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ARTICLE INFO ABSTRACT

Keywords:
Site-specific Biological Contamination (SBC)

In this work the rapid expansion of a small-celled (<15 um) monoraphid aquatic invasive species (AIS) along the
- Central European lotic systems is reported, using the integrated dataset of two large-scale monitoring programs,
index as supplemented by additional records. Achnanthidium delmontii Péres, Le Cohu & Barthés 2012 (ADMO) was
Esznlinube discovered in 2007 and formally described in 2012, on the basis of specimens from a French river. ADMO was
Water quality first detected in the upper sections of River Danube in 2013, and has been detectable since 2013, and from 2015
Achnanthidium delmontii onwards in Hungary. The abundance and the number of occupied habitat types by the species have gradually
Aquatic invasive species (AIS) increased. In 2019, ADMO was found to be among the most abundant and the most frequent species in the River
Danube, with a mean relative abundance of at least 5%, and a frequency of at least 10% in samples. To extend the
Danubian dataset, the relative abundances of ADMO from 79 freshwater lotic samples were studied to assess their
potential of the species as an indicator organism. Weighted average regression was employed to determine the
species’ optima and tolerances for 18 environmental variables. ADMO has a wide ecological range, which serves
to confirm its potential invasive behaviour. In the case of the following variables, the values were found to be
consistent with previously published data on the requirements of the taxon. Despite ADMO prefers high tem-
peratures (estimated optimum = 21.8 °C), its spread shows a downstream pattern of the main watercourses of
Europe. The species was first found abundantly from the upper section of River Danube, then with increasing
abundance in the middle section, while remaining rare in the lower section. This distribution demonstrates that
the River Danube serves as an important linear route for the species’ invasion.
The results of the study will help improve the ecological classification of water bodies and inform water
protection actions undertaken under the auspices of the Water Framework Directive (WFD).

together pave the way for the emergence of new taxa. Indeed, AIS are
able to establish their presence rapidly, proliferate and modify or

1. Introduction

Aquatic photoautotrophs are in the basis of the food web, and as
such, any change in the quantity and community composition of them
can result in a cascade effect in waterbodies. Aquatic invasive species
(AIS) are particularly pervasive, and may cause food web disruption,
water quality deterioration and local species extinctions (Macedo et al.,
2021). The loss of taxa and the destruction of the integrity of the systems

completely reorganize communities. In spite of all this, the biogeog-
raphy of invasive microorganisms is a neglected field of research. This is
mainly due to difficulties in sampling, inefficient detection strategies
and outstanding problems in their taxonomy (Crossetti et al., 2019;
Macedo et al., 2021; Moreira et al., 2015).

Diatoms are useful indicators of several environmental changes, such
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as acidification, nutrient enrichment, and changes in the variability in
water temperature and conductivity (Rimet and Bouchez, 2012).
Furthermore, benthic littoral diatoms are considered powerful in-
dicators of local pollution sources and diatom-based indices are among
the first predictive tools capable of detecting the deterioration of
freshwater environments (Rimet et al., 2016). As long ago as 2000, the
criteria of invasive diatom species were defined according to their i)
recent appearance; ii) absence from the usual flora; iii) proliferation; iv)
rapid expansion (Coste and Ector, 2000). Over the past decade or so, an
increasing number of research projects with a focus on the invading
phenomenon of diatoms have been published, among them, several in
connection with global climate change (Duleba et al., 2014; Falasco
et al., 2016; Spaulding et al., 2010). Most of them focused on the
Didymosphenia geminata (Lyngbye) Mart.Schmidt 1899, a diatom species
which gained a name for itself through its negative effects on stream
habitats and food resources of fish, and was considered a nuisance with
an adverse effect on recreational activities through its causing a number
of cases of serious water quality deterioration (Blanco and Ector, 2009;
Bray et al., 2016; Jellyman et al., 2011; Mather et al., 2010; Sastre et al.,
2013). Some Achnanthidium species also have an invading strategy,
meeting the criteria of an AIS (Falasco et al., 2016; Péres et al., 2012;
Plamen, 2018; Rimet et al., 2010). Species belonging to this genus are
common diatoms, often dominant in biofilms.

Recently, compositional changes of the benthic diatom assemblages
caused by an achnanthoid taxa along the River Danube have been
detected — and this is but an instance of a wider phenomenon in which
remarkable changes in riverine diatom assemblages is to be witnessed
thanks to the rapid spread of Achnanthidium delmontii Péres, Le Cohu &
Barthés 2012 (ADMO). ADMO was originally described in the Vieux
Rhin in France in 2007 (Péres et al., 2012). Following this, parallel in-
creases in relative abundances were documented in a Mediterranean
river (the River Ceze) from 2008 to 2010, from the Rhone in 2009 and
2010, and ADMO’s consistent presence was reported in Italy from 2014
(Falasco et al., 2016). Next in chronological order, is France in 2016
(Keck et al., 2018; Peeters and Ector 2018), then in 2018, ADMO was
reported in the Hungarian section of Danube. In 2019 ADMO was found
in 26 samples (of which were in 10 in Hungary) along the whole River
Danube. Furthermore, ADMO had reached the Soroksari-Danube Arm,
indicating its inrush into the tributaries of the river (Fidlerova and
Makovinska, 2021).

It is worth noting that the first report of ADMO in North America
exactly coincided with its first occurrence in Europe, both being in 2007.
ADMO seems to be expanding throughout the eastern US (Ciugulea and
Potapova, 2021).

