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Editorial

Macrophytes in Inland Waters: From Knowledge to Management
Angelo Troia

Dipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche (STeBiCeF),
Università degli Studi di Palermo, 90123 Palermo, Italy; angelo.troia@unipa.it

Abstract: The huge biodiversity of inland waters and the many different aquatic habitats or ecosys-
tems occurring there are particularly threatened by human impacts. In this Special Issue, ten articles
have been collected that show new data on the distribution and ecology of some rare aquatic macro-
phytes, including both vascular plants and charophytes, but also on the use of these organisms for
the monitoring, management, and restoration of wetlands.

Keywords: aquatic plants; hydrophytes; charophytes; wetlands; alien invasive species

1. Introduction

The importance of freshwater on a global scale as a strategic element for the life of our
species and for life in general is more clear today than ever before [1].

Inland waters [2], including not only freshwaters but also brackish or saline waters,
host huge biodiversity and many different aquatic habitats or ecosystems that have unfortu-
nately been increasingly threatened, disturbed, and damaged by human impacts in recent
decades [1,3,4]. Indeed, we sometimes witness the destruction of important wetlands or
aquatic biotopes before we are able to know their inhabitants (including their flora, fauna,
microbiota, etc.).

Focusing on the “green” component, the strictly aquatic flora of inland waters (i.e., the
plants living in the water or on its surface) are generally poorly known, probably because
most “classic” botanists often stop at the edge of the land/water border. In addition, the
evolutionarily and ecologically key group of charophytes is often not studied because
phycologists focus on marine species (and charophytes usually occur only in inland waters)
while botanists think that charophytes are not “plants” but just “algae”, so outside their
skills or kingdom.

The aim of this Special Issue was to invite people studying aquatic plants (and charo-
phytes) in inland waters to contribute to furthering the knowledge on these organisms, with
basic (taxonomical or ecological) or applied research (involving the management of aquatic
plants, or their use in assessing the quality of waters or the quality of environments), with
a special focus on floating and submersed macrophytes (i.e., the so-called hydrophytes).
Invasive alien aquatic species, of course, were also possible subjects.

2. Special Issue Contents

As mentioned in the introduction, aquatic macrophytes are often underknown, so
even reports on new populations are often interesting to better understand, for example, the
biology, biogeography, or ecology of species. Sciandrello et al. [5] report a new population
of the “marsh fern” Thelypteris palustris in the well-known island of Sicily, at the southern
border of its distribution area. Trbojević et al. [6] report a new population of Chara baueri
in Serbia: this is an important record, since the species is very rare, with few known
populations in Europe and one in Asia. In both articles, the authors supply significant
information on the morphology and ecology of the new and isolated populations.

A different case is the report on Chara zeylanica in Sardinia by Becker et al. [7]: the
new population, in fact, is not only the first one in Europe, but—according to the scenario
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presented by the authors—also a possible case of “range-shifting”; in other words, the
species could be shifting its distribution (in this case northwards), probably due to climate
change [8].

Turner et al. [9] focused on Stratiotes aloides L., a vascular macrophyte with a wide
distribution (from northern Central Europe in the west to Siberia in the east) but that is
becoming rare in some areas; in their article, they show the importance of assessing the
genetic structure of a species in order to manage it, both for preserving the diversity of
the species as a whole and for possible reintroductions. As in other species, the authors
verified that, in European populations of this aquatic plant, there is low genetic diversity
within each population but high genetic diversity between populations.

Millozza and Abdelahad [10] present a different aspect of the basic research, more
connected to the taxonomy. In detail, this paper provides an example of how historical
herbarium collections can be used to assist ecology, biogeography, and conservation biology
research, in this case supplying information to better define a species described at the end
of the nineteenth century.

The articles of Peternel et al. [11] and Panzeca et al. [12] present two different examples
in which macrophytes are used to characterize aquatic environments, in a river in Slovenia
and in farm ponds of a district of Sicily, respectively. The species composition of the
macrophyte community revealed significant changes over the years in a riverine ecosystem
in the first case, whereas in the second one it was shown that, although farm ponds are
artificial and relatively poor habitats, they seem to be important for aquatic flora and the
conservation of local biodiversity.

The article by Ribaudo et al. [13] introduces more proper management aspects. This
paper is the only one (in this Special Issue) dealing with alien invasive species, one of the
main threats today to the conservation of species and ecosystems on a global scale, but its
approach is original and invasive species are not even mentioned in the title or the abstract.
The study aims at linking the role of wind action and water oxygenation within dense
hydrophyte stands in two shallow lakes located in the southern Atlantic coast of France. Its
results highlight the need to consider local hydrodynamics in lake management decisions,
and show that mapping hypoxia risk in densely vegetated stands is a promising tool for
the management of invasive hydrophytes in shallow lakes. Furthermore, the two invasive
alien aquatic species are two submerged rooted Hydrocharitaceae, Egeria densa Planch. and
Lagarosiphon major (Ridl.) Moss.

The re-establishment of submerged macrophytes, and especially charophyte vegeta-
tion, is a common aim in wetland management. The contribution of Blindow et al. [14]
reviews the knowledge on the life forms, dispersal, establishment, and transplantations of
submerged macrophytes, focusing on charophytes, and provides recommendations for an
ambitious Swedish project that aims to protect threatened macrophyte species. Rodrigo [15]
reviews the available knowledge in wetland restoration based on revegetation with hy-
drophytes and stresses common challenges as well as potential solutions; the clear negative
factors which prevent revegetation success are considered, and useful final suggestions
are provided.

Acknowledgments: I would like to thank all colleagues that contributed to this Special Issue by
sending in their manuscripts or reviewing them, in addition to the Plants Editorial Office for their
helpful support.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Thelypteris palustris Schott (Thelypteridaceae), known as “marsh fern”, is infrequent in the
Mediterranean area. The occurrence of this species is known for almost all the Italian regions (except
for Sardinia and Sicily), but with rare and declining populations. During floristic fieldwork on the
Sicilian wetlands, a new unknown population was found. The aim of this paper is to analyze the
morphological traits of the species, as well as its ecological features and the floristic composition
of the plant communities where it lives. According to IUCN guidelines, here we provide the
regional assessment (Sicily) of T. palustris. To analyze its morphological features, many living plants
were examined, with particular attention to the spore structure. A total of 179 plots (110 species)
and 34 pools were sampled. Our results highlight the relic character of the species which is at
the southernmost border of its distribution range. The micro-morphological investigations on the
spores show that the Sicilian population belongs to the subsp. palustris. The floristic analysis
confirms the clear dominance of perennial temperate-cold zones Eurasian taxa. Finally, a new
association, Thelypterido palustris-Caricetum paniculatae, within the Caricion gracilis alliance (Phragmito-
Magnocaricetea class) is described.

Keywords: distribution; ecology; relic fern; Mediterranean wetlands; conservation status; pterido-
phytes; vegetation

1. Introduction

Thelypteris palustris Schott (Thelypteridaceae), known as “marsh fern”, is a deciduous
species that represents one of the most complex species in the pteridophytes. Fernald [1]
recognized four varieties of Thelypteris palustris: var. palustris of Eurasia (from Europe
and NW Africa to eastern Himalayas and southern China); var. pubescens (G. Lawson)
Fernald of northeastern United States, Canada, and eastern Asia; var. haleana Fernald of the
southeastern United States and Bermuda; and var. squamigera (Schltdl.) Weath. of Africa,
southern India, northern New Zealand [2]. Afterwards Tryon et al. [3], mainly analyzing the
spore structure, recognized two species, one largely of the southern hemisphere (T. confluens
(Thunb.) C.V.Morton = T. palustris var. squamigera) and the other, T. palustris, including two
varieties (T. palustris var. palustris and T. p. var. pubescens), in the northern hemisphere.

This taxonomic view has been confirmed in recent times, so currently the genus
Thelypteris includes two species, T. palustris in the northern hemisphere and T. confluens
in the southern hemisphere, the only change regarding the rank of the two taxa within T.
palustris that are now considered subspecies [4].

In Europe Thelypteris palustris (subsp. palustris) is known from several countries [5].
In Italy, this species is known for almost all regions, except for Sardinia and Sicily,

although it is reported as an extinct or doubtful taxon for many territories [6–8].
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The species has undergone a considerable decline throughout its distribution range,
mainly due to habitat loss and reduction. Despite this significant decrease in area at the
European level, it was recently classified as Least Concern (IUCN category) [9].

In northern Europe Thelypteris palustris has been found in several plant communi-
ties, for example in open habitats and in clear woodland: Juncus subnodulosus Schrank
fen-meadow, Salix cinerea L. woodland, Alnus glutinosa (L.) Gaertn. woodland, Betula
pubescens Ehrh. woods [10]. In Italy, the species has been found in the plant communities
of the Phragmito-Magnocaricetea [11–13], and in the swamp forests of the Alnetea glutinosae
class [14–21].

Our finding, during a survey in the Nebrodi Mountains (northern Sicily), is very
interesting because the species is quite rare in the Italian territory since the habitats where
it grows are in strong reduction, and even more because the Sicilian population represents
the southernmost limit of its distribution range. The new finding is certainly unexpected
because the flora of Sicily is one of the best studied in Italy and probably in Europe: consider
that the start of a “modern” botanical exploration of the island date back to 1664 at least [22]

Marginal habitats in the Mediterranean area represent sites of high ecological impor-
tance and a refuge for threatened plants (e.g., hygrophytes) like the case of Thelypteris
palustris. In fact, these hydrophytic species are linked to peculiar ecological requirements
and are highly susceptible to climate changes, and this could be led to their disappearance
in the next years. The correct identification of T. palustris, as well as the floristic composi-
tion of the plant community where it grows and its ecology, are relevant issues for future
conservation measures and monitoring actions of this species.

The main objectives of this research are split up into two parts. One is to examine the
morphological and ecological features of the new population of T. palustris, as well as to
assess its conservation status in Sicily. The second one is to provide data about the habitat
where T. palustris grows and to analyze the floristic composition of the plant community.

2. Results and Discussion
2.1. Description of the Species (Based on the New Population)

Thelypteris palustris Schott, Gen. Fil. [Schott] ad t. 10 (1834) subsp. palustris (Figures 1 and 2)
Plant terrestrial. Rhizomes long creeping, black, glabrous, with more or less solitary leaves.
Fronds monomorphic, 40–60 cm long; petioles 20–36 cm long, bases black, polished, usu-
ally glabrous, or rarely with sparse scales, 2.7 × 1.6 mm, irregular to elliptic-lanceolate,
light-brown to yellowish, adpressed to patent; laminae lanceolate 20–28 cm long, 8–12 cm
wide, 1-pinnate-pinnatifid, apices shortly acuminate and pinnatifid; Rachises with sparse
whitish hairs, 0.1–0.4 mm long; pinnae 18–20 pairs, subopposite, flat- or obliquely spread-
ing, usually slightly reflexed, short-petiolulate 0.45–0.50 mm wide, 0.7–0.9 mm long; proxi-
mal pair slightly shortened, middle pinnae lanceolate, 4.5–5.8 × 0.8–1.4 cm, bases truncate,
pinnatifid nearly to costae, apices shortly acuminate; segments 4.2–6.8 × 2.1–2.8 mm,
rounded-obtuse or obtuse-pointed at apices, fertile segments usually recurved to forming
points along margin. Veins pinnate in segments, lateral veins 6–8(9) pairs, forked and
reaching margins, proximal pair arising from base of costa. Laminae papery, grass-green
or yellowish green when dry, glabrous on both surfaces, rachises and costae grooved
adaxially, raised abaxially, glabrous on both sides or with acicular long hairs abaxially. Sori
orbicular, dorsifixed at middle of veinlets, located between costa and margins; indusia
small, orbicular-reniform, membranous, deciduous when mature. Spores ca. 45 × 30 µm,
with papillate surfaces, papillae 3–5 µm high, perforated at the base. Terrestrial in swamps,
bogs, and marshes, also along riverbanks and in wet woods; 0–1400 m.

6
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Figure 1. Thelypteris palustris Schott subsp. palustris spores from the new Sicilian population: (A) Spores
with diffuse echinate elements; (B) Lower spore structure; (C) Echinate spores in group; (D) Echinate
sculpture.

Figure 2. Some views of the new Sicilian population of Thelypteris palustris Schott subsp. palustris;
(A) Growth environment (Nebrodi Mountains); (B–E) Habit; (F) Sporangia (Photos of the Authors).

2.2. Distribution and Conservation Status in Italy

In Italy, the species is reported for almost all regions. Probably, it has never been found
in some territories due to the reduction or disappearance of its natural habitat, or in some
cases, also owing to incorrect reports. It is reported as extinct in Marche, as a doubtful
record in Molise and Campania, and not found in recent times in Umbria, Valle d’Aosta
and Abruzzo [7–9]. In southern Italy the species is highly localized, with an altitude range

7
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between 0 and 1000 m a.s.l., from the coast to the mountain, occurring in Puglia at Laghi
Alimini, Otranto [23,24], in Calabria at Lago dell’Aquila, Reggio Calabria [13,25] and in
Sicily at Serra della Testa (Nebrodi) (Figure 3).

Figure 3. Current distribution of Thelypteris palustris in southern Italy.

This population recently discovered in Sicily has extended its distribution range and
represents the southernmost population of Italy.

According to the European Red List of Vascular Plants [26], the species is classified as
Least Concern (LC). Currently, in Italy, Thelypteris palustris has been recently evaluated as
vulnerable (VU) by Orsenigo et al. [27] based on the criterion B [28]. In Sicily, the total area
occupied by Thelypteris palustris is about 0.62 ha. Despite its very small distribution area,
it was not possible to carry out a detailed count of the individuals of the population due
to the stoloniferous vegetative development of the species. Therefore, thanks to our data
and according to the IUCN criterion B, we recommend considering Thelypteris palustris as
Critically Endangered (CR B2abii, iii, iv) for Sicily, due to a very small AOO (4 km2), the
occurrence on one location, and possible decline of the population especially because of
the grazing practices and water flow reduction due to climate change.

2.3. Plant Communities with T. palustris in Italy

Thelypteris palustris is indicated as a characteristic/diagnostic species of the swamp
forests of the Alnion glutinosae alliance (Alnetea glutinosae class). In Italy, especially in
the northern sector, several plant communities of the Alnetea glutinosae class include The-
lypteris palustris, such as Carici acutiformis-Alnetum glutinosae Scamoni 1935 [16]; Carici
elatae-Alnetum glutinosae Franz ex Sburlino, Poldini, Venanzoni et Ghirelli 2011 [17–20];
Carici elongatae-Alnetum glutinosae Tüxen 1931 [29]; Thelypterido-Alnetum glutinosae Klika
1940 [14,15]; Rhamno catharticae-Ulmetum minoris Poldini, Vidali, Castello, Sburlino [30]; Hy-
drocotylo vulgaris-Alnetum glutinosae Gellini, Pedrotti ex Venanzoni, 1986 [21,31]; Limnirido
pseudacori-Fraxinetum oxycarpae Gennai, Gabellini, Viciani, Venanzoni, Dell’Olmo, Giunti,
Lucchesi, Monacci, Mugnai et Foggi 2021 [21]; Cladio marisci–Fraxinetum oxycarpae Pic-
coli, Gerdol & Ferrari ex Piccoli 1995 [21]; Valeriano dioicae-Fraxinetum oxycarpae Poldini et
Sburlino 2018 [21].

Thelypteris palustris is reported, also, for Lake Massaciuccoli (northern Tuscany), in
peculiar reed-beds (Thelypterido palustris-Phragmitetum australis) developing on floating
islands rich in decaying organic matter [12]. This community was included in the Carici
pseudocyperi-Rumicion hydrolapathi alliance (Magnocaricetalia elatae, Phragmito-Magnocaricetea).
Probably, also the community of Lake Alimini (Otranto, Lecce) [23,24], which hosts The-
lypteris palustris, is to be referred to Thelypterido palustris-Phragmitetum australis.
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Moreover, the species is reported for Lake Aquila (Calabria), in tall sedges marsh
vegetation (Cladietum marisci Allorge 1921) included in the Magnocaricion elatae alliance
(Magnocaricetalia elatae Pignatti 1954) [13].

In Sicily, Thelypteris palustris falls within the sedges of the Caricion gracilis alliance
(Magnocaricion elatae). This alliance, until now never reported in Sicily, groups plants
communities growing on eutrophic clayey soils flooded for long time with a temperate
Europe distribution.

