did not reveal any
positive relationship between diversity of periphytic
diatom assemblages and protection level of basins.
The reason for this is primarily due to that increased
abundance of water birds in the most protected area
leads to an elevated natural nutrient load driving
community structure towards dominance of species
indicating higher trophic level and reduced diversity
(Koékai et al., 2019). Heino et al. (2009) also found
lower diatom diversity in preserved than in managed
lotic habitats. These results support the view that a
conflict may arise during the parallel implementation
of WFD and Habitat Directive on a given area. Since
present approaches in nature conservation that mainly
focus on preserving habitats of macroscopic organ-
isms do not seem to consider and provide appropri-
ate circumstances for diverse microscopic wildlife.
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B-Béres et al. (2021) also highlighted that the current
protection strategies for maintaining the diversity of
benthic diatom assemblages of the Hungarian lentic
ecosystems are ineffective. We believe that micro-
habitat studies like this can help to better understand
the needs of microscopic groups. Incorporating this
knowledge into nature conservation is the ultimate
key to preserving the health of aquatic ecosystems.

With the exception of species richness, no water
usage dependent diversity loss was detected in our
study, which, however, was the lowest in the most
protected basin. In contrast, we demonstrated the key
role of microhabitats in structuring composition and
functional diversity of diatoms. These results lead
us to emphasize that aquatic plant stocks should be
carefully managed (i.e. removal, harvesting), and
special attention should be paid to associated organ-
isms, as benthic algae. In addition, similarly to highly
disturbed streams (Schneck & Melo, 2012), habitat
heterogeneity also seems to be particularly important
in the maintenance of the diverse periphytic assem-
blages of Lake Tisza, where the annual water level
modification and wide range of recreation activi-
ties also create a moderately disturbed environment.
Diverse microhabitats, however, result in an increase
in functional diversity and can be sources of poorly
known and/or possibly endangered diatom species in
Lake Tisza.

Conclusion

Our results highlighted that habitat complexity pro-
vided by different life forms of macrophytes can be
important driver in shaping taxonomic and functional
structure of benthic diatom communities in Lake
Tisza. These findings also emphasize the key role of
microhabitat complexity in maintaining diverse and
healthy functioning of microbial assemblages in a
multi-purpose standing water. Being aware that it is
hard to draw general conclusions based on a regional
study, these results help to take a step towards a more
holistic approach in nature conservation and water
quality management, to involve both macro- and
microscopic biological elements and metrics into the
planning and decision making processes.
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