Because the exact identification challenges the beginner analysts,
and in some samples the monoraphid ADMO can be rare and sporadic, in
this study we aim to (1) providing a detailed taxonomic description to
support its accurate identification; (2) analyzing the appearance and the
spread of the ADMO in the River Danube and its tributaries; (3) using
weighted average analysis, calculating its optima and tolerance values
for 18 environmental variables to characterize its autecological features,
additionally presenting associated taxa; (4) applying the Site-specific
Biological Contamination (SBC) invasion index, and assessing the risk
of the appearance and proliferation of ADMO and other invasive species,
and analyzing the impact of ADMO on diatom community.

2. Material and methods

An “ADMO” database was built using the results of the microscopic
analysis of 142 phytobenthos samples with the aim of studying the
distribution of ADMO and its effects on the structure of the diatom
community (Table 1). Samples were collected between 2013 and 2020
from (1) sites of the 3rd and 4th Joint Danube Surveys (JDS3 and 4),
from 2013 and 2019 (from the upper and middle sections of the Danube
in Hungary down to the southern border (Fig. 3, Liska et al., 2021), and
(2) the whole Hungarian section of the River Danube (Fig. 4, Trabert
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Table 1
Overview of the database and dataset used to study the effect of Achnanthidium
delmontii (ADMO) on the diatom assemblages in this research.

Dataset Description of dataset Number of
items
I ADMO all phytobenthos samples in this study n=142
database
IIA ADMOpq Danube dataset n =128
1B ADMOy Samples, in which ADMO was recorded n=79
IIA-1 ADMOpq in Within ADMOp, dataset where ADMO n =65
was present
I1A-2 ADMOpg np Within ADMOpy dataset where ADMO n=63
was not present
TIA- ADMOpgq in ™ Identical with ADMOpyq i, dataset ADMO  n = 65
1+ was present
1IA- ADMOpq in~ ADMO was removed from ADMODdJ,,Jr n=65
1-
1B+ ADMO™ ADMO " identical with ADMOy n=79
1IB- ADMO~ ADMO was removed from ADMOy* n=79
IIB+  ADMOp =% ADMO* group was divided into two n=20
5 subgroups based on relative abundance
of ADMO.
ADMOt>5% where ADMO is dominant
11B ADMOpH=3" ADMO ' group was divided into two n=>59
subgroups based on relative abundance
of ADMO.
ADMOy " <5” where ADMO is not
dominant
1B ADMOp =% ADMO was removed from ADMOp " =**  n =20
1IB ADMO~ <"  ADMO was removed from ADMOp*<>*  n =59

et al., 2020), and (3) within the national survey in Hungary between
2018 and 2019.

In the database, ADMO 79 samples were recorded: 65 from the
Danube, and 14 from its tributaries in Hungary (ADMOjy dataset).

From the initial dataset, 128 diatom samples were selected, their
selection being restricted to those from the Danube (Danubian dataset =
Dd) (Table 1). In the ADMOpq dataset, ADMO was detected in 65
samples (designated ADMOpg in,), While in 63 samples no ADMO was
present (designated ADMOpg np). The idea here was to create two
balanced groups of sites to fulfil the mathematical criteria of the sta-
tistical tests to be carried out.

In order to discover the effect of ADMO on the diatom community
structure, ADMO was retained in (ADMOden"' [n = 65]) and removed
from (ADMOpgin~ [n = 65]), the dataset of the ADMOpgq ijn. Additional
datasets were created ADMOpgq j,~ [n = 65], ADMOyy~ [n = 79] by
removing ADMO from the ADMOpgij, and ADMOjy datasets,
respectively.

As a next step, the ADMOjy group was divided into two subgroups,
based on the relative abundance of ADMO. Sites where the relative
abundance of ADMO was >5% (ADMO is dominant) were designated
ADMO 25" (n = 20). The subgroup ADMO"<°* (n = 59) contains
the rest of the samples in which ADMO’s relative abundance was <5%.
After retaining and removing ADMO, the subgroups ADMOp~ =% (n =
20) and ADMO =" (n = 20) were obtained. Similarly, ADMO~=>%
(n = 59) was created by the removal of ADMO from the ADMOIN+<5% (n
= 59) dataset.

2.1. Environmental variables

Phytobenthos and water samples were collected in parallel. Tem-
perature, conductivity, pH, dissolved oxygen and turbidity were
measured in the field using a portable Hanna Multi Meter (Hanna In-
strument, Woonsocket, RI, USA) and a turbidity meter (Lovibond,
Dortmund, Germany), respectively. In the laboratory, total phosphorous
(TP) and nitrite (NO3 ™) concentrations were determined using standard
titrimetric and spectrophotometrical methods. Anion (Cl ™, 5042_, NOs3 ™,
HCO3~, PO4%7) and cation (Na™, K*, Mg?*, Ca%") concentrations were
measured via DIONEX dual channel ion chromatography (Thermo
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Fig. 1. Light microscopic (LM) photos of ADMO. Fig. 1: 1-25. Achnanthidium delmontii Péres, Le Cohu & Barthes 2012. LM: (1, 3, 7) raphe valves, (24) rapheless valve
and (25) girdle view from Drava-alsé (at Barcs); (2, 4-6, 8-12) raphe valves and (13-23) rapheless valves from the River Danube (at Gony, from the left bank of the

river). Scale bar 10 um.