2.4. Vegetation Ecology and Habitat

Overall, 15 different plant communities, each one with specific floristic compositions,
were identified (Appendix A). Most of these plant communities were investigated by
Brullo et al. [32] for Nebrodi Mounts. Therefore, we avoid a detailed description of the
investigated communities. The wide sampling and cluster analysis allowed us to high-
light the uniqueness and rarity of T. palustris in Sicily and define objectively the correct
syntaxonomic framework. The cluster analysis of all relevés carried out on the Nebrodi
Mounts showed 2 main groups (Figure 4). The first group (cluster A) includes mainly the
helophytic perennial vegetation of the Phragmito-Magnocaricetea class, while the second
group (cluster B) includes the aquatic vegetation of the Lemnetea and Potametea classes [31].
Within the Phragmito-Magnocaricetea four alliances can be distinguished: the first one (A11)
Phragmition communis includes the vegetation dominated by tall graminoid species sub-
jected to regular, prolonged periods of flooding that grow on mineral meso-eutrophic, often
muddy, soils; the second one, Magnocaricion elatae (A121) consist of plant communities
of mesotrophic to dystrophic soils, often peaty and flooded for prolonged periods; the
third alliance Caricion gracilis (A122) groups communities of eutrophic soils, flooded for
prolonged periods; the fourth alliance Alopecuro-Glycerion spicatae (A2), that includes the
vegetation of hygrophilous herblands of shallow montane pools characterized by large
water-depth fluctuations at high altitudes of Sicily. This last alliance is grouped with a
peculiar annual amphibious vegetation dominated by Lythrum portula which falls within
the Nanocyperetalia order (Isoeto-Nanojuncetea). Within the second group (cluster B) two
subclusters can be distinguished: the first one (B1) (Potametea pectinati) delimits the peren-
nial macrophytic communities of fresh, mesotrophic to eutrophic, waters; while the second
one subcluster (B2) includes (Lemnetea minoris) the floating pleustophyte communities
eutrophic to hypertrophic waters.

Bray-Curtis ordination shows a marked correspondence with cluster analysis (Figure 5).
The highest data dispersion is obtained with axes 1 and 2. On the positive side of axis
1 there are the helophytic perennial vegetation of the Phragmito-Magnocaricetea class with
high floristic diversity values, while on the negative side of axis 1 are distributed the aquatic
vegetation of the Lemnetea and Potametea classes, with low values of floristic diversity. The
Carex paniculata community (cluster 7) is very isolated from the other associations, probably
due to the peculiar ecological and floristic conditions of the wet habitat.
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Figure 4. Cluster analysis of 179 unpublished phytosociological relevés. Plant communities: 1. Spar-
ganietum erecti; 2. Scirpetum lacustris; 3. Typhetum domingensis; 4. Galio palustris-Juncetum inflexi;
5. Eleocharitetum palustris; 6. Iridetum pseudacori; 7. Thelypterido palustris-Caricetum paniculatae; 8.
Lythrum portula comm.; 9. Glycerio spicatae-Oenanthetum aquaticae; 10a. Potametum natantis; 10b.
Utricularietum australis; 11a. Potamogetono natantis-Polygonetum natantis; 11b. Potametum pusilli; 12.
Myriophylletum verticillati; 13a. Lemnetum minoris; 13b. Potamogetono-Ceratophylletum submersi; 13c.
Ranunculetum omiophylli; 14. Ranunculetum aquatilis; 15. Wolffietum arrhizae.
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Figure 5. Bray-Curtis ordination. Axis 1 extracted 9.97% of the original distance matrix Cumulative:
9.97%; Axis 2 extracted 4.89% of the original distance matrix. Cumulative: 14.86%. Plant communities
according to Figure 3.

2.5. Floristic Composition and Phytosociological Insights of the Thelypteris palustris Population
in Sicily

In the study area, Thelypteris palustris was found exclusively in a perennial wetland
characterized by Carex paniculata L. and Juncus subnodulosus. This perennial vegetation
grows on flat or slightly sloping surfaces, on clayey-silty acid soils, permanently wet and
rich in organic matter. The structure is determined mainly by Carex paniculata, the dominant
species in terms of biomass and number of individuals, joined to several hygrophilous
species, as Galium palustre L. subsp. elongatum, Mentha aquatica L., Cirsium creticum (Lam.)
d’Urv. subsp. triumfettii (Lacaita) K.Werner, Juncus subnodulosus, Carex distans L., Cyperus
longus L., Hypericum tetrapterum Fr., Phragmites australis (Cav.) Trin. ex Steud., Epilobium
parviflorum Schreb., Lolium arundinaceum (Schreb.) Darbysh., Eupatorium cannabinum L.,
Lotus rectus L., Eleocharis palustris (L.) Roem. & Schult., Helosciadium nodiflorum (L.) W.D.J.
Koch, Rumex conglomeratus Murray. The constant presence of Thelypteris palustris high-
lights the mesophilous character of the plant community, clearly differentiating it from
the other sedge communities present in central and northern Italy. Therefore, because
of its ecological features, Thelypteris palustris is proposed as a characteristic species of
a new association named Thelypterido palustris-Caricetum paniculatae ass. nova hoc loco
(Table 1, Rel. 10, cluster 7) included in the Caricion gracilis alliance and Magnocaricetalia
elatae order (Phragmito-Magnocaricetea class. The new association is also characterized by a
floristic component of the Holoschoenetalia vulgaris order, as Lysimachia nemorum L., Holcus
lanatus L., Dactylorhiza maculata (L.) Soó subsp. saccifera (Brongn.) Diklić, Juncus effusus L.,
Lythrum junceum Banks & Sol. This later order includes hygrophilous communities domi-
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nated by helophytes (rushes and sedges) that grow in depressions in the supratemperate
thermotype subjected to periodic submersions, on soils with low permeability and a rich
silty-clayey component [33–35]. In addition, the association hosts floristic elements, very
rare in Sicily, of high phytogeographic value (Figure 6), such as Epipactis palustris (L.)
Crantz, Equisetum palustre L., Rhynchocorys elephas (L.) Griseb., Juncus conglomeratus L.,
Carex flacca Schreb. subsp. flacca, C. pallescens L., etc. The muscinal component also plays
an important ecological role, particularly Calliergonella cuspidata (Hedw.) Loeske with a
high degree of coverage and sociability. From the chorological and structural viewpoint,
this vegetation highlights the relevance of the species with an Euroasiatic-Circumboreal
distribution (34%), with geophytes (34%) and hemicryptophytes (61%) being the dominant
life forms. This new association can be considered a southern vicariant of the Caricetum
paniculatae, with a central and northern Italian distribution [36,37]. This last association
shows structural affinities with Thelypterido palustris-Caricetum paniculatae owing to a high
cover of Carex paniculata. However, the two plant communities can be clearly separated,
based on many differential diagnostic species, such as Epipactis palustris, Equisetum palustre,
Juncus subnodulosus, and Rhynchocorys elephas. From a bioclimatic point view the The-
lypterido palustris-Caricetum paniculatae falls into the lower Supramediterranean belts with
lower subhumid ombrotype [38], in contact with deciduous thermophilic Quercus cerris
oak forests, referable to the Arrhenathero nebrodensis-Quercetum cerridis [39].

Figure 6. Photo plate illustration of some rare hygrophilous species of the Nebrodi Mountains:
(A) Epipactis palustris; (B) Carex flacca subsp. flacca; (C) Rhynchocorys elephas; (D) Equisetum palustre;
(E) Carex paniculata; (F) Carex pallescens. (Photos of the Authors).
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3. Materials and Methods
3.1. Study Area

The study area is situated in the Nebrodi Mounts, Sicily’s largest mountain complex
(Figure 7). They are located in the N-E part of the island, between the west side of the
Peloritani Mountains and the east side of the Madonie Mounts, constituting the extension of
the Apennine ridge on the island. They are a mountain range without major roughness that
reaches its maximum altitude at Monte Soro (1847 m a.s.l.). From a geological point of view,
this territory is mainly made up of sedimentary successions belonging to different periods.
The dominance of Flysch is mostly noted, the oldest sediments belonging to the Alpine
Tethys Units [40], they are Cretaceous in age and are represented by deep-water flyschs
and scaly clays. Most of the outcropping rocks are part of the so-called Flysch of Monte
Soro (upper Tithonian, lower Cretaceous) and Numidian (lower Oligocene Miocene) [41].

Figure 7. Wetlands investigated in Nebrodi Mounts (localities are given in Table S1), with zonation
of the regional park (zone A: red; zone B: orange; zone C: blue; zone A is the most protected zone).

The outcrop of clayey layers favors the formation of humid environments and ponds,
and lakes originate where the orographic conditions allow it. The existence of humid
environments on the Nebrodi is possible because of favourable climatic conditions that
characterize this mountain area that is the most mesic and rainy in Sicily, being affected by
average annual rainfall between 1000 and 1400 mm. According to Rivas Martínez et al. [42],
the bioclimate of this area is supra-Mediterranean lower middle-humid bioclimatic con-
ditions [38]. Although these small wetlands can have a relatively short lifespan due to
landfills, climate changes, etc., for some of these areas in the Nebrodi Mounts an existence
has been documented since the end of the last glaciation (about 10,000 years ago) when it
seems that the climate had become wetter in Sicily [43]. The climatic and geomorphological
conditions of the Nebrodi Mounts make it the area with the greatest wooded coverage
and with the highest values of biodiversity in Sicily [44]. In particular, this territory is
characterized by very extensive oak forests (Quercus cerris L.) at medium altitudes, and
beech woods (Fagus sylvatica L.) at higher altitudes. However, grazing meadows and small
wetlands (mostly natural) are the main discontinuities in the forest cover of this territory.

3.2. Data Sets and Data Processing

The morphological study regarding Thelypteris palustris was carried out on living
material (15 specimens), all coming from Nebrodi Mounts territory. The collected samples
were kept at the Catania Herbarium (CAT). For scanning electron microscopy (SEM)
images, samples of spores were transferred from herbarium specimens to aluminum
SEM stubs coated with double sided carbon tape. The stubs were then sputter-coated
with gold and imaged digitally using a Zeiss EVO LS10, with an accelerating voltage
of 30 kV, in the Center for Microscopy at the University of Catania. The morphological
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terminology used in the description follows Lellinger [45], while to spore nomenclature
follows Tryon & Lugardon [46].

To analyze the structure and floristic composition of the marsh vegetation in the
Nebrodi Mounts, 34 pools were examined. A total of 179 unpublished phytosociological
relevés (110 species) were collected, personally sampled in the period April 2018-June 2021.
The floristic composition and cover of species in each plot were determined by using the
standard method of relevés [47]. All the relevés were classified using classification and
ordination methods. Numerical analysis was performed using the software package “PC-
ORD”, 6.08 software. A multivariate analysis (Linkage method: Ward’s, Distance measure:
Sorensen (Bray-Curtis) was applied. Bray-Curtis ordination (Distance measure: Jaccard)
takes into account different quantitative data, such as vegetation coverage (%), altitude,
number of species (N. sp.), Altitude (m a.s.l.), Slope (◦), Aspect, and Simpson/Shannon
index. Quantum GIS software version 3.6 and GPS Garmin Montana was used to geolocate
the surveyed wetlands.

For the risk assessment at the regional scale (Sicily), we followed the IUCN protocol
and the most recent guidelines for its application [28]. In particular, we applied the IUCN
criterion B by estimating trends in the Area of Occupancy (AOO), that is, the area covered
by a taxon. AOO was assessed by using a 2 × 2 km grid [48]. Syntaxa classification follows
Biondi et al. [33], and Mucina et al. [49]. Taxonomic nomenclature follows Bartolucci et al. [9]
and Pignatti [50–53].

4. Conclusions

The species we found in Sicily seems to be very rare in the island, unless new discov-
eries that might be made in the future. It is localized in a microrefuge area that means,
according to Rull [54], a small area with local favorable environmental features, in which
small populations can survive outside their main distribution area, protected from the
unfavorable regional environmental conditions. T. palustris grows in contexts which, even
if somewhat subject to disturbing factors such as grazing, maintain good natural character-
istics. However, these places are vulnerable to further disturbances, such as drainage, and
above all to the decrease in rainfall triggered by climate change as detected for Sicily [55,56]
that could jeopardize its precarious survival. Therefore, even the microrefuge area may not
be enough to guarantee the existence in Sicily of this species; in any case, it will need to be
monitored over time. This is a general trend that can undermine a species that, although
with a large distribution range, is linked to peculiar environmental conditions. These
circumstances could fail especially in semi-arid areas such as around the Mediterranean
basin where climate change overlaps the usual intense anthropogenic disturbance that
particularly affects wetlands [57]. In the Mediterranean area, the populations of T. palustris
are likely to be declining following the general trend of destruction and degradation of
shallow wetlands. It is not considered common anywhere in its Mediterranean range. It
is very rare in Morocco and in Algeria. In Morocco it is known from two localities only:
Bou Charen and near to Açilah in the western Rif. In Algeria, T. palustris is known from
three localities, including Senhadja in Numidie. It is widespread in Turkey, but its habitats
are under threat and because of this in the future this taxon may be threatened [58]. In
Italy, as we have shown, many reports are old and no longer reconfirmed. The species,
going south, is highly localized, occurring only in Puglia, Calabria, and Sicily (Figure 3),
with only one sub-population for each region. Therefore, this recently discovered in Sicily
extend its distribution area and represents the southernmost population of Italy.

Plants characterizing wet environments represent one of the most threatened groups
of the Mediterranean flora [59–65]. For the reasons quoted above, these areas require urgent
and effective conservation policies not only to safeguard the biodiversity but also for the im-
portant ecosystem services they perform [66]. An example can be our study that illustrates
the environmental context of the T. palustris populations and the morphological features of
the species. Moreover, it clarifies some ecological requirements which are relevant issues
for future conservation measures for this species, especially in the Mediterranean areas
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where the extremely scattered distribution with isolated populations make it vulnerable to
disappearance. Unlike the northern European populations, quite widespread, the risk of
local-scale extinction is really high in all the Mediterranean populations.

The floristic composition of the Sicilian Thelypteris palustris plant community shows
a clear affinity with the common sedge communities of the northern Europe. Perhaps,
this plant community is a relict vegetation type of the last glacial stage, which currently is
localized exclusively in the humid stands of the Nebrodi Mounts. These microrefuges were
originated by peculiar geological characteristics of the territory, with a humid supramediter-
ranean bioclimate that facilitate the growth of these hygrophilous species [43].

In conclusion, our study has made possible to highlight the unexpected occurrence in
Sicily of the marsh fern Thelypteris palustris, growing together with some floristic elements
of the highest nature value, such as Equisetum palustre, Epipactis palustris, Utricularia australis
R. Br., Rhynchocorys elephas, Juncus conglomeratus, J. subnodulosus, Carex paniculata, C. flacca
subsp. flacca, C. pallescens, and Hypericum tetrapterum. These vascular species, linked to
wetlands, show in Sicily a narrow distribution range due to a strong reduction of their
habitat in recent decades. Although they are included in the “A” zone of the Nebrodi
Park (Figure 7) and within the Natura2000 site SAC ITA030014, targeted conservation and
monitoring actions would be desirable, aimed at the long-term conservation of the floristic
component and especially their humid habitats.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/plants10112448/s1, Table S1: Unpublished phytosociological relevés.
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Appendix A. Phytosociological Survey of Aquatic and Marsh Vegetation
Syntaxonomical Scheme

LEMNETEA O. de Bolos et Masclans 1955
LEMNETALIA MINORIS O. de Bolos et Masclans 1955
LEMNION MINORIS O. de Bolos et Masclans 1955
Lemnetum minoris von Soó 1927
Wolffietum arrhizae Myawaki & J.Tx. 1960

POTAMOGETONETEA Klika in Klika et Novak 1941
POTAMOGETONETALIA Koch 1926
POTAMION (Koch 1926) Libbert 1931
Myriophylletum verticillati Lemnée 1937
NINPHAEION ALBAE Oberd. 1957
Potamogetono natantis-Polygonetum natantis Knapp et Stoffers 1962
Potametum pusilli von Soó 1927
Potametum natantis von Soó 1927
UTRICULARIETALIA Den Hartog & Segal 1964
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UTRICULARION VULGARIS Passarge 1964
Utricularietum australis Müller & Görs 1960
CERATOPHYLLION DEMERSI Den Hartog & Segal ex Passarge 1996
Potamogetono-Ceratophylletum submersi Pop 1962
RANUNCULION AQUATILIS Géhu 1961
Ranunculetum aquatilis Géhu 1961
RANUNCULION OMIOPHYLLO-HEDERACEI Rivas-Martínez et al. 2002
Ranunculetum omiophylli Br.-Bl. & Tüxen ex Pizarro 1995

PHRAGMITO-MAGNOCARICETEA Klika in Klika et Novak 1941
PHRAGMITETALIA Koch 1926
PHRAGMITION COMMUNIS Koch 1926
Sparganietum erecti Philippi 1973
Scirpetum lacustris Schmale 1939
Typhetum domingensis Brullo, Minissale & Spamp. 1994
MAGNOCARICETALIA Pignatti 1953
MAGNOCARICION ELATAE Koch 1926
Galio palustris-Juncetum inflexi Venanzoni et Gigante 2000
Eleocharitetum palustris Savic 1926
Iridetum pseudacori Krywanski 1974
CARICION GRACILIS Géhu 1961
Thelypterido palustris-Caricetum paniculatae ass. nova hoc loco
OENANTHETALIA AQUATICAE Hejny ex Balatova-Tulackova et al. 1993
ALOPECURO-GLYCERION SPICATAE Brullo, Minissale, Spamp. 1994
Glycerio spicatae-Oenanthetum aquaticae Brullo, Minissale & Spamp. 1994

ISOËTO-NANOJUNCETEA Br.-Bl. et Tx. in Br.-Bl. et al. 1952
Nanocyperetalia K1ika 1935
Nanocyperionflavescentis W. Koch ex Libbert 1932
Lythrum portula comm.
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Abstract: Chara baueri is one of the rarest charophytes worldwide. It had been considered extinct
in Europe for more than a century, from the 1870s to 2006, when it was rediscovered in Germany.
The current distribution of this species is limited to a few localities in Europe (Germany, Poland and
Russia), and one locality in Asia (Kazakhstan). We present a new finding of Chara baueri, to be
a significant contribution to the species ecology and biogeography, and helping to review and
update the current scarce knowledge. Chara baueri was discovered in Serbia and monitored for two
vegetative seasons in 2018 and 2019, along with the associated macrophyte vegetation and water
quality parameters. The morphology and ecology data of the species are presented comparatively
with the literature data and the biogeography is critically reviewed. The population in Serbia is
the first verified record of Chara baueri in southern Europe. Considering the recent findings and
the knowledge accumulated in these records, Chara baueri was very possibly never extinct at all,
but overlooked in Europe for the entire 20th century. We suggest that waterfowl migrating from the
northern parts of Europe should be considered as the important spreading agent of Chara baueri in
southern regions.