Fisher Scientific, Waltham, MA, USA). Total organic carbon and total
nitrogen concentrations were determined using a Multi N/C 3100 TC-TN
analyzer (Analytik Jena, Jena, Germany).

2.2. Diatom sample processing

Phytobenthos samples were collected according to the standard
methods (CEN, 2014); they were preserved in formaldehyde (4% final
concentration) until preparation. Diatom frustules were cleaned with
hydrogen peroxide and hydrochloric acid, permanent slides were
mounted using Naphrax (refractive index: 1.74), (CEN, 2014). Diatom
valves were counted under an Olympus IX70 inverted microscope
equipped with differential interference contrast (DIC) optics, at a
magnification of 1500x. A minimum of 400 valves was identified to
species or genus level in every samples. SEM images were created using
a Zeiss EVO MA 10 scanning electron microscope (SEM). For SEM
preparations, a part of the cleaned and washed samples was filtered
through a 3 pm Isopore™ polycarbonate membrane filter (Merck Mil-
lipore), which was fixed onto a stub using double-sided carbon tape and
coated with gold using a rotary-pumped spatter coater (Quorum Q150R
S) and observed at 10 kV with an 8-mm working distance, using a sec-
ondary electron detector in high vacuum mode.

Metabarcoding data of phytobenthos samples: Additionally, data based
on the results of the metabarcoding survey of JDS4 were used to confirm
the identification of ADMO and its distribution in the River Danube
(Zimmermann et al., 2021). Atogether 69 bulk DNA metabarcoding
samples were collected, and two molecular markers were amplified
using a polymerase chain reaction (PCR), the nuclear-encoded V4 region
of the 18S rRNA gene according to (Visco et al., 2015) and a fragment of
the plastid rbcL gene according to (Vasselon et al., 2017). ADMO could
be detected solely by the latter marker, thus only the results of the ex-
amination of the rbcL marker are presented here. Sequences were
taxonomically assigned to ADMO using the Diat.barcode (version 9)
reference barcode library for diatoms (Rimet et al. 2019).

In order to estimate the degree of biocontamination, the Site-specific
Biological Contamination (SBC) index was also calculated (Liska et al.,
2008), as formulated in Csanyi et al. (2021).

SBC = (n,/ngm + l0gN,/l0gNum) /2,
where n, is the number of alien species, ng,, the number of all species in

the sample, N, the abundance of alien species and Ny, the total
abundance of species in the sample. The SBC index involves both the

specific value of number of alien species and the specific value of an
abundance of alien species in the total community (Arbaciauskas et al.,
2008; Paunovic et al., 2015). The value of the SBC index can vary be-
tween 0 (no biocontamination) and 1 (maximal biocontamination). SBC
index was calculated with and without ADMO. This index is widely
applied metrics for macrozoobenthos and fish communities (Liska et al.,
2021).

The following diatom taxa were considered AIS: Achnanthidium cat-
enatum (Bily & Marvan) Lange-Bertalot 1999, A. delmontii, A. druartii
Rimet & Couté 2010, A. rivulare Potapova & Ponader 2004, A. sub-
hudsonis (Hustedt) H.Kobayasi 2006, Diadesmis confervacea Kiitzing
1844, Reimeria uniseriata S.E.Sala, J.M.Guerrero & M.E.Ferrario 1993
(Coste and Ector, 2000; Lange-Bertalot et al., 2017, Ector et al., 2017).

2.3. Statistical analysis

Weighted average regression was employed in an attempt to infer the
ADMO optimum values (opt) and tolerance (tol) to 18 environmental
variables. The degree of homogeneity of group dispersion was tested
using the “betadisper” function available in the “vegan” package
(Oksanen et al., 2007) in the R statistical programming environment (R
Core Team, 2020).

Differences in the community composition of the separated groups
were explored using non-parametric multi-variate statistical methods
(NMDS) (Clarke, 1993), based on Euclidian distance. NMDS seeks an
ordination in which the distances between all pairs of samples are in
rank order agreement with their degree of dissimilarity in species
composition (Borcard et al., 2018; Ludwig and Reynolds, 1988). Two
NMDS axes were calculated, and PERMANOVA was used on the NMDS
scores to test if the scores of calculated NMDS axes is differentiated.
Hellinger-transformed relative abundance was calculated first on the
ADMOpq dataset:

(1) This method was used first to compare on the ADMOpg jn and
ADMOpg np groups. PERMANOVA (“adonis” in the “vegan”
package) was employed on NMDS components to test the overall
effect of ADMO on ordination. PERMANOVA is largely unaffected
by heterogeneity for balanced design (Anderson and Walsh,
2013; Anderson and Walsh, 2013).

(2) The analysis described in (1) was repeated on the ADMOpq in”,
ADMOpg np (3) ADMOp =%, ADMO"™** (4) ADMOp =%
ADMOy~ <> datasets.
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Fig. 2. Scanning electron microscopic (SEM) photos of ADMO. Fig. 2: 1-12.
Achnanthidium delmontii Péres, Le Cohu & Barthes 2012. SEM: (1-3) external
view of the raphe valve; (4) external girdle view of the raphe valve showing
interruption between the valve face striae and the mantle areolae; (1, 3)
external view of the raphe valve showing a Voigt fault (indicated by arrows);
(5-8) internal view of the raphe valve; (6, 8) internal view of the raphe valve
showing a Voigt fault (see the arrows); (9) external view of the rapheless valve
showing interruption in the row of mantle areolae at the apices; (10) external
girdle view of the rapheless valve showing interruption between the valve face
striae and the mantle areolae; (11, 12) internal view of the rapheless valve.
Scale bars 1 um (1, 2, 5, 6, 9, 11) and 2 um (3, 4, 7, 8, 10, 12).

The resulting NMDS plots were then compared using Procrustes
analysis with a permutation test (Gower, 1971; Peres-Neto and Jackson,
2001).

Procrustes analysis was used to investigate the degree of concor-
dance between each pair of ordinations. Procrustes analysis rotates two
ordinations to maximize the similarities between them by minimizing
the sum of their squared distances (Gower, 1971). The residuals of a
Procrustes rotation reflect the extent of the changes in the position of
assemblages in the NMDS space. Residuals are high if the removal of
ADMO strongly modifies the structure of the assemblages. The Pro-
crustes rotation was computed by means of the “procrustes” function in
the vegan package (Oksanen et al., 2013).

Ecological Indicators 135 (2022) 108547

3. Results

Altogether 513 taxa were distinguished in the dataset representing
142 phytobenthos samples. In the ADMOpgq jn dataset, 429 taxa could be
identified from among the 65 samples, the average taxonomical richness
(average of number of taxa) of which was 46; whereas the average
number of taxa was 40.2 among the 63 samples of ADMOpg pp.

3.1. Morphology of Achnanthidium delmontii

The valves are linear with rounded apices, becoming elliptical in
small individuals (Fig. 1). On the raphe valve, the axial area is narrow,
the central area irregular, and in general, forms a rectangular fascia,
often with one shortened stria on one of the margin sides. The filiform,
straight raphe has distinct central pores; striae are barely radial. On the
rapheless valve, the axial area is acicular, and striae are parallel, and
slightly radiate towards the apices. Two striae are slightly more spaced
in the middle part of the valve. In the girdle view, the frustules are
slightly bent, and striae are clearly visible. In this study, the lengths of
the valves are 7-20 ym (mean = 12.6 + 3.7), and the widths 4-5 pm
(mean = 4.4 £ 0.3). On the raphe valves, the number of stria is 21-26
(mean = 23.7 4+ 1.3) in 10 pm, and 18-22 in 10 um (mean = 24.3 £+ 0.7)
on rapheless valves.

When examined using a scanning electron microscope, it becomes
apparent that the external valve has straight raphe with droplet-like
proximal endings (Fig. 2). The terminal fissures are deflected to the
same side and terminate on the valve face near the valve margin. In
some cases, the Voigt fault can be detected as a shortened stria. Inter-
nally, the proximal raphe endings are bent in the opposite direction. The
distal raphe endings terminate in helictoglossae. On the raphe valve, the
striae are composed of 5 to 7 almost rounded areolae. On the rapheless
valve, the striae consist of 6 to 7 areolae, and two of them are more
distant, in the middle part of the valve. On both valves, the areolae are
internally occluded by hymens, and rimmed by fine slits. There is a row
of elongated areolae on the mantle. The mantle row of striae on
rapheless valves is interrupted at the apices.

3.2. Occurrence and spread of ADMO in the River Danube and its
watercourses

2013 was the first year in which ADMO were recorded, albeit in low
abundances (<3%), in the dataset of ten sites in the German and Aus-
trian sections of the River Danube. Three years later (2016) ADMO was
sporadically detected, as a rare taxon along the Hungarian section of the
river downstream. It is worth noting that, it was present at Paks, close to
the cooling water inflow of the Paks Nuclear Power Plant, where the
temperature of the water is usually elevated. ADMO had high frequency
but low abundance (relative abundance was <2%) in all Hungarian
samples in 2016. By 2018, however, ADMO was found at more than 85%
of the Hungarian sampling points in the River Danube (n = 28). More-
over, in 40% of these samples, ADMO was already a dominant species
(more than 5% in relative abundance and reaching a relative abundance
of 65%). The number of records of ADMO has been steadily increasing in
2019; thus, it has become an abundant and frequent member of the
diatom assemblages of the Danubian phytobenthos (Fig. 3).

In 2020, ADMO’s relative abundance reached more than 90% in the
warm water effluents from the power station at Paks. Moving away from
the River Danube, in 2019 and 2020 ADMO was recorded in 14 surface
running waters in Hungary, and in two of them it was dominant (>5%)
in relative abundance (Fig. 4).

Comparing the result of an analysis of the morphology-based oc-
currences of ADMO (Fig. 3 upper panel) with the data come from the
metabarcoding analysis (Fig. 3 lower panel), the match is obvious. Based
on the 66 samples from 2019 which were analysed with both microscopy
and metabarcoding, ADMO was detected with both methods in 25
(37.9%) samples and was absent in 11 (16.7%) samples. It was detected
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Fig. 3. Relative abundance (%) of Achnanthidium delmontii, in the River Danube based on morphological (microscopical) analysis (upper panel) and metabarcoding
analysis (lower panel). (Data derived from the Joint Danube Survey (2019) (Liska et al., 2021; Zimmermann et al., 2021).
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Fig. 4. Distribution map of Achnanthidium delmontii in Hungary and the upper section of River Danube between 2013 and 2020. Data illustrated here are based

on morphology.

only by metabarcoding in 30 (45.5%) samples, and there was not one
sample where it was observed only with microscopy. The relative
abundance of ADMO detected with the two methods correlated signifi-
cantly (Pearson’s r = 0.87, p < 0.01). The morphology-based micro-
scopic observation received strong validation from the molecular results
in 2019.