Keywords: charophyta; Chara baueri; species ecology; species biogeography

1. Introduction

Chara baueri A. Braun is considered to be one of the rarest charophytes worldwide [1]. It was
first discovered and often collected in the Berlin area in the first half of the 19th century, until the
1870s. During the 19th century, only a few other localities all over the world could be reliably
recognized–in Austria, southern Sweden and near Schwerin in Germany [2], all of them single records
from the first half of the 19th century. Since the end of the 19th century, C. baueri was thought to be
extinct in Europe [2,3]. The first record of C. baueri since then was made far away from the formerly
known localities, in Kazakhstan in 1994, and this is still the only record in Asia [4]. Recently, it was
rediscovered in Germany (Brandenburg) in 2006 [2] and newly discovered for Poland (2008) [5,6]
and Russia (2010) [7].

C. baueri is morphologically, on first sight, very similar to Chara braunii, which is commonly found
all over the world [3,8]. Still, there is a clear difference between these two taxa: a triplostique cortex
that develops on the main axis (at least at the upper internodes) of C. baueri, and well-developed
solitary spines, while Chara braunii is completely ecorticated [2,3,6]. Although Krause [3] suggested
that these two species could be closely related, this has not yet been proven by molecular phylogenetic
analysis. However, it has been confirmed that C. baueri could be even more phylogenetically close to
the genus Lamprothamnium than to the other Chara species [9]. Phylogenetic relationships of these rare
charophyte remain to be resolved in future studies, and collecting material from a wide geographic
range is crucial so that these studies could offer a reliable answer.
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The purpose of this study is to report about the first record of C. baueri in Serbia (ponds in the
locality Štrbac, in the special nature reserve (SNR) “Gornje Podunavlje”). Discovered populations
were monitored for two vegetative seasons in 2018 and 2019, along with the associated macrophyte
vegetation and water quality parameters. The specimens of C. baueri are morphologically described in
detail, comparative with the reliable literature sources. Habitat characteristics are discussed in terms of
updating knowledge on the ecology of this rare charophyte. This new finding of C. baueri is discussed
as a significant contribution to the knowledge on this species biogeography.

2. Results

The measured environmental parameters in pond 1 and pond 2 are presented in Table 1. It can be
noticed that values of parameters are quite variable, since these are small and very shallow ecosystems.
The measured values for total phosphorus (TP) and total nitrogen (TN) point to both ponds being
eutrophic water bodies. The other measured parameters were more or less in range of moderate
values. C. baueri was found in pond 1 in 2018 in July and August, and in 2019, at the end of July
(31st), young plants were detected. In pond 2, C. baueri was found in August and September 2018.
The bottoms of the both ponds were covered with a thick layer of very fine silt.

The following macrophyte and Charophyte species, apart from C. baueri, were recorded at the
sampling sites: Eleocharis palustris agg., Hydrocharis morsus-ranae L., Myriophyllum spicatum L. (dominant
in Pond 1), Potamogeton gramineus L., Potamogeton nodosus Poir., Ranunculus aquatilis agg., Salvinia natans
(L.) All., Schoenoplectus lacustris (L.) Palla, Spirodela polyrhiza (L.) Schleid., Utricularia L. sp., Chara braunii
C.C.Gmel., Chara globularis Thuill., Chara tenuispina A.Braun, Nitella capillaris (Krock.) J.Groves &
Bull.-Webst., Nitella mucronata (A.Braun) Miq. and Nitella C.Agardh sp. In general, macrophyte
vegetation was better developed (in terms of both diversity and cover) in pond 1 (more or less stable
water level) in comparison to pond 2 (more prone to drastic water level changes). When pond 2 was
filled with water, usually flotant macrophyte species dominated. In pond 1, Myriophillum spicatum
was found to be dominant in the deeper parts along with Potamogeton nodosus, while the shallower
part was completely covered with a meadow of Chara globularis and Chara tenuispina, and in the most
shallow region, C. baueri formed patchy groups (Nitella specimens were found only sporadically, only a
few specimens in total). Although we expected ponds to dry up completely at some point during the
summer period, and despite the very dry August and September 2018, that did not happen.

Description of C. Baueri from Serbia

The macro habitus of the discovered specimens of C. baueri are presented in Figure 1. Specimens
were found in groups in very shallow water (0.1 to 0.3 m), almost on the shoreline, in areas prone
to drying up due to water level changes. Triplostichous and isostichous cortex on axis was clearly
noticeable throughout the stem, though in some parts irregular (Figure 2c,d). This is an important
taxonomic parameter for distinguishing this species from C. braunii. Specimens were fructifying,
with both female and male gametangia being well developed (Figure 2a,b). Ripe oospores were also
abundantly represented. Oospores were large and markedly black, while the oospore membrane color
was light brown and showed a finely granulated structure.

Specimens of C. baueri found in Serbia are described in detail, and presented comparatively with
the data from the relevant literature sources [1,4,6,10–15] (Table 2).
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3. Discussion

In the context of biogeography of the species, it is very interesting to review the historical and
current distribution of C. baueri. Recent records are known from central, southern and eastern Europe,
and central Asia (Figure 3). Fully reliable historical findings are known only from central/northern
Europe (Germany and Sweden [2]). Other historical records (in Italy [16] and Lithuania [17]) could not
be confirmed or verified [2]. As far as the authors’ knowledge reaches, the historical finding from
Austria [13] also cannot be supported by the herbarium material, but according to Krause [3], Raabe [2]
and other authors’ opinions, it should be considered valid (Figure 3).
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Considering the description of his own material collected in the ponds near St. Andrä in southern
Austria, and the drawing of these specimens, Ganterer’s [13] finding is likely reliable. The most
interesting point is that this locality in southern Austria is relatively close to the locality in Serbia,
only about 340 km in a straight line [18]. While comparing his specimens with Bauer’s original
material, in which only a few upper internodes or even only one internode was corticated, Ganterer [13]
commented that the plants he found near St. Andrä were larger and corticated throughout the
stem, with long and numerous spine cells. This peculiarity was also seen in the specimens found
in Serbia, which were large, and the cortex was present throughout the stems, with long spine cells
(Table 2). Habitat specificities, as well as population origin and/or isolation, could be the basis of
these specificities. Still, after Ganterer’s record, C. baueri was never confirmed again in Austria,
or anywhere near. The record from Serbia that we are reporting here is the only verified one in southern
Europe. The fact is that recent findings (Figure 3) substantially widen the distribution area of Chara
baueri in comparison to the historical records. In Germany, C. baueri is considered highly endangered
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(“stark gefährdet”), it is threatened and under the risk of extinction in Poland, and it is regionally
extinct in Sweden [19].

Data on the ecology of the C. baueri are very scarce, and authors could only reach data published
by Pukacz et al. [1] and Doege et al. [20] (since data presented in Doege et al. [20] are practically the
same as in Pukacz et al. [1], we are further referencing the older, but original publication). When the
literature data is compared to the data obtained in this study (Table 3), it is clear that the values
for almost all comparable parameters are lower, meaning that water in the localities in Serbia were
poorer in Ca and Mg content and electrolytes in general (conductivity), as well as softer and a bit
more alkaline (Table 3). Considering the nutrient content, lower concentrations were detected in our
localities, though according to the total phosphorus (TP) and total nitrogen (TN), both ponds in Serbia
were also eutrophic water bodies, as expected [21].

Table 3. Summed available data on the ecology of C. baueri according to Pukacz et al. [1], comparatively
with the data obtained in this study (mean values presented).

O2
(mg/L)

Hardness
(◦dH) pH Conductivity

(µS/cm)
Mg2+

(mg/L)
Ca2+

(mg/L)
TP

(mg/L)
PO4−
(mg/L)

TN
(mg/L)

NO2−
(mg/L)

NO3−
(mg/L)

NH4
+

(mg/L)

Pukacz et al.,
2012 [1]

Cediniya
(Poland) 6.14 12.9 8.01 611 14.9 71.7 1.04 0.63 3.89 - 0.47 1.31

Batzlow
(Germany) 3.25 13.2 7.92 632 16.3 67.6 1.12 0.71 5.15 0.02 0.68 1.45

This study

Pond 1 10.04 4.17 8.7 350.6 8.98 14.92 0.08 <0.015 1.98 0.02 <0.5 0.73
Pond 2 6.8 5.73 8.3 361.3 7.27 28.93 0.04 <0.02 3.33 0.06 0.91 0.39

Recently added details on the habitat type of the species C. baueri [21] correspond to the
characteristics of the localities in Serbia—small water bodies in the fields, rich in nutrients; in Serbia,
those are ponds, artificially made to serve as a watering place for wild animals, prevalently wild
boars and deer (locality Štrbac, where ponds are placed in the special nature reserve (SNR) “Gornje
Podunavlje”). Digging the watering places in the fields of Štrbac in the SNR “Gornje Podunavlje”,
could have activated a diaspore bank with C. baueri oospores in it, which could explain the surprising
occurrence of this rare charophyte in this area. Sediment characteristics and the depth range where the
species occurs matches literature [6,21] descriptions.

Among the most often associated macrophyte species that Gregor [21] emphasized, in our study,
only Nitella mucronata and Chara globularis were recorded along with C. baueri. Nevertheless, Elatine
alsinastrum which was recorded in almost all literature sources as being associated with C. baueri [21],
was not detected in the localities in Serbia. Considering the phenology of the C. baueri species, it is clear
that its yearly occurrence depends on the existence of ephemere habitats where it typically grows [21].

When considering the taxonomically relevant morphological characteristics of C. baueri,
the triplostichous and isostichouse cortication is a distinctive feature, clearly separating this taxon
from C. braunii, which is completely ecorticated [21] (see Table 2). Still, Langangen and Sviridenko [4]
ascertained that the specimens found in Kazakhstan had a diplo- to triplo-stichous cortex, while young
internodes were mostly diplostichous. These authors also described the old Swedish specimen from
1849 as mostly 2 corticate, although they say it was difficult to determine, probably because the material
was old and the herbarium specimen was studied in dry conditions [4]. Urbaniak and Gąbka [6]
remarked the irregularity of the cortex, which was also noted in this study. It was already shown that
the number of cortex cell rows may be variable within a genetically homogeneous Chara group [22],
which may be the case in C. baueri as well.

Finally, the origin of the population of C. baueri in Serbia is debatable. Langangen and Sviridenko [4]
suggested that long-distance dispersal by birds migrating from Europe to the Kazakhsthan area in the
spring could explain the occurrence of C. baueri in Central Asia. We find this hypothesis plausible,
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as it could potentially explain the finding in Serbia. The SNR “Gornje Podunavlje”, where the locality
Štrbac and studied ponds belong, is declared a Ramsar site and Important Bird Area (IBA), where many
migratory bird species stop to rest or nest, and this area is the most significant national nesting area of
the wild (graylag) goose (Anser anser) in Serbia [23]. For the sake of illustration, the distribution range of
this waterfowl species covers all recent localities of C. baueri (in Europe and Asia) [24]. Also, according
to Dick et al. [25], the central European graylag goose population migration routes perfectly link all
localities where C. baueri was ever found in Europe (including non-reliable findings). Considering the
habitat characteristics of C. baueri, various waterfowl species migrating from the north of Europe could
be dispersal agents in more southern regions, and IBA and nesting areas of these birds should be the
first ones surveyed in search for the potential new localities of C. baueri in Europe. Also, we suggest that
future detailed multidisciplinary research on if and how the migration routes of waterfowl coincide
with the distribution of other charophytes across Europe would be valuable input regarding charophyte
biogeography, especially rare species.

Summarizing the current knowledge of ecological requirements and habitat characteristics of
C. baueri, as well as the distribution range, it is quite possible that this species was simply overlooked
in Europe for the entire 20th century. Contributing to this knowledge gap is the lack of organized,
targeted and continued monitoring of charophytes (i.e., certain type of habitats), which are often
completely overlooked in macrophyte studies or at best recognized as Chara sp.

4. Materials and Methods

The study area was located in the Special Nature Reserve (SNR) “Gornje Podunavlje”, Štrbac area,
in Serbia’s Northern Province, Vojvodina (Figure 4). This area is a very unique and complex mosaic of
meadows, woods, ponds and wetlands, and it includes the river Danube and its meanders.Plants 2020, 9, x FOR PEER REVIEW 11 of 13 
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Figure 4. Study area and sampling localities.

Two ponds separated by a dirt road, located in the meadow near the woods (Figure 4), were labeled
as pond 1 (N 45.812775, E 18.960583) and pond 2 (N 45.812577, E 18.960785). They were monitored
monthly from May until September in 2018 and May until July in 2019. According to the nature reserve
rangers, these ponds were man-made with the purpose of forming a watering place for wild animals.

Each time the ponds were sampled for charophytes, the environmental parameters: temperature
(T), pH, oxygen concentration (O2 mg/L) and saturation (O2%), and conductivity, were measured in situ
in the ponds, using digital field instruments made by Eutech Instruments Oakton® and YSI ProODDO
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Optical Dissolved Oxygen Meter. Simultaneously, water samples from both ponds were also taken
for further laboratory analyses of chemical water properties, which were conducted in the accredited
laboratories of the Institute of Public Health of Serbia “dr Milan Jovanović Batut”, using standard
analytical methods.

Charophytes were collected by wading and using rakes and grapnels. Material was stored in plastic
bags and transported to the laboratory where it was identified using a STEMI DV4 stereomicroscope
and a Nikon YS100 microscope and standard literature [3,6,14,16,17,26].

Micrographs were made using a Carl Zeiss AxioImager M1 microscope and a digital camera AxioCam
MRc5, with AxioVision 4.8 software. Part of the identified material was herbarized and part was stored
in 4% formalin (final concentration) in the collection of wet specimens of the Department of Algology,
Mycology and Lichenology, Faculty of Biology, University of Belgrade (BEOU, Belgrade, Serbia).

5. Conclusions

This study reported the first record of C. baueri in Serbia, but also the first reliable record of
the species in southern Europe. Results of our study supplement the knowledge on the habitat
characteristics and overall ecology of this rare charophyte. Our finding significantly contributes to
the species biogeography, which is reviewed and discussed, thus concluding that the distribution of
C. baueri should be observed across the Eurasian continent. Waterfowl species migrating from the north
of Europe are suggested as the most probable dispersal agent of C. baueri in more southern regions,
where IBA and nesting areas of these birds could be considered the potential new localities of C. baueri
in Europe. Considering recent findings and knowledge accumulated in these records, C. baueri has
very possibly never been extinct, but overlooked in Europe for the entire 20th century.
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Abstract: The first record of a species belonging to the genus Chara L. subgenus Chara R.D.Wood
section Grovesia R.D.Wood subsect. Willdenowia R.D.Wood from Europe is presented here, thus
challenging the interpretation of its distribution pattern as an intertropical group of charophytes.
The morphological characters of the specimens, as well as the results of a phylogenetic analysis,
clearly identified them as Chara zeylanica J.G.Klein ex Willd. Although the subsection Willdenowia
has yet to receive a thorough taxonomic treatment, a discussion of its relationship to other taxa of
this subsection is provided despite the lack of a commonly agreed upon taxonomic concept. The
ecological conditions of the Sardinian site of C. zeylanica are presented. Moreover, the status of and
threats to this taxon, and hypotheses regarding potential pathways through which it reached Europe,
are discussed.