The metabarcoding method resulted in a high-resolution snapshot
describing the distribution of ADMO along the River Danube and its
tributaries, based on the data of a two week long sampling campaign in
2019 (Liska et al., 2021). As illustrated in Fig. 3, according to the rbcL-
based evidence, ADMO was among the most abundant diatoms in the
River Danube, as well as in the tributaries of the river (Liska et al., 2021;

Zimmermann et al., 2021).

3.3. Autecological preferences and associated taxa of ADMO

Table 2 on the basis of its autecological preferences, ADMO can be
regarded as an alkaliphilic (pH opt = 7.8, tol = 0.2) diatom that prefers
higher temperatures (opt = 21.8 °C, tol = 2.2 °C), low conductivity (opt
=318 pS ecm™}, tol = 48 uS em ™) and elevated nutrient concentration:
(TP (opt =129 ug L™, tol =47 pg L™1), TN (opt = 1.5mg L™}, tol = 0.6
mg LY.

When ADMO reached a relative abundance of 60% the accompa-
nying dominant taxa were Achnanthidium druartii, Achnanthidium lineare
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Table 2
Achnanthidium delmontii optimum and tolerance for 18 environmental variables.
(n = number of samples).

Optimum Tolerance n Dataset
T (°C) 21.8 2.2 54 ADMOy
pH 7.8 0.2 58 ADMOy
conductivity(uScm 1) 318 48 58 ADMOy
DO (mgl™!) 8.5 0.9 31 ADMOpq in
SS (mgl™Y) 32.7 14.6 31 ADMOpg in
TP (ugl 1) 129 47 58 ADMOpy
PO~ (pgl™) 55.5 49.2 44 ADMOy
TN (mgl™1) 1.5 0.6 54 ADMOy
NO3~ (mgl™) 5.0 2.0 48 ADMOy
NO,™ (mgl™) 0.02 0.04 48 ADMOpy
TOC (mgl™) 2.2 0.8 36 ADMOpg in
Ca®* (mgl™) 51.5 8.4 49 ADMOy
Mg?* (mgl™) 30.2 4.5 49 ADMOy
Na™ (mgl™%) 13.5 3.5 35 ADMOpq in
K" (mgl™) 4.7 0.4 35 ADMOpg in
HCO;~ (mgl™h) 165 33 39 ADMOpg in
$0,2~ (mgl™h) 26.3 5.5 39 ADMOp in
Cl™ (mgl™) 16.1 5.4 39 ADMOpg in

(W. Smith) 1855, Achnanthidium rivulare, Amphora pediculus (Kiitzing)
Grunow 1875 and Cocconeis euglypta Ehrenberg 1854.

3.4. SBC index and the impact of ADMO on the diatom community

The Site-specific Biological Contamination (SBC) index values in the
ADMOjy dataset are presented in the order of increasing relative
abundance of ADMO in Fig. 5. The value of SBC varied between 0.01 and
0.62, (mean = 0.25 £ 0.14, n = 79). Low SBC values (<0.02) were
calculated for brooks, where Achnanthidium minutissimum (Kiitzing)
Czarnecki 1994, A. pyrenaicum (Hustedt) H.Kobayasi 1997, Amphora
pediculus, and Craticula subminuscula (Manguin) C.E.Wetzel & Ector
2015 were the dominant associated taxa. The SBC index reached its
highest value in the River Danube at Paks, with 73% of ADMO where
Achnanthidium druartii, A. eutrophilum (Lange-Bertalot) Lange-Bertalot
1999, A. rivulare, A. minutissimum and Amphora pediculus were the
associated taxa. Overall, SBC values varied broadly across the 79
samples.

SBC index was also calculated without ADMO. There were 27 sam-
ples in ADMOyy dataset that ADMO was the only AIS; and in the rest of
52 samples other invader diatoms were detected. The value of SBC
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without ADMO in these 52 samples varied between 0.01 and 0.52,
(mean = 0.15 + 0.12, n = 52).

The SBC index values in the function of logarithmic relative abun-
dance of ADMO are presented on Fig. 6. The increasing abundance of
ADMO has a significant, positive correlation with SBC values calculated
with and without ADMO; R? = 0.84, p < 0.001 and R? = 0.11, p < 0.01
respectively.

3.4.1. Community composition of Danubian samples (ADMOpyp)

Group dispersions of the Hellinger transformed data were homoge-
nous (betadisper, F = 2.6289, permutation = 999, p = 0.102) for the
ADMOpq i, data matrix, as well as in the ADMOpgnp data matrix
(betadisper, F = 2.1852, permutation = 999, p = 0.128). ADMO is
influential in structuring the phytobenthos communities in both data
matrices ADMODGU“+ (adonis, F = 6.424, R% = 0.046, p = 0.001) and
ADMOpq in~ (adonis, F = 4.008, R? = 0.031, p = 0.001).

A strong overlap may be observed between the groups ADMOpyg in
and ADMOpg np on the NMDS plot (Fig. 7/a), but different composition
patterns are seen in both the ADMOden+ and ADMOpq jn~ matrices
(Fig. 7/b) in terms of the NMDS scores (ADMODd_i,f: adonis: F =
12.934, R? = 0.0931, p = 0.001; ADMOpg;,: F = 4.4881, R? =
0.03439, p = 0.015), suggesting that the differentiation is quite much
stronger when ADMO is in.

3.4.2. Procrustes of ADMOpy, sites

A significant degree of correlation between the two ordinations was
found (correlation = 0.8509, P = 0.001 on 999 permutations; Fig. 7/c).
The majority of sampling sites are in the same relative positions, but
generally shifted away from the center of the ordination diagram. The
increased distances between sampling sites suggests that diatom as-
semblages become less similar. A direction and difference between the
two locations of a site (indicated by a longer arrow) indicate a great
effect by ADMO on the community.

3.4.3. Community composition in all occurrences (ADMOyy)

Group dispersions of the Hellinger-transformed data in the ADMOyy ™
dataset were heterogeneous (betadisper, F = 14.919, permutation =
999, p = 0.002), but homogenous in the ADMOjy~ data matrix (beta-
disper, F = 2.2818, permutation = 999, p = 0.142). These scores of data
analysis seem to indicate that the structure of phytobenthic assemblages
is significantly affected by presence of ADMO.

The ADMO"2>% dataset was separated from the others (F =
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0.6

RZ-0.111

. R?-0.839

SBC

° Fig. 6. SBC index values in function of the logarith-
mic relative abundance of Achnanthidium delmontii
(ADMO). Red circles represent SBC index calculated
on the ADMOyy dataset (n = 79). Blue circle repre-
sents the SBC index values calculated after removing
ADMO from the dataset (n = 52, in 27 samples ADMO
was the only AIS). Red (with ADMO) and blue
(without ADMO) solid lines show the associated cor-
relations. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

log(rel. abundance of ADMO)

6.3613, R? = 0.07631, p = 0.001), and also even when the ADMO were
excluded from the data matrix ADMOp~>>% (F = 2.3922, R? = 0.03, )
= 0.001).

The results of the NMDS analyses are presented in Fig. 7/d in the case
of ADMO=>" and ADMO*"<>". The degree of separation of two
groups is significant. There is a weak overlap between the ADMOpyt=5%
and ADMOp*<>" samples (adonis: F = 19.439, R? = 0.20157, p =
0.001) (Fig. 7/d). The same pattern (i.e. the degree of overlap is small)
can be seen in Fig. 7/e on the NMDS plot comparing the ADMOp~=>%
and ADMOp~<°” data matrices in terms of the NMDS scores (F =
8.7012, R? = 0.10153, p = 0.002). There is clear visual evidence that
diatom assemblages are different in structure in the samples where
ADMO is considered a dominant species and in those in which its
abundance is less than 5%.

3.4.4. Procrustes of ADMOyy sites

A significant degree of correlation was found between the two or-
dinations of ADMO " and ADMO 1y~ (correlation = 0.8746, P = 0.001
for 999 permutations; (Fig. 7/f)). Most of the sites are located in the
same relative positions, but generally shifted away from the center of the
ordination diagram. The increased distances between sampling sites
suggests that, diatom assemblages become less similar. A direction and
greater difference between the two locations of a site (indicated by a
longer arrow) indicate a greater effect by ADMO on the community.

4. Discussion
4.1. Taxonomy

The representatives of the genus Achnanthidium show a high degree
of morphological variation and phenotypic plasticity, but worldwide
they are often numerous, abundant, and frequent contributors to the
phytobenthos (Martin et al., 2010; Novais et al., 2015; Miao et al.,
2020). The identification of the Achnanthidium taxa is difficult due to
their small cell size and the insufficient amount of information available
on diatom floras; nonetheless, species-level identification would un-
doubtedly lead to more accurate bioassessment (Ponader and Potapova,
2007). Recent observations of the Achnanthidium taxa also support the
idea that the species-level identification and the discovery of new taxa
are far from negligible factors in high-quality water bioassessment and
management (Miao et al., 2020).

The populations presented in this study display a high level of
agreement with the original description of ADMO (Péres et al., 2012).

This species has several features which facilitate its correct identifica-
tion even in LM, though its monoraphid nature (the two valves of a
frustulum differing from each other) can cause some difficulties, espe-
cially if the species abundance is low in a sample, and/or the analyst is
less experienced in diatom taxonomy. The co-occurrence of morpho-
logically similar achnanthoids can also complicate the counting pro-
cedure. Their main characteristic features are the following: (1) outline
(the valves being linear with rounded apices, becoming elliptical in
small individuals); (2) the axial area is narrow on the raphe valve; (3)
the irregular central area generally forms a rectangular fascia often with
a shortened stria on one of the margin sides; (4) the filiform, straight
raphe has distinct central pores; (5) striae are barely radial; (6) on the
rapheless valve the axial area is acicular; (7) on the rapheless valve
striae are parallel-to-slightly-radiate at the apices; (8) in most cases, two
striae are slightly more spaced apart in the middle part of the valve.

Briefly, ADMO can be safely identified in LM based on outline and
the striae pattern of the central area, though checking under an SEM can
improve the reliability of identification. Moreover, the recent de-
velopments in DNA metabarcoding and high-throughput sequencing
(HTS) offer a cost-effective way for the taxonomic assignment of diatoms
(Nistal-Garcia et al., 2021; Tapolczai et al., 2021). Relative abundance
calculated from the microscopic identification have a slightly higher
value than those from metabarcoding. It can be due to the fact that
smaller taxa are usually overrepresented in microscopic datasets as their
abundance is based on frustule counts, not considering the biomass
difference between taxa. In contrast, it is already shown that relative
abundance inferred from read numbers in metabarcoding studies of
diatoms correlates well with cell biovolume (Vasselon et al., 2018). In
the case of such small taxa as ADMO, this difference can be important.
However, this effect is supposedly counterbalanced by the higher
sensitivity of metabarcoding to detect the species.