Keywords: charophytes; Willdenowia; Sardinia; biogeography; Chara zeylanica

1. Introduction

Charophytes are morphologically complex macrophytic green algae with a worldwide
distribution. Because they are close relatives of the earliest land plants [1], they have
attracted growing scientific interest in recent decades. However, in addition to becoming a
subject of academic interest, charophytes play a major role in bioindication systems due to
their species-specific pattern of niche occupation [2,3]. Moreover, Characeae are among
the most threatened groups of organisms on earth [4–6], and have thus been targeted by
nature conservation actions [7–9]. As charophytes occur in an astonishingly wide variety
of habitats, ranging from ultraoligotrophic freshwater to hypersaline and hypertrophic
environments, their presence is often measured in water quality assessments and other
related fields [10,11].

For the development of such bioindication systems, having comprehensive and reli-
able knowledge about the habitat preferences and distribution patterns of the individual
species is essential, as is the accurate identification of charophyte species, and the for-
mulation of a sound taxonomic concept. In recent decades, a large number of studies
have attempted to fulfil these requirements [12–19]. As a result, our knowledge about the
biogeography of charophytes has increased substantially. However, whereas in the past
site-specific information about the occurrence of the individual species was provided [20],
recent treatments have led to the development of large-scale distribution grid maps and
detailed descriptions of the species’ preferred habitat conditions [21].

For several species, a strong correspondence between the distribution range and the
niche structure was found. For example, the strictly circumpolar distribution of Tolypella nor-
maniana Nordst. can be explained by its temperature preference (cold-stenothermic). More-
over, it has been shown that species such as Chara vulgaris L. or C. braunii C.C.Gmelin occur
in a broad range of habitats on all continents, except for Antarctica [22].
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However, unresolved questions regarding charophytes have hampered the develop-
ment of general bioindication schemes that are also applicable outside of the reference
regions, which have mainly been restricted to specific geographic scales [3]. One of these
questions related to the absence of subsection Willdenowia R.D.Wood (section Grovesia
R.D.Wood) in Europe is dealt with here, as we provide the first record of the presence
of Chara zeylanica J.G.Klein ex Willd. in Europe from the Mediterranean island of Sar-
dinia (Italy).

In a global taxonomic treatment of charophytes by Wood [23,24], the genus Chara L.
was divided into five sections with a total of eight subsections. Subsection Willdenowia
comprises diplostephanous species with triplostichous cortication and a completely ecorti-
cated basal branchlet segment. According to Wood [23,24]), this subsection includes just
one species, Chara zeylanica, which has several varieties and forms. This approach was not
universally accepted because it combined A) monoecious and dioecious taxa, B) monoe-
cious taxa with sejoined and conjoined gametangia, and C) taxa with tetra- and octoscutate
antheridia [23]. However, several authors used Wood’s concept as a basis for investigating
the distribution pattern of subsect. Willdenowia, and came to the conclusion that it can best
be described as an intertropical taxon [25,26]. On the other hand, as distinct patterns of
the distribution of subspecies and varieties of Chara zeylanica sensu Wood [23] emerged,
a fine-resolution taxonomic treatment of subsection Willdenowia was clearly needed for
biogeographical purposes [25,27]. In an approach designed to overcome the problems
caused by Wood’s taxonomic concept, van Raam [28,29] presented an alternative view in
which subsect. Willdenowia was divided into 20 species that were mainly distinguished by
the abovementioned criteria of gametangia position, antheridia morphology, and sexuality.

However, irrespective of which concept was applied, neither Chara zeylanica nor any
other taxon of subsect. Willdenowia has previously been recorded anywhere in Europe,
even though numerous investigations of charophytes have been performed throughout
the Mediterranean area in recent decades [30–36]. Chara zeylanica occurs mainly in tropical
and subtropical regions of the world [23,37–43]. As it is an “intertropical taxon”, the first
record of the presence of C. zeylanica in Europe could be considered a surprise. On the other
hand, Corillion and Guerlesquin [26] and Proctor et al. [25] have reported, taxa of subsect.
Willdenowia have been found in North America at up to 45◦ N under climatic conditions
comparable to those in Northern Europe. There are historical records of the presence of
the species from Egypt and Israel [26,44], as well as reports of extinct occurrences from
Algeria [45]. Consequently, limitations other than climatic conditions should be responsible
for the failure to observe the presence of taxa of subsect. Willdenowia in Europe, which
is a well-investigated region that certainly cannot be regarded as undersampled. Recent
records of the presence of non-native charophyte species with predominantly tropical and
subtropical distributions—such as reports of the presence of Chara fibrosa C.Agardh ex
Bruzelius ssp. benthamii (A.Braun) Zaneveld or Chara c.f. chrysospora J.Groves and Stevens in
rice fields, lakes, and an artificial stormwater retention pond in Southern France, Italy, and
Crete, respectively [32,46–48]—indicate that the climatic conditions in the Mediterranean
area are suitable for the establishment of intertropical taxa.

The main aim of this study is to document the first record of the presence of Chara zey-
lanica in Europe, and the morphological features of the Sardinian specimens we collected.
Moreover, this study contributes to knowledge about the taxonomic classification, the
ecological requirements, and the geographic distribution of this mainly tropical and sub-
tropical species. To support our morphological analysis, we used rbcL and matK barcodes,
as previous barcoding studies have shown that a combination of these sequences is suitable
for investigating species of the genus Chara [49–52].

2. Results
2.1. Ecology

Chara zeylanica can colonize a broad range of both brackish and freshwater habitats
throughout the tropical and subtropical zones of the world. These habitats include per-
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manent and temporary bodies of water, such as lakes, ponds, pools, ditches, temporarily
flooded wetlands, canals, rice fields, and retention ponds [26,38,40–43]. Few of the existing
hydrochemical datasets cover a spectrum ranging from low-impacted waterbodies with
total P-concentrations below 20 µg L−1 and total N-concentrations between 0.425 and
1.9 mg L−1 [43] to eutrophic habitats [37]. According to Muller et al. [45], C. zeylanica needs
temperatures of approximately 25 ◦C for fructification.

The only European site (reported here for the first time) where the presence of C. zey-
lanica has been detected is at Cala Fuili, which is located north of Orosei on the east coast of
Sardinia, Italy (coordinates: 40◦25′03” N, 9◦46′13” E; coordinate system WGS 84) (Figure 1).
The specimens were found in September 2019 at a depth of about 1 m, mainly in sandy
to silty places with stony substrate, in a shallow and probably permanent small stream
located close to the beach, or 110 m from the Mediterranean Sea. The specific site where
the C. zeylanica specimens were found was situated directly next to a bridge (Figure 1, left
image below), and was therefore disturbed by the structure. By contrast, the neighbouring
stream sections and landscape areas can be considered semi-natural habitats. The small
population of C. zeylanica was observed to have high fertility, with ripe antheridia, oogonia,
and oospores. The nutrient conditions at the sampling date were as follows: NH4-N
0.108 mg L−1, NO3-N 0.279 mg L−1, total N 1.143 mg L−1, PO4-P 0.073 mg L- 1, and total P
0.137 mg L−1. The water hardness was 26.4 ◦dH (Ca 62.2 mg L−1, Mg 76.8 mg L- 1), pH 8.3.
Although the salinity at the sampling date was 1.9, the salinity of the site probably varies
because it is close to the coast. At the same site in May 2016, a salinity level of 4.4 was
recorded and the Cl concentration was found to be 2819 mg L−1, instead of 1290 mg L- 1, as
measured in September 2019.
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2.2. Morphological Description

The specimens are 30–60 cm long, erect and straight, stout, fresh to greyish green,
and slightly incrusted (Figure 2). The main axis diameter is 589–1076 µm with a mean
value of 844 µm, slightly (0–4) branched. Most of the internodes are 4.4–8.0 cm long, and
are usually much longer (up to 4 ×) than the branchlets. The uppermost 1–2 internodes
are only 0.5–2.2 cm long, and are generally shorter than the adjacent branchlets. The
cortex is usually triplostichous, and is rarely (partly) diplostichous and tylacanthous to
isostichous (Figure 2D). Single, acute, thin, and needle-like spines are observed on the
young internodes, and rarely on the older internodes. These spines can vary in length
(182–1468 µm long) even on the same plant, and mainly point downwards (Figure 2D).
The stipulodes are acute, elongated, and well developed. They are arranged in two regular
tiers with two pairs per branchlet (Figure 2E). The upper stipulodes are longer than the
lower ones. As the upper stipulodes are 515–1045 µm long (a mean value of 760 µm),
they are usually longer than the diameter of the axes, and are much longer than the
lowermost branchlet segment. The lower stipulodes are sometimes of unequal lengths,
at 161–475 µm long, with a mean value of 293 µm. The branchlets are 9–12 in whorl and
generally much shorter than the internodes, at 2.0–4.3 cm long. The branchlets of the
uppermost 1–2 youngest whorls are even shorter, at just 0.2–2.0 cm long. The lowermost
basal segments of the branchlets are ecorticated, and are very short at 208–479 µm long
(mean value 343 µm) and 189–470 µm wide (mean value 318 µm). These segments are
hidden behind the upper stipulodes (Figure 2A). The branchlets consist of 7–10 segments,
with the lowermost segments always being ecorticated, followed by 4–6 corticated segments
and 2–5 ecorticated distal segments with a tiny acute end cell on top, surrounded by a ring
of bract cells (Figure 2C,F). The bract cells (5–8) are well developed (220–843 µm long),
slender, and acute, and are shorter than the bracteoles. The two bracteoles are very long
(990–1948 µm), at 1–2.5 × longer than the oogonia and oospores (Figure 2B). All of the
fertile specimens are monoecious with conjoined gametangia (Figure 2B). Gametangia
usually occur only at the nodes of corticated segments, and are rarely observed at the
lowest nodes just above the ecorticated segment. The gametangia are mainly solitary,
and very rarely geminate. The oogonia are elliptical to elongated oval in shape, are
yellow or greenish in colour, and generally have constricted coronulae. The length of the
oogonia (without coronula) is (600) 700–850 (900) µm, and the width of the oogonia is
417–575 (600) µm. The length of the coronula is 69–125 (150) µm, and the width of the
coronula is (127) 160–200 (250) µm. The oospores are elliptical in shape and black in colour,
with a length of (539) 600–685 µm, a width of 375–475 (500) µm, and 10–13 striae. The
antheridiae are tetrascutate with a diameter of (300) 350–400 (450) µm. The dried specimens
are stored at the herbarium of the University of Rostock (ROST).

2.3. Phylogenetic Analysis

The three individuals collected on Sardinia had identical rbcL and matK sequences.
The BLAST of the GenBank nucleotide collection under default settings with rbcL from the
Sardinian samples as query sequences matched the individuals to C. zeylanica from New
Caledonia (AB440257) with 100% identity. One basepair (bp) substitution (99% identity)
was detected for two further C. zeylanica (HQ380481: Sri Lanka, AY720934: Taiwan), but
also for a sequence belonging to C. hydropitys Rchb. (HQ380464: Puerto Rico).

The BLAST of the GenBank nucleotide collection using matK from the Sardinian
samples as query sequences matched the individuals with 99% identity (1 bp substitution)
to C. zeylanica from Myanmar (MT739758). Chara guairensis R.M.T.Bicudo (KY656924) and
C. hydropitys (KY656921) differed from the Sardinian samples by 15 bp substitutions (98%
identity), respectively.

Phylogenetic analyses were performed for rbcL and matK separately to confirm the
species identified through the BLAST search. The final rbcL alignment was trimmed to
1051 bp. Within the subsect. Willdenowia, 30 variable sites were identified. In the rbcL
tree (Figure 3), the relationships within the subsect. Willdenowia were ambiguous, because
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several nodes did not have significant supports. The specimens from Sardinia formed a
cluster together with C. zeylanica, but only with a low level of support (BS: 50%, PP: 0.6). The
phylogeny based on the rbcL gene sequences only could not be resolved, and relationships
of C. zeylanica to other species of subsect. Willdenowia were ambiguous.
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Figure 2. Detailed photographs of C. zeylanica collected at Cala Fuili, Sardinia. (A) branchlet whorl with ecorticated basal
segments; (B) conjoined gametangia; (C) ecorticated end segments with bract cells; (D) triplostichous main axis cortication
with single spines; (E) diplostephanous stipulodes; (F) branchlet tip cell, surrounded by bract cells.

The final matK alignment was trimmed to 970 bp. Within the subsect. Willdenowia,
64 variable sites were identified. Phylogenetic analysis of the matK alignment provided
strong bootstrap support for the sequences from the Sardinian samples forming a mono-
phyletic clade with C. zeylanica sequence: MT739758 (BS: 100% and BP: 1, Figure 4). The
matK phylogeny assigned the Sardinian specimens to C. zeylanica, and differentiated them
from other species of subsect. Willdenowia (C. guarensis, C. rusbyana M.Howe, C. haitensis
Turpin, C. foliolosa Muhl. ex Willd.) and sect. Imahoria (C. hydropitys).
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3. Discussion
3.1. Taxonomical Remarks

The specimens collected at Cala Fuili (Sardinia) were shown to qualify, based on
their morphological characters, as a taxon belonging to subsect. Willdenowia because they
are diplostephaneous with triplostichous cortication and have ecorticated basal segments
of otherwise corticated branchlets [23]. Following the approach of van Raam [28], who
distinguished 20 species within subsect. Willdenowia—in contrast to Wood [23], who
identified a monospecific subsection—the question of to which species the specimens
belong is discussed in detail below.

Van Raam [28] analyzed systematically the problem of gymnopodial (ecorticated first
branchlet segment) taxa of the genus Chara L. using a stepwise approach. A total of 37 taxa
of the genus Chara were found to share the character of an ecorticated basal branchlet
segment. We recall that a taxon is a taxonomic unit of any rank, which can be species, but
also varieties and forms. Eight taxa from subsect. Willdenowia can be excluded because
they are haplostephaneous (and can thus be assigned to sect. Imahoria J. van Raam). Of
the remaining 29 diplostephaneous taxa, C. kenoyeri M.Howe and C. rusbyana can be ex-
cluded here because they are dioecious. As a haplostichous species, Chara pseudohydropitys
Imahori belongs to section Aghardia R.D.Wood, and can also be excluded here. Similarly,
C. foliolosa, C. tenuifolia (Allen ex R.D.Wood) R.D.Wood, C. guairensis, C. haitensis, C. indica
Bertero ex Spreng., C. martiana Wallman, and C. paucicorticata Cáceres can be excluded
because they have octoscutate antheridia. Unlike the specimens described here, Chara
drouetii (R.D.Wood) R.D.Wood, C. michauxii (A.Braun) Kütz., and C. formosa C.B.Rob. are
characterised by a sejoined gametangia arrangement. Chara cubensis Allen, C. depauperata
Allen, C. oerstediana A.Braun, and C. diaphana (Meyen) R.D.Wood have fewer than four
corticated branchlet segments, whereas all the specimens found in Sardinia have at least
four corticated segments. According to van Raam [28], the remaining 12 taxa belong to
C. zeylanica as varieties or forms based on quantitative characters, such as spine length
relative to axis diameter and the length of the stipulodes.
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At this stage, we can conclude that the Sardinian specimens fit the character combina-
tion of C. zeylanica. Because van Raam [28] failed to provide an adequate description of
infraspecific taxa beyond offering a series of tables, the specimens discussed here will not be
related to varieties or forms. In any case, the specimens clearly do not belong to C. foliolosa,
which can be found in the northernmost distribution range of subsect. Willdenowia in North
America [25].

However, a sound comparison between our specimens and specimens described by
other authors [39,40,43,54] is still impossible because of the different taxonomic concepts
applied. Taking Wood [23] as a basis, many authors [27,45,55] did not take antheridia
morphology into account. Thus, it is extremely difficult to compare their data with the
recent concept proposed by van Raam [28].

To obtain independent proof of the morphology-based determination, phylogenetic
analyses were performed with the regularly used barcode markers rbcL and matK. The anal-
yses classified independently the individuals from Sardinia along with other C. zeylanica.
Morphologically similar species such as C. foliolosa, C. haitensis, and C. rusbyana (previously
considered to be varieties or forms of C. zeylanica sensu Wood) could be excluded through
alignment with GenBank sequences. The phylogenetic analyses showed that C. hydropitys,
a haplostephaneous species belonging to sect. Imahoria, is closely related to the abovemen-
tioned Willdenowia species, consistent with the findings of previous studies [43,56,57]. The
phylogenetic relationships between C. zeylanica and C. hydropitis were not evident based
on rbcL sequence data. However, the Sardinian samples were shown to have rbcL gene
sequences identical to those of a C. zeylanica individual from GenBank (HQ380481), which
made the categorisation unambiguous. The assignment of the specimens to this taxon
was supported by the results of a matK analysis, which showed that C. zeylanica obtained
from GenBank (MT739758) formed a monophyletic clade together with the Sardinian spec-
imens [43,56,57]. Thus, the genetic classification based on the rbcL and matK sequences
clearly supported the morphological determination of the individuals collected at Cala
Fuili. The phylogeny of the subsect. Willdenowia was not the main focus of this study.
Nevertheless, in order to test the phylogeny of Willdenowia species in future studies, the
taxonomic and geographical basis for an analysis should be broadened, and additional
molecular data should be gathered.

3.2. Status and Threats

Many charophyte species and their habitats are threatened throughout Europe, and
are mentioned in several national Red Lists [4]. Sardinia has a key role to play in the
conservation of Characeae in the Mediterranean region [30,58,59]. Becker [30] identified
numerous Sardinian hotspots for the conservation of charophytes, and proposed specific
action plans that mainly focused on Characeae in brackish habitats. The Sardinian site
where C. zeylanica has been found is in the hotspot area between Orosei and Capo Comino.

In contrast to rare and threatened taxa, introduced non-native species can become
invasive and cause ecological damage, as the example of Nitellopsis obtusa (Desv.) J.Groves
in North America shows [60]. However, the examples of two alien charophyte species with
mainly intertropical distribution that were previously introduced into Europe have so far
not been found to have any serious environmental impacts. Both species, Chara fibrosa
(including ssp. benthamii) and Chara c.f. chrysospora, were probably introduced by humans
into rice fields in Southern France and Northern Italy through the importation of contami-
nated rice seeds [32,46,47,61]. Moreover, while the presence of a population of Chara fibrosa
ssp. benthamii was recorded on the Greek island of Crete [48], it appears that it has been
extinct since 2010 [62].

Chara zeylanica cannot currently be considered an invasive species among the European
charophyte flora. For the moment, the Sardinian population is very small, and is limited to
a single and relatively isolated location. Although the species has a high rate of fertility in
Sardinia, strong dispersal cannot be expected at this stage. Nevertheless, the development
of the Sardinian population of C. zeylanica should be monitored.
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Although the abovementioned intertropical species Chara fibrosa and C. c.f. chrysospora
were probably introduced into Europe by anthropogenic factors [47], this is unlikely to
be the case for C. zeylanica. The Sardinian site is situated more than 100 km away from
the nearest rice fields. The surrounding land is used primarily for grazing sheep and
small-scale tourism. Other anthropogenic dispersal pathways (e.g., fishery, bathing, or
diving) also appear to be unlikely. On the other hand, Sardinia is an important interim
stop for birds migrating between Europe and Africa. As the nearest previous records of the
presence of C. zeylanica are from a Saharan pond in Algeria at least 88 years ago [45 and
literature therein], and from Senegal and Egypt [26,27], we assume that the species was
introduced into Sardinia by migrating water birds. However, against the backdrop of
climate change, future investigations of C. zeylanica and other Characeae should consider
whether rice fields in Sardinia and throughout the Mediterranean area play a role in the
dispersal of the species.

4. Material and Methods
4.1. Hydrochemical and Morphological Analyses

Hydrochemical analyses were conducted in a laboratory according to standard meth-
ods and national DIN norms, as published by Wasserchemische Gesellschaft [63–65]. The
nutrient concentrations (NH4-N, NO3-N, total N, PO4-P and total P) were measured using
a photometer (CADAS 200 by Dr Lange). The cation concentrations (Ca, Mg) were deter-
mined by means of an atomic absorption spectrometer (SpectrAA 55 by Varian). The pH
values were analyzed using WTW Multi 3510 IDS. The conductivity, salinity, and chloride
levels were determined using WTW Cond 3130, with the specific probe being applied in
each case.

The morphological analysis was done by means of a stereo microscope (SZX16; Olym-
pus, Tokyo, Japan) equipped with a digital camera for recording photographs.

4.2. DNA Barcoding

The total genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol. Partial sequences of the rbcL and
matK genes were amplified using the primers rbcL-1a (5′-TCG TGT AAC TCC ACA ACC
TG-3′) and rbcL-1b (5′-TAC TCG GTT AGC TAC AGC TC-3′), and matK-F2 (5′-GAA TGA
GCT TAA ACA AGG ATT C-3′) and matK-R1b (5′-GCA GCC TTA TGA ATT GGA TAG
C-3′). The PCR tests were performed in a 30 µL reaction volume with a Taq PCR Master
Mix (Qiagen, Hilden, Germany) consisting of 2.5 mM MgCl2 (final concentration), and
0.5 pmol of each primer. The PCR products were extracted from agarose gels following
the protocol of the Biometra-innuPrep Gel Extraction Kit (Analytik Jena, Jena, Germany),
and were sequenced directly using a 3130×L Genetic Analyser (Applied Biosystems, New
York, NY, USA) with sequencing primers identical to the primers that were used for the
PCR reaction. The quality of the chromatograms of the generated sequences were checked
using the BIOEDIT software [66]. The nucleotide sequences identified in this study have
been deposited in the GenBank (MZ648319- MZ648324).

Sequences from three specimens collected in Sardinia were submitted to the Na-
tional Center for Biotechnology Information’s (NCBI) Basic Local Alignment Search Tool
(BLAST) [67] to allow them to be checked against the nucleotide collection in the GenBank
in order to identify other Chara sequences with high scoring similarity pairs (HSP) in the
NCBI web server. The phylogenetic analysis was performed with the sequence data from
the Chara specimens collected in Sardinia, and with data on closely related taxa in the
GenBank’s nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) for both the
rbcL and matK sequences separately, because the sequences available in the GenBank were
completely different. Alignments were created and trimmed using BIOEDIT software [66].
Identical sequences were merged into one entry. Sequences differing only in length were
also reduced to one genotype. If different taxa had identical sequences, they were retained
in the alignment (Table 1). The rbcL dataset contained 36 sequences belonging to nine
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species of the subsect. Willdenowia, and seven of haplostephanous species belonging to
the sect. Charopsis, Protochara and Imahoria, and to the subsect. Wallmania and Agardhia. In
addition, Nitellopsis obtusa was used as the outgroup (Table 1). For the matK dataset, the
three Sardinien samples of C. zeylanica were analysed together with 13 sequences belonging
to six species of the subsect. Willdenowia and Agardhia, and one species of the sect. Charopsis
and Imahoria, respectivly. Nitellopsis obtusa was used as the outgroup (Table 1). Phylogenetic
trees were created using the Maximum likelihood (ML) method and Bayesian inference
(BI) analysis. The best-fit model of sequence evolution was determined using MEGA v.
X [68]. The ML method was applied using MEGA v. X [68], with the HKY+G+I model
used as the nucleotide substitution model for the rbcL dataset, and the GTR+G+I model
used for the matK dataset. Branch supports were evaluated using 1000 bootstrap replicates
(BS). MrBayes 3.2.7 [69] was used for the BI method. Two independent runs with four
chains were run for 10 million generations using the MCMC method. Calculations of the
consensus tree, including clade posterior probability (PP), were performed based on the
trees sampled after the chains converged using Tracer 1.7 [70]. The first 25% were discarded
as burn-in.
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Abstract: Intense land use and river regulations have led to the destruction of wetland habitats in the
past 150 years. One plant that is affected by the reduction in appropriate habitats is the macrophyte
Stratiotes aloides which has become rare in several areas. The preservation of genetic diversity within a
species is a prerequisite for survival under changing environmental conditions. To evaluate the level
of genetic diversity within and among populations of Stratiotes aloides, we investigated samples from
waterbodies across Europe using AFLP. Low genetic diversity among samples from the same popula-
tion was found, proving that stands consist of few clones which propagate clonally. Nevertheless,
most populations showed differences compared to other populations indicating that there is genetic
diversity within the species. The analyzed samples formed two groups in STRUCTURE analyses. The
two groups can be further subdivided and mainly follow the major river systems. For conserving the
genetic diversity of Stratiotes aloides, it would thus be preferable to focus on conserving individuals
from many different populations rather than conserving selected populations with a higher number
of individuals per population. For reintroductions, samples from the same river system could serve
as founder individuals.

Keywords: AFLP; conservation; genetic diversity; river systems; Stratiotes aloides; wetland habitats

1. Introduction

The monotypic genus Stratiotes includes the sole living species S. aloides L. (water
soldier) and is a member of the Hydrocharitaceae which belong to the order Alismatales
within monocots. During the Tertiary and Quaternary periods, there were up to twenty
different species of the genus Stratiotes in Europe and Asia [1] (and references therein).
The free-floating aquatic macrophyte is perennial with leaves up to 40 cm long and 4 cm
wide which are arranged in rosettes. Depending on the season, the plants are emerged
or submerged [2]. During the vegetative and reproductive period of a year, the plants
are mostly emergent with the rhizoids free in the water or loosely attached to the soil. In
autumn, the plant submerges in order to overwinter at the bottom of the water until the
following spring [2]. Besides sexual reproduction, the dioecious plants also propagate via
vegetative organs (turions and offshoots). Since vegetative reproduction is much more
common in S. aloides, stands in one waterbody are often formed by clonal individuals of
the same sex [2,3]. As long as individuals from different sexes are not transferred from
one waterbody to another by floods and high waters, sexual reproduction is very rare. As
a typical flood plain species, it inhabits slow-moving or stagnant waters such as ponds,
canals, ditches and oxbow waters where it often dominates macrophyte communities [1].
Stands of water soldiers are frequently inhabited by macroarthropod fauna of which several
species are of conservation concern [4–6]. Stratiotes aloides is distributed from northern
Middle Europe in the West to Siberia in the East.
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Wetlands are among the most endangered habitats in Central Europe and at the
same time, among the hotspots of European biodiversity [7,8]. Back waters are part of
natural flood plains. They are independent habitat types with a special flora and fauna.
Natural backwaters are caused by the dynamics of the watercourses, which cause seasonal
fluctuations of the water level and thus, a temporary regional flood. Today, those dynamics
no longer exist in the low- and high-water areas of our modern cultural landscape. Human
settlement in floodplains, river straightening, power plant construction and other land uses
have led to the systematic destruction of these habitats since the end of the 19th century [9].
Due to anthropogenic influences, there has been an increasing decline, since wetlands
have been drained and replaced by grassland [10]. Natural back-waters are endangered by
sinking groundwater tables and a lack of flow dynamics [9]. Not only have the habitats
themselves been destroyed, but water quality has also decreased, especially due to the
increase in nitrogen and nitrates, and has led to a further decrease in the biodiversity of
wetland habitats [11,12]. Additionally, wrong management such as clearings of fish-ponds
and ditches [3,13] leads to a decrease in water soldier populations. Due to the reduction
in appropriate habitat, S. aloides has started to decline and is extinct at its southern and
western distribution range [14] (and references therein). Apart from the already mentioned
threats for wetland habitats and the biodiversity within them, introduced alien species also
have to be mentioned as a severe threat to biodiversity in wetland habitats [15,16].

When Stratiotes waters are regularly flooded, the drifting away of parts of the pop-
ulation results in a transfer of plants to other areas and thus, to a genetic transfer and
exchange between populations. Due to river regulations, flooding in riparian landscapes
has decreased significantly. Only through extreme floods might it still be possible for
Stratiotes to colonize new habitats via water ways [3]. Besides flowing water, vectors such
as water birds play an important role in the dispersal of macrophytes (e.g., [17]). Although
no study to our knowledge has directly investigated the dispersal of Stratiotes by birds,
several authors mention the possibility of birds as dispersal vectors for Stratiotes [1,2,18].
Especially in regions such as central and eastern Europe, western Europe and secondary
ranges in North America, where Stratiotes is mainly found in lakes and ponds with no water
ways connecting these waterbodies, dispersal by birds seems to be likely. While vegetative
parts seem to be too large to be transported by birds, seeds, if present, could possibly be
dispersed endo- as well as exo-zoochorically, by birds [18]. However, independent genetic
exchange through the transfer of individuals is unlikely in the regulated river areas of
Europe. For example, the Austrian water soldier stocks are up to 55 km apart. Due to this
geographical isolation, sexual reproduction between populations is no longer possible,
because Stratiotes needs a pollination distance of less than one kilometer [19]. The mainte-
nance of an evolutionary reproductive community, given through sexual reproduction or
through the penetration of daughter individuals into other areas, and thus, the preservation
of genetic diversity within and between the water soldier populations, is a prerequisite
for the survival of the Stratiotes populations in changing environmental conditions [11,20].
Since Stratiotes reproduces clonally for the most part and the possibilities of gene flow
through sexual reproduction and transfer of individuals are limited, it is assumed that
there is a reduction in the genetic diversity of the species [21]. Knowledge about genetic
diversity within a species and between populations of a species is necessary for in situ and
ex situ conservation and following conservation concepts [22].

Here, in this study, we aim to investigate the genetic diversity of Stratiotes aloides
populations across Europe to obtain insights into the circumference of the genepool of the
species. These results could be helpful to find answers to conservation issues such as status
of a population in a particular locality or possible source populations for recolonizations in
habitats where Stratiotes aloides has already become extinct.

2. Results

After excluding 102 replicates, the final matrix used for analyses contained 345 indi-
viduals and 1320 fragments.
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Results based on uncorrected p-distances and Hamming distances gave the same
clustering patterns in neighbor-joining (NJ) dendrograms and principal coordinate analysis
(PCoA). The same was found for the pair of Dice distances and Jaccard distances. Therefore,
we used only results based on uncorrected p-distances and Dice distances for further analyses.

2.1. Neighbor Joining

NJ dendrograms based on uncorrected p and Dice distances both showed a star-like
shape with a backbone of relative short branches lacking bootstrap support greater than 75%
(Figure 1). They differed slightly in clustering patterns, but all of the differing branching
patterns did not receive high bootstrap support in either of the two analyses. The groups
found in STRUCTURE analyses and in PCoA are partly found in the NJ dendrograms. The
two groups “Baltic + Hungary” (BH) and “Central European Highlands and plains 1 +
Romania” (CER) based on STRUCTURE analyses (K = 5) are supported with high bootstrap
values in the NJ dendrograms (BH: 99.7% in Dice, 89.8% in uncorrected p; CER: 99.9% in
Dice and uncorrected p). Here, we present only unrooted trees due to the low resolution of
their backbone.
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2.2. STRUCTURE

STRUCTURE analysis gave the highest value of ∆K for K = 3 plus a few other subopti-
mal K values (Figure S1a) in the analysis of the reduced dataset (one or two representative
individuals per population). However, the latter contained clusters with negligible mem-
bership (“empty” clusters). Visualization of K = 45 based on the STRUCTURE results
(reduced dataset) showed six clusters which are subsets of the clusters in K = 3 (Figure S1b).
STRUCTURE analysis of the whole dataset gave the highest value of ∆K for K = 2 and
a suboptimum for K = 5 (Figure S2). The fastSTRUCTURE results gave a model com-
plexity that maximizes marginal likelihood of 33 (this corresponds to the highest value
of ∆K in STRUCTURE). These 33 potential clusters circumscribe mainly the sampling
localities/populations with some populations being fused together (Figure S3). However,
both NJ and PCoA analyses based on different distance measures are in correlation with
clustering based on STRUCTURE rather than those based on fastSTRUCTURE. The main
grouping found in STRUCTURE analyses (K = 2) and PCoA separates the samples into
two groups and some admixed individuals (Figure 2). Group 1 includes only samples,
but not all, from waterbodies within the catchment of the central European highlands
and plains (populations 15; 16; 35–38; 42). The populations from Romania (Danube) and
rivers Wümme and Eider (central European highlands and plains) appeared admixed.
The rest of the samples (British rivers, Rhine, Danube, Baltic and eastern–central, two
populations from the central European highlands and plains) forms the second group.
A deeper look at the clustering patterns in PCoA and STRUCTURE analyses shows that
both main groups can be further subdivided. Within the group of the central European
highlands and plains (CE), samples from the Havel lowering in Brandenburg form a cluster
together with the individuals from Lake Tolk in Schleswig-Holstein, which forms the core
CE group. Samples from rivers Aller and Ems in Lower Saxony (CE-AE) appear to be
admixed between the core CE group, Danube and Weser. Individuals from rivers Wümme
and Eider appear to be related to populations from the Danube region and Weser. The two
populations from the river Weser form an individual group with around 1/3 the impact of
the British and Rhine populations. Within the second, much bigger group, samples from
British rivers form a group as well as the samples from the Baltic and eastern central rivers
together with the population from the Theiss river in Hungary (BH). Samples from Danube
waters in Austria form a group with more or less impact from the Rhine, Weser and BH.
Individuals from waterbodies along the Rhine river are a mixture between the British
and the Danube genepools. The same was found for the population from the Botanical
Garden of the University in Padua, which should originally be from the Po river. The only
population that cannot be assigned to any of the groups is the population from the Danube
estuary in Romania because this population shows impacts from Weser, Baltic, CE and
Danube genepools.
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2.3. Principal Coordinate Analyses

Principal coordinate analyses based on the two distance methods (uncorrected p and
Dice) gave very similar clustering patterns, with uncorrected p-distances showing a higher
total sum of coordinates (Table S1). The first coordinate (uncorrected p: 57%; Dice: 49%)
separates the two main groups found in STRUCTURE analyses from each other with the
admixed samples in between the two groups. The second coordinate (uncorrected p: 22%;
Dice: 25%) separates the two main groups into two subgroups each. (Figure 3). The CE
group is separated into the core CE group and the Aller-Ems group (CE–AE). The second
group is separated into the BH group and a continuum of samples from British waterbodies,
Rhine, Danube, Po and Weser. Among the PCoA based on pairwise FST distances from
hierarchical AMOVAs, those based on groupings according to the STRUCTURE results
gave the highest values, and also gave the highest values over all PCoA.
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2.4. AMOVA and Population Statistics

In order to quantify the amount of genetic variation between populations, we have
performed AMOVAs. When keeping all sampling sites as separate populations, the anal-
ysis showed 97% of the molecular variance occurred between the populations and FST
value of 0.97 (Table S1). If populations are assigned according to STRUCTURE results
(K = 2), the amount of molecular variance between populations drops to 33% and the FST
value to 0.33. To investigate alternative groupings apart from the one based on STRUC-
TURE results, we also conducted AMOVAs for groupings based on fastSTRUCTURE
results and river systems. Both of these groupings gave higher FST values than the group-
ing based on STRUCTURE results (Table S1). Average gene diversity over loci in non-
hierarchical AMOVA was 0.214; in hierarchical AMOVA based on populations, average
gene diversity varied between 0.047 within the commercial samples from Stauden Hameter
(population 8) and 0.000 within samples from Potter Heigham (population 21) and Chilley
Stream (population 29).