This, then means a further base for the discovery of the invasion
routes and patterns of invasive algae species in the future, as here, in the
case of ADMO.

4.2. Appearance and expansion of ADMO

The River Danube is one of the best studied watercourses of the
world, due to the regular national and international monitoring pro-
grams, like the Joint Danube Survey. The study of the Danubian phy-
tobenthos started in 1980s in our lab. The same research group
examined the composition and structure of biofilm over decades and got
a complex overview of it. Moreover, the permanent slides made it
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Fig. 7. Plots of the non-metric multidimensional scaling (NMDS) and the Procrustes rotation of site scores on the Danube dataset (ADMOpy,; n = 128; 6/a-6/c) and in
the ADMOyy dataset (n = 79; 6/d-6/f). Fig. 7/a. Plot of NMDS scores in the Danubian ADMOpq i, dataset (n = 128); red circles represent the samples in which ADMO
was present (n = 65) and the blue circles are where ADMO was not present (n = 63). The separation of the two groups is significant (PERMANOVA adonis, F = 12.934
R% = 0.0931, p = 0.001). Fig. 7/b. Plot of NMDS scores, after removing ADMO from the Danube dataset; the separation of two groups is also significant (=adonis on
NMDS scores (F = 4.4881, R? = 0.03439p = 0.015), the colours of groups are the same as in Fig. 7/a). Fig. 7/c. Plot of the residuals from Procrustes analysis for the
comparison between the ordinations of ADMOpg i, and ADMOpyq i~ Each arrow connects the ADMOpq in ™ and the ADMOpg i~ count from one site. The arrows
point in the direction of the ADMODGUHJr ordination. The arrow length corresponds to the difference in site location between the two ordinations (correlation =
0.8509, P = 0.001 on 999 permutations). Fig. 7/d. Plot of NMDS scores in the ADMOyy dataset (n = 79); the green circles represent the samples in which ADMO was
dominant ADMOyy "> while yellow circles show the position of samples in which ADMO was not abundant, ADMO " <>”. The separation of the two groups is
significant (PERMANOVA adonis, F = 19.439, R? = 0.20157, p = 0.001). Fig. 7/e Plot of NMDS scores, after removing ADMO from the ADMOjy dataset (green:
ADMO~=°%; yellow: ADMOp~=>") the separation of the two groups is significant (PERMANOVA adonis, F = 8.7012, R? = 0.10153, p = 0.001). Fig. 7/f. Plot of the
residuals from Procrustes analysis for the comparison between the ordinations of the ADMOy* and ADMOyy~ datasets. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

possible that we could reinvestigated the species from samples before that time, it has proved to be a diatom with a steadily increasing

2013, however, no ADMO was found from the middle of 1980th until dominance in the phytobenthos of the Danube. Furthermore, it has also

2015 in the Hungarian section of the River Danube. begun to appear as a dominant species in the tributaries of the Danube,
In the present study, ADMO never reached a relative abundance of namely, the Rivers Drava, Szava and Tisza.

5% before 2018 in the River Danube (Trabert et al., 2020, 2017). Since It may reasonably be hypothesized that if elevated temperatures
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facilitated the spread of ADMO, this diatom would spread from the
southern region, the Mediterranean, and would occupy the riverbank
from the lower to upper sections of the river (Slynko et al., 2002; Panov
et al., 2009). In fact, the dispersion patterns were different; the distri-
bution pattern of ADMO shows a downstream pattern, being found first
in the upper section of the Danube, where it became frequent and
abundant. Later, its increasing abundance was visible in the middle
section of the river, though it remained rare in the lower section. This
seems to demonstrate that River Danube is an important invasion route
of Europe from North to South and from West to East; the direction of
water flow is a main driver for biota of the river (Panov et al., 2009).

The overview of the distribution and dominance of an ‘invisible’
microscopic microorganism is necessarily quite limited, mainly
depending on sampling frequency. Only the standard monitoring points
can provide information (more or less) about the spread of taxa — always
supposing that the identification of taxa is correct. Apart from the large-
celled Didymosphaenia geminata, most of the invasive diatoms are small,
and hardly identifiable. Moreover, a great part of them has only been
described recently, due to their small dimensions.

To predict the effects and the directions of the current expansion of
the taxon, every single item of data has importance. The present results
suggest that ADMO might not only occupy, but also become dominant in
further sections of the Danube in the phytobenthic community.

4.3. Environmental variables and associated taxa

The environmental preferences of the species estimated in the pre-
sent study are mostly in agreement with the previous publications, as
ADMO prefers calcareous, eutrophic waters with moderate to high
electrolyte content (Péres et al., 2012; Falasco et al., 2016; Peeters and
Ector 2018). The most detailed data of the environmental variables were
presented by Péres et al., (2012), where minimum and maximum values
of 26 physico-chemical parameters were given from 11 localities where
ADMO was recorded. Altogether 14 variables of them are common and
comparable in our dataset and that of Péres et al. (2012). Usually, the
estimated optimum, including their tolerance in our study are in the
range presented by Péres et al. (2012) for 12 variables (as conductivity,
pH, dissolved organic material (DO), Temperature (T), Phosphorous
forms, Total Phosphorous (TP), nitrogen-nitrate (N-NOj3~), calcium
(Ca2+), natrium (Na+), hydrogen-carbonate (HCO3 ), sulphate (5042_),
chloride (CI17).