Nei’s H-value (unbiased expected heterozygosity) was estimated with uHe = 0.213
in the overall analysis of all samples together. Analysis of separate populations gave the

54



Plants 2021, 10, 863

highest Nei’s H-value of H = 0.031 for the commercial samples from Austria (Stauden
Hameter population 8) and the lowest value (H = 0.000) for populations from the UK
(Potter Heigham, population 21; and Chilley Stream, population 29). Shannon’s index was
estimated to be I = 0.344 in the overall analysis of all samples together. In the analysis of
separate populations, the highest and lowest values were found in the same populations
for Nei’s H (for details, see Table S2).

2.5. Mantel Tests

Mantel tests based on different distance matrices showed between 2.3 and 100%
correlation (R2) among the tested pairs of matrices (Table S3). The highest correlations were
found between matrices based on uncorrected p-values, Dice distances and binary distances
calculated with GenAlEx (r = 0.95–1). The lowest correlations were observed between
the matrices based on the genetic data and the matrix containing the geographical data
(r = 0.15–0.31), indicating that there is no or only little correlation between the geographic
distance and genetic distance of the samples in our dataset. The only pair of datasets where
a correlation (r = 0.64) between geographic distance and genetic-based AMOVA distances
was observed is the pair of geographic distances and AMOVA distances based on grouping
according to river systems.

3. Discussion

Here, in this study, we examined the genetic diversity of Stratiotes aloides populations
from different water systems across Europe. As this species propagates mainly vegetatively,
genetic diversity within populations is expected to be low. Due to missing connections
(river regulations and lack of flooding) between the water systems, genetic diversity
between populations is expected to be high.

Indeed, we did find a high FST value (0.97) when analyzing the populations separately
which shows a high level of genetic differences between the populations and a very low
level of genetic differences within the populations, indicating that the populations consist
mainly of clones of few genetically different individuals. Considering that the populations
propagate vegetatively, and that today, there is no gene flow between the populations
via transfer of individuals from one population to another, the relations between the
populations could show historical connections between populations. This explains why
no, or if only a medium, correlation between geographic distance and genetic distance
of the populations is found. The observed correlation between geographic distances and
genetic distances based on AMOVA grouped by water bodies has to be viewed with some
precaution, as the grouping based on water bodies is, of course, a geography-related
grouping and will, therefore, already have a slight bias towards a stronger correlation.
Nevertheless, we can still see that there is some correlation between geographic distance
and genetic distance when we look at it at the level of waterbodies. The populations from
waterbodies of the central European highlands and plains in particular have a genepool
which is different from the genepool shared by populations from other regions in Europe.
However, it looks like that geneflow between populations has occurred. The fact that water
soldier populations from waterbodies along the Rhine seem to be a mixture of genepools
from British and Danube genepools might be explained by the historic watercourse of the
river Rhine with pervious headwaters of the Danube being directed to the Rhine and a
common delta of the Rhine and Thames [23]. A second hypothesis for the connections
between populations from British rivers, the Rhine and Italian rivers is long distance
dispersal of seeds by migrating water birds (for an example of migration routes of ducks
across Europe, see [24]). The connections between the populations from Poland, Baltic
countries and the river Theiss in Hungary might also be explained by transfer of plant
material by birds [25]. There are not much data available about the dispersal of water
soldier fruits by animals, but Efremov et al. [1] and Orsenigo et al. [14] give an overview
of the current knowledge of dispersal of Stratiotes and Cook and Urmi-König [2] as well
as Forbes [18] mention birds as possible dispersals vectors. Summed up, animals can
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disperse Stratiotes aloides fruits exo- and endo-zoochorically and if they are migrating over
longer distances, seeds and thus genetic information can be transferred between localities.
A further point that has to be kept in mind, when investigating relationships among
European water soldier populations, is the fact that Stratiotes aloides has a long history
as an ornamental plant [1,2]. Unexpected and probably by natural means, difficult to
explain relationships between populations could be the result of human-mediated transfer
of plant material. As the earliest known fossils of Stratiotes aloides date back around 45
million years [26], the observed groups could be the result of repeated glaciation and
deglaciation events in Europe [1]. Summing up, we found the investigated populations of
Stratiotes aloides across Europe to form two main groups which can be further subdivided.
Roughly, the two groups can be referred to as a central northern Europe-group (CE) and a
western–southern–eastern Europe group.

Previous studies of Stratiotes aloides across its distributional range showed a much
higher level of genetic diversity within the examined populations [14]. As the sampling
regions of the study of Orsenigo et al. [14] are not the same as in our study, the main cluster-
ing structures of European populations cannot be fully compared. However, clustering of
samples from the Rhine in The Netherlands and the Po in Italy, together with some similari-
ties to populations from the Danube in Bavaria, was observed in both studies. Comparable
genetic differences within and between populations of dioecious Hydrocharitaceae were
found in Ottelia acuminata where high levels of genetic differences between the investigated
populations were found, but little diversity within the populations [27].

All still present-day populations of Stratiotes aloides found in Europe are remnants of
much larger and connected populations. For example, in the Danube flood plains around
Vienna, Stratiotes aloides was still very common by the mid-19th century, around 100 years
later, this species was already mentioned to be rare [28] (and references therein). This
example shows that previous large and vital populations became rare and fragmented
within the last 150 years.

One possible hypothesis for explaining the differentiation of the samples into two
groups could be differences in ploidy level. Orsenigo et al. [14] mention that different
ploidy levels (diploid and tetraploid) were observed in Stratiotes aloides. Unfortunately, the
material available for our study was not appropriate for chromosome counts and genome
size measurements.

Summing up the results and viewing them in light of conservation issues, we can con-
clude that for conserving the genetic diversity of Stratiotes aloides, it would be preferable to
focus on conserving individuals from many different populations all over its distributional
range, rather than conserving selected populations with a higher number of individuals
per population. For reintroductions, samples from closely located populations, or at least
from populations from the same river system, could serve as founder individuals. As
sexual reproduction is rare in natural populations, ex situ collections of samples of both
sexes might be established to facilitate sexual reproduction and thus, maintain or even
slightly increase genetic diversity in Stratiotes aloides. Apart from protecting and conserving
Stratiotes aloides as a species, protection of the species as a habitat for fauna species such as
the dragonfly Aeshna viridis [29] and the black tern Chlidonias niger [30], which fully or at
least mainly depend on Stratiotes [14], is important.

4. Materials and Methods
4.1. Material

Material was continuously collected between 2012 and 2018 all over Europe wherever
populations of Stratiotes were found. Depending on the size of the populations and on the
accessibility of the individuals, between 5 and 20 individuals per population were sampled.
Wherever possible, individuals from the whole waterbody were collected (e.g., North and
South shore, etc.). Short (approx. 5–7 cm) pieces of leaves were collected and immediately
dried in silica gel. From several populations, herbarium specimens were collected and
deposited in the herbarium of the University of Natural Resources and Life Sciences, Vienna
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(WHB). Herbarium accession numbers are indicated in the table of accessions (Table 1). In
total, we included 345 individuals from 46 populations into the final analysis. As previous
studies [14] showed that there is no detectable genetic difference between the two sexes,
we did not pay attention to the sex of the collected individuals (for some populations,
information about sex is available and can be requested from the authors).

Table 1. Table of accessions.

Pop
nr

River
System 1 Country Region Location Nr.

Indivs. Year Collector HBV
Acc. Nr Coordinates

8 commercial Austria commercial Stauden Hameter 3 2012 (Hameister S) N 48◦17′03.03′′

E 16◦02′19.84′′

1 Danube Austria Lower Austria
Floodplain

Zwentendorf, Obere
Placken

8 2012 Bernhardt
K-G

56059
57014

N 48◦22′14.00′′

E 15◦47′47.00′′

2 Danube Austria Lower Austria Eckartsau Fadenbach 7 2012 Hermann N 48◦08′03.96′′

E 16◦45′45.03′′

5 Danube Austria Lower Austria Eckartsau Fadenbach 4 2012 Bernhardt
K-G

N 48◦08′10.50′′

E 16◦46′52.80′′

5a Danube Austria Lower Austria Eckartsau Fadenbach 4 2012 Hameister S M 48◦08′10.50′′

E 16◦46′52.80′′

6 Danube Austria Vienna Tischwasser 8 2012 Hameister S N 48◦11′34.49′′

E 16◦28′54.84′′

7 Danube Austria Vienna Oilstrage Lobau 8 2012 Hameister S N 48◦10′48.55′′

E 16◦29′47.30′′

24 Danube Austria Upper Austria Traun-Danube-
floodplain 8 2013 Hameister S

Hudler A
N 48◦15′16.90′′

E 14◦23′18.20′′

25 Danube Austria Upper Austria Bathing lake
Feldkirchen 3 2013 Hameister S

Hudler A
N 48◦19′41.20′′

E 14◦03′45.90′′

26 Danube Austria Upper Austria Stone-pit Plöcking 5 2013 Hameister S
Hudler A

N 48◦26′35.00′′

E 14◦00′14.20′′

43 Danube Austria Lower Austria Orth an der
Donau/Steinafurt 15 2015 Lapin K N 48◦08′31.90′′

E 16◦41′03.70′′

45 Danube Austria Lower Austria Baumgarten ad
March, Maritz South 10 2018 Gregor L N 48◦18′50.00′′

E 16◦53′12.00′′

13 commercial Germany commercial Holzum 1 2013 (Hameister S) N 51◦46′36.13′′

E 06◦24′12.77′′

13 commercial Germany commercial Stauden Förster 2 2013 (Hameister S) N 52◦25′10.68′′

E 13◦01′11.81′′

9 Rhine Germany Nordrhein-
Westfalen

NABU pond
Neukirchen Vlyn 8 2013 Hameister S N 51◦26′48.60′′

E 06◦32′35.20′′

10 Rhine Germany Nordrhein-
Westfalen Kranenburger Bruch 8 2013 Hameister S N 51◦47′14.20′′

E 06◦01′37.50′′

11 Rhine Germany Nordrhein-
Westfalen

Fishpond “De
Moeidtjes” 4 2013 Hameister S N 51◦51′04.00′′

E 06◦10′14.60′′

12 Rhine Netherlands Gelderland Buitenpolder (Rhine
back water) 8 2013 Hameister S N 51◦54′03.30′′

E 06◦03′39.90′′

12b Rhine Netherlands Gelderland Buitenpolder (Rhine
back water) 8 2013 Hameister S N 51◦54′03.50′′

E 06◦03′44.60′′

14 CHP Germany Schleswig-
Holstein Eider-Bergenhusen 1 2013 Rasran L N 54◦22′06.41′′

E 09◦20′55.39′′

14 CHP Germany Schleswig-
Holstein

Eider-Bergenhusen
NABU 2 2013 Rasran L N 54◦22′27.17′′

E 09◦19′24.49′′

14 CHP Germany Schleswig-
Holstein Eider-Meggerkoog 2 2013 Rasran L N 54◦21′55.82′′

E 09◦22′47.45′′

35 CHP Germany Schleswig-
Holstein Tolk-lake 3 2014 Rasran L N 54◦34′37.37′′

E 09◦37′37.37′′
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Table 1. Cont.

Pop
nr

River
System 1 Country Region Location Nr.

Indivs. Year Collector HBV
Acc. Nr Coordinates

3 CHP Germany Niedersachsen Weser marsh Bremen 8 2012 Bernhardt
K-G

N 53◦08′38.60′′

E 08◦39′24.60′′

4 CHP Germany Niedersachsen Ganderkensee-
Werderland 5 2012 Hanke K N 53◦02′03.24′′

E 08◦32′33.52′′

15 CHP Germany Niedersachsen Aller, Esseler ditch 8 2013 Turner F N 52◦42′12.26′′

E 09◦37′30.91′′

16 CHP Germany Niedersachsen Aller (Böhme),
Altenboitzen 8 2013 Turner F N 52◦48′49.25′′

E 09◦32′14.69′′

17 CHP Germany Niedersachsen Wümme, Rotenburg 8 2013 Turner F N 53◦05′49.86′′

E 09◦21′20.31′′

18 CHP Germany Niedersachsen Wümme, Werderland
ditch 8 2013 Turner F 57455

57456
N 53◦08′49.41′′

E 08◦38′25.49′′

36 CHP Germany Brandenburg
Havel,

Rheinsberg-Zühlen
lake

16 2014 Grimm
Oldorff S

N 53◦03′55.44′′

E 12◦48′54.84′′

37 CHP Germany Brandenburg Havel, Boberow lake 13 2014 Grimm
Oldorff S

N 53◦10′57.11′′

E 13◦01′12.76′′

38 CHP Germany Brandenburg Havel, Chanel
Polzow 10 2014 Grimm

Oldorff S
N 53◦07′03.17′′

E 13◦01′07.05′′

42 CHP Germany Niedersachsen Ems, Channel
Papenburg 8 2015 Tremetsberger

K 64641 N 53◦04′27.15′′

E 07◦27′03.61′′

44 Danube Germany Bavaria Isar, Riparian forest
Starnberg 3 2016 Bernhardt

K-G
67455
67456

N 48◦01′37.10′′

E 11◦23′32.60′′

19 Italian Italy Po, Botanical Garden
Padua 4 2013

Bernhard
K-G,

Hameister S

N 45◦23′55.94′′

E 11◦52′50.69′′

20 British Great
Britain Norfolk

Garden pond,
Norfolk Broads

Wroxham
8 2013 Leaney B N 52◦42′21.02′′

E 01◦24′04.56′′

21 British Great
Britain Norfolk

Thume, Norfolk
Broads,

Potter Heigham
8 2013 Leaney B N 52◦42′14.34′′

E 01◦34′31.31′′

22 British Great
Britain Norfolk Bure, Norfolk Broads,

Uptown Marshes 8 2013 Leaney B N 52◦39′46.43′′

E 01◦32′31.98′′

23 British Great
Britain Norfolk Bure, Norfolk Broads,

Damgate Marshes 8 2013 Leaney B N 52◦37′54.15′′

E 01◦33′34.24′′

27 British Great
Britain East Sussex

Old haven, Pevensey
Level,

Manxey Barn
8 2013 Birch J N 50◦49′16.21′′

E 00◦21′3.45′′

28 British Great
Britain East Sussex

Old haven, Pevensey
Level,

Field Sluice
8 2013 Birch J N 50◦49′16.21′′

E 00◦21′03.45′′

29 British Great
Britain East Sussex

Old haven, Pevensey
Level,

Chilley Stream
8 2013 Birch J N 50◦49′16.21′′

E 00◦21′03.45′′

30 BEC Estonia Vijandi Köpu, Fellin 10 2014 Vellak K N 58◦20′09.00′′

E 25◦20′08.00′′

31 BEC Lithuania Utena Karkavas lake,
Zaugedai 2 2014 Bernhardt

K-G 62094 N 55◦06′22.30′′

E 25◦40′08.78′′

32 BEC Lithuania Vilnius Galve lake 3 2014 Bernhardt
K-G

N 54◦39′00.20′′

E 24◦55′49.90′′

33 BEC Lithuania Vilnius Balsys lake 6 2014 Bernhardt
K-G

N 54◦47′01.50′′

E 25◦20′00.90′′
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Table 1. Cont.

Pop
nr

River
System 1 Country Region Location Nr.

Indivs. Year Collector HBV
Acc. Nr Coordinates

34 BEC Lithuania Alytus Zuvintas lake 9 2014 Bernhardt
K-G

62091
62092
62093

N 54◦27′26.40′′

E 23◦38′18.40′′

39 Danube Hungary BH Theiss oxbow,
Tiszascege. 17 2014 Hameister S

Oschatz
N 47◦40′45.20′′

E 20◦59′01.90′′

40 Danube Romania Tulcea
Danube-delta; E

Tulcea. NE
Murighiol.

10 2015 Bernhardt
K-G 64193 N 45◦08′38.10′′

E 29◦19′30.70′′

41 BEC Poland Podlachien Białowieża; Palace
Park 11 2015 Wernisch

MM 64088 N 52◦42′05.32′′

E 23◦50′42.42′′

1 Grouping of waterbodies into larger European river systems is based on classifications in Trockner et al. [31]; BEC: Baltic and Eastern
Central; CHP: Central Highlands and Plains

4.2. DNA Extraction

DNA was extracted from 20 mg silica gel dried leaf material per individual. The
material was ground into a fine powder in 2 mL tubes together with three glass beads
in a Tissue-Lyser (Qiagen, Germantown, MD, USA) with 20 s−1 for 5 min. Extraction of
DNA was performed via QIAcube (Qiagen) using the DNeasy Plant Mini Kit (Qiagen),
mainly according to the manufacturer’s protocol. Exceptions were elution of DNA from
the columns, which was performed with two steps of 50 µL of elution buffer each. RNA
was digested after DNA extraction using 1 µg RNAse A and incubated at 37 ◦C for 30 min.

Quality control of the DNA extracts was performed photometrically using a NanoDrop
2000 spectrometer. To check RNA digestion, samples were loaded on a 0.8% agarose gel.

4.3. AFLP

All DNA extracts that met the quality criteria were adjusted to 100 ng/µL and used
for AFLP fingerprinting. Preparation of AFLP samples mainly followed the original
protocol [32] with slight modifications.

Restriction of genomic DNA with two restriction enzymes (EcoR I and Mse I) and
ligation of double-stranded adaptors to the resulting restricted fragments were performed
in one step in a thermal cycler (37 ◦C for 2 h followed by a hold at 10 ◦C). Reactions
comprised 1.1 µL 10× T4 DNA ligase buffer (Promega, Madison, WI, USA), 1.1 µL 0.5 M
NaCl, 0.55 µL BSA (1 mg/mL; New England BioLabs, Ipswich, MA, USA), 50 µM Mse I
adaptors (genXpress, Selangor, Malaysia), 5 µM EcoR I adaptors (genXpress), 1 U Mse I
restriction endonuclease (New England BioLabs, Ipswich, MA, USA), 5 U EcoR I restriction
endonuclease (New England BioLabs), 67 U T4 DNA ligase (Promega), and 5.5 µL DNA
(100 ng/µL) and were made up to a total volume of 11 µL with sterile water. Ligated
DNA fragments were diluted 10-fold with TE buffer (0.1%). Preselective amplification
reactions contained 1 µL 10× polymerase buffer (ThermoFisher Scientific, MA, Waltham,
USA), 0.2 U DreamTaq DNA polymerase (ThermoFisher Scientific, Waltham, MA, USA),
0.1 µL dNTPs (0.25 µM; ThermoFisher Scientific), 0.55 µL preselective primer pairs (EcoR I
-A and Mse I -C, each 5 µM; Sigma, St. Louis, MO, USA), 2 µL diluted restriction ligation
product, and were brought to a total volume of 10 µL with sterile water. Amplification
was carried out with the following profile: 2 min at 72 ◦C, 20 cycles of 20 s denaturing
at 94 ◦C, 30 s annealing at 56 ◦C, 2 min extension at 72 ◦C, and a final extension step for
30 min at 60 ◦C. The preselective PCR products were diluted 10-fold with sterile water.
Reactions for selective amplification contained 1 µL 10× Polymerase buffer (ThermoFisher
Scientific), 0.1 U DreamTaq DNA polymerase (ThermoFisher Scientific), 0.1 µL dNTPs
(0.25 µM; ThermoFisher Scientific), 0.55 µL Mse I-primer (5 µM; Sigma), 0.55 µL EcoR
I-primer (1 µM; Sigma), and 2 µL diluted preselective amplification product and were
brought to a total volume of 10 µL with sterile water. They were carried out in with the
following profile: 2 min at 94 ◦C, 9 cycles of 10 s at 94 ◦C, 30 s at 65–57 ◦C (reducing the
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temperature at 1 ◦C per cycle), 2 min at 72 ◦C, 25 cycles of 10 s at 94 ◦C, 30 s at 56 ◦C,
2 min at 72 ◦C and a final extension for 30 min at 60 ◦C. All PCR steps and incubations
were carried out in an Eppendorf Mastercycler Gradient. The selective PCR products were
purified using Sephadex G-50 Superfine (Cytiva Life-Sciences, Marlborough, MA, USA)
applied to a MultiScreen-HV 96-Well Plate (Millipore) in three steps of 200 µL each (5× g
sephadex in 60 mL 1× TE-buffer) and settled at 750× g (1, 1 and 5 min, respectively). The
same speed was used for centrifugation of the samples (selective PCR products: 3.7 µL
of NED, 3.15 µL of FAM and 4.3 µL of VIC), again for 5 min. One microliter of the eluate
was combined with 15 µL HiDi and 0.25 µL LIZ 600 (Applied Biosystems, ThermoFisher
Scientific, Waltham, MA, USA) and denatured for 3 min at 95 ◦C before running them on a
capillary sequencer (GA3500, Applied Biosystems, ThermoFisher Scientific).

The selective primer pairs (FAM-EcoRI-ACT/MseI-CTA, VIC-EcoRI-ACG/MseI-CTA
and NED-EcoRI-ACC/MseI-CTA) were chosen after testing seven different primer combi-
nations in a preliminary test. The selected primer combinations generated clear and not
too many bands, thus decreasing the risk of fragments co-migrating by chance, but still
with sufficient variability to distinguish the samples.

Reproducibility was checked by repeating ca. 23% of the samples.

4.4. Scoring and Phylogenetic Analysis

Sizing and scoring of the data were performed with GeneMarker v2.4.0 (SoftGenetics,
State College, PA, USA). After pre-analysis using default settings, sizing profiles of all
samples were checked and where necessary, manually corrected. Most of these corrections
concerned the 20 bp peak of the size standard. These peaks were often not correctly
recognized by the GeneMarker program. High-quality sizing profiles (score > 90) were
obtained for all samples. A panel of scorable fragments was established for each primer
combination, and fragments between 30 and 600 bp were scored. The relative fluorescent
unit (RFU) threshold was set at 40. Automatic scoring was conducted using Local Southern
peak call, peak saturation, baseline subtraction, spike removal, pull up correction, and
a stutter peak filter of 5% [33]. The results were exported as a presence/absence matrix.
The outcome of the automatic scoring was manually checked and corrected for errors.
These errors mostly concerned peaks for which shape was atypical. In total, 447 samples
corresponding to 345 individuals were scored. From 78 individuals, replicate samples were
performed (between two and four replicates per individual). Peak shifts between different
analyses dates of the same individuals were used to correct and align all fragment analyses
over the whole timespan of the project. These corrections were performed manually and
very carefully to avoid artefacts within the dataset. Most of these corrections were small
shifts of the majority of peaks by one or two base pairs. For the final analyses, we ended
up with 345 individuals, for which high-quality fragment profiles for all three primer
combinations could be obtained.

All three primer combinations were combined in a single matrix and analyzed together.
Different distance measures were tested for their power to resolve relationships with our
dataset. Distance matrixes were calculated in PAUP* v4.0a167 [34] (Nei–Li distance)
and SplitsTree v4.15.1 [35] (uncorrected p, Dice, Jaccard and Hamming). Phylogenetic
relationships based on previously mentioned distance matrices were reconstructed using
SplitsTree to create unrooted NJ dendrograms. To assess the robustness of branches,
NJ-bootstrap (NJ-BS) analyses were performed using SplitsTree.

To visualize the pattern of genetic clustering of individuals and populations, we
plotted principal coordinate analysis (PCoA) using the R packages “ecodist” [36] and
“scatterplot3d” [37] based on an individual uncorrected p matrix, and, respectively, on
AMOVA-derived pairwise FST distances calculated with Arlequin v3.5.2.2 [38].

To investigate further significant groupings of the included individuals, we used the
programs STRUCTURE v.2.3.4 [39–42] and fastSTRUCTURE v 1.0 [43]. STRUCTURE was
initially run for K = 1–50 with a subset of one or two individuals per population to keep
analysis time in a reasonable frame. Based on those results, a second STRUCUTRE analysis
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with the full dataset (345 individuals) for K = 1–8 was run. We ran STRUCTURE with 10
replicates each and a model based on admixture and independent allelic frequencies, without
considering information regarding sampling localities. Each run had 100,000 iterations with
10% additional burn in. The calculation of delta K (∆K) [44] and preparation of the input file
for Clumpp were performed with Harvester [45]. Production of a combined file from the
ten replicates of the best K was performed using Clumpp v1.1.2 [46] with the Greedy search
algorithm. The graphical representation of STRUCTURE results was prepared with Distruct
v1.1 [47]. FastSTRUCTURE was ran with the full dataset for K = 1–50. The calculation of
∆K and graphical representation of results were performed with the functions “chooseK.py”
and “distruct.py”, both implemented in the fastSTRUCTURE package.

Both non-hierarchical and hierarchical analyses of molecular variance (AMOVA) and
calculations of population statistics were conducted using Arlequin v3.5.2.2 [38]. The Excel
plugin GenAlEx v6.503 [48] was also used for calculating population statistics, AMOVAs,
PCoA and Mantel tests. For hierarchical AMOVAs, groups have been defined based on
different possible clustering according to populations (sampling locality), river systems
(grouped according to Trockner et al. [31]) and STRUCTURE results. Mantel tests [49] were
performed based on distance matrices calculated with SplitsTree, pairwise FST values from
AMOVAs, binary distances calculated with GenAlEx and geographic distances (calculated
with Geographic Distance Matrix Generator v 1.2.3; [50]). Calculations of Nei’s heterozy-
gosity [51], Shannon’s information index [52] and percentage of polymorphic fragments
was performed with GenAlEx.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10050863/s1, Figure S1a: Delta K values of the reduced dataset (one or two individuals
per population), Figure S1b: Visualization of STRUCUTRE results for K = 3 and K = 45 from the
reduced dataset, Figure S2: Delta K values of the complete dataset, Figure S3: Visualization of
fastSTRUCTURE results for K = 33, Table S1: Results of PCoA and AMOVA, Table S2: Overview
of frequency values from population statistics, Table S3: Overview and comparison of Mantel test
results. File S1: Data matrix containing AFLP data.
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Abstract: The lectotype of Chara pelosiana Avetta 1898 was designated in 2000 by Langangen, who
merged the species with Chara fibrosa Agardh ex Bruzelius. Chara pelosiana belongs to the section
Agardhia Wood, but the true identity of the species has yet to be confirmed. The purpose of this
work is to show some historical and morphological findings regarding this enigmatic species, on the
basis of the analysis of herbarium specimens. The original material, which was studied by Avetta, is
missing in Italian herbaria, but portions of it have been found in the Herbarium of Jena. Historical
research on botanists related with this species resulted in the discovery of several specimens to be
considered “original material”, and new unpublished localities in Northern Italy. Morphological
observations have been made on portions of herbarium specimens as a contribution to unveil the
taxonomic identity of this taxon. The specimens are diplostichous with ecorticate branchlets, have
stipulodes in a single row, one or two per branchlet, and spine cell up to 1 mm long.

Keywords: charophytes; rice fields; morphology; haplostephanous species

1. Introduction

Chara pelosiana was published in 1898 by Avetta [1] upon a specimen with a single
row of stipulodes and ecorticate branchlets that was collected in 1886 in rice fields in S.
Anna (near S. Cesario, Province of Modena, Northern Italy). C. pelosiana is one of the rarest
haplostephanous species in Europe [1] (p. 229).

The species was part of Enrico Ferrari’s “small but interesting collection of Characeae” [1]
(p. 230), collected for the University of Rome’s Botanical Institute, and was first studied by
Alpinolo Pelosi, a young Natural Sciences student who died prematurely in 1887. Following
Pelosi’s death, the Ferrari collection, as well as the few notes and observations left by Pelosi,
were gathered by Carlo Avetta and stored in Parma [1] (p. 230). However, both the Rome
and Parma Herbaria have since lost track of Ferrari’s collection and Pelosi’s documentation.

Pelosi identified the specimen as a variety of Chara scoparia Bauer (actually Chara
baueri A. Braun) [1] (p. 234). When Avetta examined it, he noticed that the cortex was
diplostichous rather than triplostichous, as it is in C. baueri, and assumed he was dealing
with a new species [1] (p. 232). As a result, in honor of Pelosi, he named the species
Chara pelosiana.

We started looking for Ferrari’s collection in 2009. A C. pelosiana specimen collected
from S. Anna was discovered at the University of Turin Herbarium [2].

C. pelosiana has only been mentioned once in the Italian literature since Avetta’s
publication [3] (p. 16). For nearly all of the twentieth century, there was no further record
of the species in Italy. Plants that looked like C. pelosiana were discovered in 1999 in rice
fields in the Province of Ferrara (Northern Italy) [4]. They were named C. fibrosa Agardh ex
Bruzelius ssp. benthamii (A. Braun) Zaneveld, following Soulié-Märsche et al. [5].

It was Langangen who merged C. pelosiana with C. fibrosa, choosing fragments of the
species collected in S. Anna and housed in the Herbarium of Oslo to be the lectotype of
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C. pelosiana [6]. In support of the merging of the two species, he cited Nordstedt, who
identified the fragment kept at Olso as C. gymnopitys A. Braun or C. flaccida A. Braun,
depending on the colour of the oospores. These two species (as well as a third one,
C. benthamii A. Braun) were fused into C. fibrosa by Zaneveld [7] (p. 153).

Van Raam [8] named Avetta’s species C. fibrosa var. pelosiana (nom. invalid. according
to [9]), and Krause [10], in agreement with Langangen, attributed C. pelosiana to C. fibrosa
in a note at the end of his book. However, Wood [11,12] considered the species to be a form
of C. baueri.

C. fibrosa is a species complex, which includes, in addition to the three species of
Zaneveld mentioned above, other species, varieties, and forms merged by Wood [13–15].

The purpose of this work is to document historical and morphological findings on
C. pelosiana herbarium specimens.

2. Materials and Methods

The historical search for C. pelosiana was based on an examination of the limited
available literature [1–3] and, more importantly, a study of the herbarium materials kept in
JE, LD, MOD, PAD, PARMA, PAV, RO, and TO (herbarium acronyms according to [16]).
All of these Herbaria are related to botanists who have investigated or collected this species
(see Appendix A). Further requests were sent without success to the Italian Herbaria BOLO,
CAT, FI, NAP, PAL, and PI, which preserve historical collections of algae.

Furthermore, manuscript documents found attached to the specimens, as well as a
selection of letters kept in the Archive of Botanical Garden of the University of Padua [17]
provided significant additional information.

For the morphological investigation, portions of C. pelosiana from the Herbaria of
MOD, TO, and PAV, as well as from the specimens kept in PAD Herbarium, were taken
and transferred to Rome for examination and photography. The fragments stored in JE
were insufficient for portions to be removed for further study. Morphological observations
were made using a Zeiss stereomicroscope equipped with a Leica DFC 42 digital camera.
The material was photographed either dry or after being rehydrated and decalcified using
a 1N hydrochloric acid solution.

3. Results
3.1. Historical Findings

Unfortunately, neither RO nor PARMA, where Carlo Avetta worked from 1893 until
his retirement, kept the original collection. Nevertheless, C. pelosiana specimens from the
original site and other Italian locations have been discovered in several Italian and foreign
Herbaria.

Based on the importance of the exsiccata, the C. pelosiana specimens were divided into
three groups. The data labels for each specimen were faithfully returned and noted.

3.1.1. Herbaria That Keep Original Material of the Name Chara pelosiana

Jena Herbarium (JE): Small fragments of the species established by Avetta are kept in
an envelope with the stamp “Herbarium Walter Migula Eisenach” in the top right corner.
On the envelope, Avetta wrote “Chara Pelosiana Avetta” (Figure 1A,B).