Only the magnesium and potassium values showed remarkable dif-
ferences to the results of Péres et al. (2012). Based on our study the Mg2+
optima were higher (opt = 30.2 mg L ~! tol = 4.5 mg L ~!), while only
9.4mgL ~1 was indicated as the maximum values in Pérés et al. (2012).
The Mg?* content of surface waters is important factor mainly deter-
mined by the bedrock of the watercourse. The K" values showed the
same feature, it was higher in our study than in Péres et al., (2012) who
published, 1.1 mg L ™! and 3.7 mg L™} for the two extrema, while ac-
cording to our estimation it’s optimum was 4.7 mg L ™! with 0.4 mg L ~!
tolerance. The elevated level of potassium can be connection with the
changes of land use and wastewater contamination (Skowron et al.,
2018).

According to our study, temperature optima of the species was
21.8 °C and the relative abundance of ADMO was higher in samples
collected in summer than in spring or autumn. In the recent decades
rising water temperature of the River Danube were regularly reported
(Duleba et al., 2014; Dokulil, 2014, 2018; Abonyi et al., 2018), which
could favour the appearance and proliferation of other non-native
diatom species like Skeletonema potamos in the phytoplankton (Duleba
et al.,, 2014) and now, may provide increasingly favourable conditions
for the spread of ADMO in the phytobenthos. Further observation can
support its warmer water preference, as its rapid occupation of the
outflow of nuclear power plant (NPP) (Paks) in the middle section of the
Danube in Hungary. This special habitat (characterized by heat pollu-
tion) was occupied by ADMO probably in 2015. Five years later, ADMO
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reached a relative abundance of more than 90% at the cooling water
outlet. This constant and permanent heat pollution may support the
proliferation of ADMO. Falasco et al. (2017) also documented the
increasing abundance of ADMO in parallel with the enhancing temper-
ature from spring to autumn, when ADMO dominated the communities,
and in some cases, it reached almost 70 % in relative abundance.

As for associated taxa, where ADMO dominated the assemblages (i.e.
at relative abundances of at least 5%), most of the co-occurring taxa are
eutrophic, p-meso-saprobic, and some are a-meso-saprobic (Van Dam
et al., 1994), which is in accordance with the physical and chemical
data. Amphora pediculus, Achnanthidium minutissimum, Navicula crypto-
tenella Lange—Bertalot 1985 were often reported as associated taxa in
cases where ADMO was strongly dominant (Péres et al., 2012). Falasco
et al. (2016) described Achnanthidium minutissimum as the most abun-
dant and frequent species, followed by Achnanthidium pyrenaicum and
Amphora pediculus in all samples where ADMO was also dominant.

4.4. Site-specific Biological Contamination index and the impact of
ADMO to diatom community

The use of Site-specific Biological Contamination (SBC) Index has
been a long history in Joint Danube Surveys. It has applied from the
outset (2001) of JDS for aquatic macrophytes and macroinvertebrates
(JDS1-JDS4) and later (from the JDS2), it was also used for fishes
(Csanyi et al., 2021; Liska et al., 2021). The SBC Index for macro-
invertebrates and fish usually indicated that majority of the sites are
highly to severely contaminated by invasive species, and SBC generally
increasing in time along the River Danube (Csanyi et al., 2021; Liska
et al., 2021). SBC Index was applied first time to phytobenthos — as the
fourth of the Biological Quality Elements (EQRs) of Water Framework
Directives — for estimating the level of diatom invasion in this study. The
calculated SBC values (0.01-0.62) indicated well not only the most
infected sites but first signs of the occupation of the incomers: strong
associated correlation between relative abundance of ADMO and SBC
index values is spurious, because SBC highly dependent on the ADMO, as
the most abundant AIS. Less, but also significant and positive correlation
was found between the logarithmic relative abundance of ADMO and
SBC index values calculated without ADMO. We are far from the un-
derstanding the functional responses of biota on assemblages’ level to
the continuous impacts like invasion (Cuthbert and Briski 2021), but the
here presented data may demonstrate that the riverine biofilm is under
permanent pressure by different AIS. SBC index proved to be a useful
tool for assessing the presence and abundance of invaders in freshwa-
ters. Our results can provide as a SBC reference for detecting the
forthcoming changes in diatom invasion and connected ecological sta-
tus. The results of the present study also demonstrate that the appear-
ance and spread of ADMO made significant changes in diatom
community structure of the phytobenthos along the River Danube,
similarly to other AIS, which have negative and sometimes irreversible
impact on ecosystems (species extinction, decreasing of biodiversity)
(Vila et al., 2011; Poland, 2021).

5. Conclusions

The present study provides the first evidence for the rapid and abrupt
spread of Achnanthidium delmontii, a tiny monoraphid diatom, along the
River Danube. This invader occupied the riverbank and quickly became
the dominant benthic species of the river causing the reorganisation of
the phytobenthos communities. ADMO prefers higher water tempera-
tures which can draw attention to its potential relationship with global
warming, however, its spread shows a downstream pattern; in contrast
to the hypothesized route (from the Mediterranean to North Europe)
demonstrating that, the River Danube an important invasion corridor of
Europe.
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