A postcard from Avetta to Migula, dated November 9, 1898, is attached to the sample,
and reports, in French, “Mr. le Prof. Migula | Parma 9-11-98 | Je vous envoye un tout
petit échantillon d’une Chara italienne que je viens de décrire comme espèce nouvelle
(Malpighia dernière livraison) et au sujet de laquelle je voudrais bien connaitre votre
opinion, quelconque elle soit ( . . . ) Dr. C. Avetta | Jardin botanique—Parma” [( . . . ) I am
sending you a very small sample of an Italian Chara that I just described as a new species
(Malpighia last issue) and would like to hear your opinion on it, whatever it is ( . . . )]
(Figure 1C).
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Figure 1. (A) JE fragments of Chara pelosiana from the missing RO specimen. (B) Avetta’s handwriting on the specimen
envelope. (C) Postcard sent by Avetta to Migula on 9 November 1898.

Notes. The fragments are extremely significant because they come from the original
material examined by Avetta, although the labels do not mention any locality. According to
a footnote in Avetta’s paper, they were sent to Migula to obtain his opinion on the validity
of the new species [1] (p. 229). In the same footnote, Avetta reports that the new taxon was
published without confirmation from Migula, who was away for a few months and could
not examine the specimen. As a result, the publication does not provide an illustration of
the new species. Avetta goes on to say that the figures will appear in his next note on the
Italian Characeae, which, however, was never published.

Modena Herbarium (MOD): The specimen consists of six small fragments pinned to
a herbarium sheet (Figure 2A). A preprint label from the Herbarium of Modena with the
institution’s rubber stamps, “Hortus Reg. Botanicus Mutinensis”, provides the following
information: “Chara Scoparia Bauer, a Baueri | Valli e risaie di S. Anna presso S. Cesario |
1 8bre [October] 1886” [unknown person scripsit] Det. R. Istituto Bot.o [Botanico] di Roma”
[a second, unknown person scripsit] (Figure 2B).

The preprint revision label was written by Leone Formiggini, who was engaged in
revisionary work on the Italian Characeae with Augusto Béguinot (see Appendix A). The
label is free within the folder, with the name of the research project, Characeae Italicae, at
the top and the institution where the project was located, Patavii, ex R. Instituto botanico,
at the bottom. The revision label bears the information “Chara Pelosiana Avetta revisit Dr

Leone Formiggini Giugno [June] 1907” [Formiggini scripsit]. Béguinot added the comment,
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“an potius Lycnothamnus species? et tunc Lycnothamnus Pelosianus Bég. et Form.!”
(Figure 2B).
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Figure 2. (A) MOD specimens of Chara pelosiana from the first duplicate of Ferrari’s original collection. (B) MOD preprint
label with unknown handwriting (above) and Formiggini and Béguinot’s preprint revision label (below).

Notes. The first duplicate of Ferrari’s original set collected in rice fields in the province
of Modena is kept in MOD. When the Botanical Institute of Rome requested a collection
of Characeae from this area, Ferrari was still working at the University of Modena (see
Appendix A). Unfortunately, no Ferrari autograph labels can be seen in MOD.

The Ferrari Characeae collection consists of 26 specimens of different species collected
near Modena between 1878 and 1886, 14 of which were collected in 1886 (Table 1). All
specimens have Modena Herbarium preprint labels with the stamp “Hortus Reg. Botanicus
Mutinensis”. The collection is not numbered, there is no indication of Legit, and all of the
labels were handwritten by two unidentified people. The homogeneity of the compilation
becomes apparent when comparing the first handwriting, which included the binomial,
locality, and date, as if the labels were filled in all at once by an amanuensis, rather than
by a botanist. The second anonymous handwriting only provided information about who
made identification, in this case, an Institute, the Botanical Institute of Rome.

Finally, it should be noted that Formiggini and Béguinot disagreed regarding the cor-
rect position of C. pelosiana, which, according to Béguinot, could be Lychnothamus pelosianus
(see also below, the letter from Formiggini to Migula kept at JE, and the discussion).
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Table 1. Duplicate of Ferrari’s Characeae collection from the Modena Herbarium (MOD). The specimens, collected in the
Modena area in 1886, are listed in chronological order. For the abbreviations of names and authors, we reproduced the
original labels. The Chara pelosiana specimen revised by Formiggini is marked in bold.

Date of
Collection Collection Locality

Determination According
to the Botanical Institute of

Rome

Revision of Leone
Formiggini

Formiggini’s
Revision Date

21 May Castelvetro
Chara foetida A B.
longibracteata A B

Laxior A B

Chara foetida A. Br. f. subinermes
β longibracteata A. Br. May 1907

June Rio di Valle Urbana Chara foetida A B. subinermis
longibracteata

Chara foetida A. Br. f. subinermis
β longibracteata A. Br. May 1907

21 September Marshes at Villa S.
Faustino

Chara hispida L. β
brachyphylla A. B? (sic)

Chara hispida L. f. macracantha v.
(sic) May 1907

23 September Nonantola, in the rice
fields Sacerdoti

Chara foetida ABr. subinermis
ABr. longibracteata ABr.

Chara foetida A. Br. f. subinermis
ιι typica Mig. mixed with some

fragments of C. fragilis Desv.
May 1907

23 September Nonantola, in the rice
fields Borsari

Lychnothamnus stelliger
(Bauer) A. Br. var. major A.

Br.

Tolypellopsis stelligera (Bauer)
Migula v. ulvoides A. Br. May 1907

23 September Nonantola, in the rice
fields Borsari

Chara hispida L macrantha A
Br. elongata A Br.

Chara hispida L. f. macracantha
α typica May 1907

23 September
Nonantola, in the rice

fields Sacerdoti along the
ditch of the forest

Lychnothamnus stelliger
(Bauer) A Br.

Tolypellopsis stelligera (Bauer)
Migula v. ulvoides A. Br. Apr 1907

26 September Ditch above S. Marino
near Carpi Chara hispida L. sterile Chara hispida L. May 1907

26 September Ditch above S. Marino
near Carpi

Chara foetida ABr. subinermis
ABr. longibracteata A.Br.

laxior ABr.

Chara foetida A Br. f. subinermis
β longibracteata ABr May 1907

28 September Rice fields Boretti at Villa
S. Agnese

Chara foetida AB. subinermis
ABr. longibracteata A.B. laxior

ABr.

Chara foetida A Br. f. subinermis
κ clausa A Br. May 1907

28 September Rice fields Boretti at Villa
S. Agnese

Chara foetida AB.
brevibracteata AB. expansa AB

Chara foetida A. Br. f.
paragymnophylla δ

brevibracteata Mig.
May 1907

1 October
Ditches between

Castelfranco Emilia and
Valli di St Anna

Chara foetida A. B.
subinermis—longibracteata

laxior AB.

Chara foetida ABr. f. subinermis
β longibracteata ABr. May 1907

1 October
Rice fields of S. Anna

near
S. Cesario

Chara hispida L micrantha AB.
microphylla AB.

Chara hispida L. f. micrantha π

brachyphylla May 1907

1 October
In the valleys and rice
fields of S. Anna near

S. Cesario

Chara Scoparia Bauer, a
Baueri Chara pelosiana Avetta * June 1907

* an potius Lycnothamnus species? et tunc Lycnothamnus Pelosianus Bég. et Form.! [Beguinot’s revision on the same revision label, see
Figure 2B].

Turin Herbarium (TO): The specimen, which is nearly entirely fragmented, was
found free within a folder with three labels. The first two labels, which are pinned to the
herbarium sheet and almost joined by a third pin to form a single label, were handwritten
by Ferrari (Figure 3. The first provides information about the specimen: “N◦ 3 | Chara |
Nelle valli e risaie di St Anna presso S. Cesario. | Prov di Modena | 1 Ottobre 1886. Leg:
E Ferrari”. The second reports the new binomial and references Avetta’s publication on
a printed label from the Herbarium of Turin: “N◦ 3 Chara Pelosiana Avetta | Ved. Malp.
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anno XII pag: 231. anno 1898”. The third label, which was found free within the folder, is
Formiggini’s preprint revision label: “Chara Pelosiana Avetta, revisit Dr Leone Formiggini,
Xmbre [December] 1908”.
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Figure 3. TO specimen of Chara pelosiana (No. 3) from the second duplicate of Ferrari’s original
collection. Ferrari’s two handwritten labels (on the right) and Formiggini’s revision label (on the left).

Notes. A second duplicate of the original set collected by Ferrari from rice fields in
the province of Modena in 1886 is housed in TO, where Ferrari became the Curator of the
Herbarium in November 1887 (see Appendix A). There are 25 Characeae specimens in
the collection, 24 of which are numbered (Table 2). TO contains 19 additional Characeae
specimens that were collected by Ferrari between 1887 and 1905, mainly from Piedmont
and Valle d’Aosta.
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Table 2. Duplicate of Ferrari’s Characeae collection from the Turin Herbarium (TO). The specimens, collected in the Modena
area in 1886, are listed in chronological order. For the abbreviations of names and authors, we reproduced the original labels.
The two specimens of Chara pelosiana revised by Formiggini are marked in bold.

Date of
Collection Collection Locality Collecting

Number
Determination of

Ferrari

Determination/Revision/
Confirmation of

Formiggini

Formiggini’s
Revision Date

22 April In the ditches
around Carpi 12 Nitella capitata

Nees
Nitella capitata (N.ab. Es.)

Ag. December 1908

May
Villa Albareto

ditches, site called “i
Tagliati”

21 Chara Chara foetida f. subinermis a
normalis Mig. January 1909

21 May
“Bosco Bontempelli”

in ponds of water
(Colli di Castelvetro)

24

Chara foetida A. Br
sub. var.

longibracteata A. B
β laxior A. Br

Vidit = Confirmavit -

June Sassuolo: along Rio
di Valle Urbana 23

Chara foetida A. Br
a subinermis.

longibracteata A. Br.

Chara foetida A.Br. f.
subinermis β longibracteata

A. Br.
June 1910

20 September Nonantola, in the
rice fields Borsari 20

Chara hispida L.
C. micrantha A. Br
C. elongata A. Br.

- -

21 September Marshes at
S. Faustino 13 Chara hispida a.

brachyphylla A. Br

Chara hispida L. f.
micracantha—brachyphylla

A.Br.
December 1908

21 September Marshes at Villa
S. Faustino 14

Chara foetida A. Br
β longibracteata A.

Br
Vidit = Confirmavit -

21 September Marshes at
S. Faustino 15 Chara foetida A. Br Vidit = Confirmavit December 1908

23 September Nonantola, in the
rice fields Sacerdoti - Chara Chara pelosiana Avetta January 1909

23 September Nonantola, in the
rice fields Sacerdoti 16

Chara foetida A. Br
a subinermis β.

longibracteata A. Br.
Vidit = Confirmavit -

23 September Nonantola, in the
rice fields Borsari 17

Lychnothamnus
stelliger A. Br. var.

major A. Br.

Tolypellopsis obtusa (Desv.)
Bèg. et Formigg. var.

ulvoides (Bert.) Bèg. et
Formigg.

December 1908

23 September

Nonantola: in the
rice fields Sacerdoti

along the ditch of the
forest

18 Chara Chara fragilis Desv. f.
microptila β Hedwigii Ag. January 1909

23 September Nonantola, in the
rice fields Sacerdoti 19

Lychnothamnus
stellinger (sic) A. Br.

var. major A. Br.

Tolypellopsis obtusa (Desv.)
Bèg. et Formig. var.

ulvoides (Bert.) Bèg. et
Formigg.

December 1908

23 September

Nonantola: in the
rice fields Sacerdoti

along the ditch of the
forest

22 Chara
Chara foetida A. Br. f.

subinermis A. Br. typica
Mig.

January 1909

26 September Ditches above S.
Marino near Carpi 10 Chara hispida L. Chara hispida L. f.

microcantha λ vulgaris December 1908
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Table 2. Cont.

Date of
Collection Collection Locality Collecting

Number
Determination of

Ferrari

Determination/Revision/
Confirmation of

Formiggini

Formiggini’s
Revision Date

26 September Ditches above S.
Marino near Carpi 11

Chara foetida A. Br
β

longibracteata A. Br.
β laxa

Vidit = Confirmavit -

28 September
Rice field fondo

Borretta (sic) at Villa
S. Agnese

7
Chara foetida A. Br
β longibracteata A.

Br β laxa
Vidit = Confirmavit -

28 September
Rice fields fondo
Borretti at Villa

St Agnese
8

Chara foetida A. Br
β: longibracteata A.

Br.
expans. A. Br

Vidit = Confirmavit -

28 September
Rice fields fondo

Borretti Villa
S. Agnese

9 Nitella tenuissima
Desv.

Nitella tenuissima (Desv.)
Coss. et Germ. f. major

Mig.
December 1908

1 October
Ditches between

Castelfranco Emilia
and Valli di St Anna

1

Chara foetida A. B.
| C. subinermis A.

Br. |
C. longibracteata A.
Br. | C. laxior A.Br

Vidit = Confirmavit -

1 October
In the valleys and

rice fields of S. Anna
at San Cesario

2 Chara Chara hispida L. f.
micrantha π brachyphylla January 1909

1 October

In the valleys and
rice fields of S.
Anna near San

Cesario

3

Chara | Chara
pelosiana Avetta
Ved. Malp. anno

XII. pag: 231.
anno 1898.

Chara pelosiana Avetta December 1908

1 October
In the valleys and

rice fields of S. Anna
near San Cesario

4
Chara hispida Thuil

var. microphylla
Schumach

- -

1 October
In the valleys and

rice fields of S. Anna
near San Cesario

5 Chara Chara ceratophylla Wallr. January 1909

1 October
In the valleys and

rice fields of S. Anna
near San Cesario

6
Chara hispida L. var

microphylla
Schumach.

- -

The C. pelosiana specimen kept in TO is particularly valuable because the labels were
handwritten by Ferrari, the original collector, and refer to both specimen No. 3 and the
type locality, S. Anna [1] (p. 234).

TO also preserves two further specimens collected by Ferrari at S. Anna on September
19, 1899 (identified by Formiggini as C. foetida A. Br. and C. fragilis Desv. f. subinermis β
Hedwigii Ag.), one year after Avetta’s publication and thirteen years after the first collection,
suggesting that Ferrari tried unsuccessfully to again find C. pelosiana.

Oslo Herbarium (O): The lectotype of C. pelosiana was designated by Langangen
and is kept in the Oslo Herbarium [6]. The specimen, which is kept in an envelope, was
identified by Otto Nordstedt. The original label reports, “Chara Pelosiana Avetta. | Valli e
risaie di S. Anna presso S. Cesario Prov. di | Modena 18 1/10 86 [October,1 1886] | Leg. E.
Ferrari. | Italien” [unknown person scripsit].
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On the same label, Nordstedt made the following observation: “Si nucleus sporangii
niger sit, | = Ch. gymnopitys Al. Braun, | Si nucleus sporangii luteo rufus sit, | = Ch.
flaccida Al. Braun | Determ. O. Nordstedt” (lectotype) (Figure 4).
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Figure 4. Label of the Oslo lectotype of Chara pelosiana with Nordstedt’s observation; from [6].

Notes. Langangen did not mention how the C. pelosiana specimen reached the Oslo
Herbarium. He only recalled that Nordstedt, a charophyte authority at the time, was in
close contact with the phycologist N. Wille from Kristiania (Oslo).

We also searched for C. pelosiana in the Lund Herbarium (LD), which houses the
original Nordstedt herbarium, but found nothing.

3.1.2. Herbaria That Keep Specimens of C. pelosiana Collected from New Localities

Pavia Herbarium (PAV): A large amount of material is kept free in a folder with a free
label written in pencil: “Risaje Campo maggiore | 16/8/86 | Traverso e Kruch” [unknown
person scripsit] (Figure 5A). Within the folder, there is also a free preprint revision label
reporting, “Chara Pelosiana Avetta, determinavit Dr Leone Formiggini, Giugno [June] 1907”.
[Formiggini scripsit] (Figure 5A).

Notes. This is the first unpublished specimen of C. pelosiana from a new station, the
rice fields of Pavia Province (Campo Maggiore), which is about 150 km from the type
locality (S. Anna). Giacomo Traverso and Osvaldo Kruch (see Appendix A) collected the
specimen on August 16, 1886, a month and a half before the specimen from S. Anna was
collected.

Turin Herbarium (TO): A second specimen of C. pelosiana is mounted on an herbarium
sheet with a printed label from the Herbarium of Turin pinned to the sheet reporting,
“Chara | Nelle risaie di Nonantola | nel fondo Sacerdoti | 23 7bre [September] 1886, E
Ferrari” [Ferrari scripsit] (Figure 5B). Formiggini’s preprint label is pinned to the sheet as
well: “Chara Pelosiana Avetta, determinavit Dr Leone Formiggini, Gennaio [January] 1909”.
[Formiggini scripsit] (Figure 5B).

Notes. This is the second unpublished specimen of C. pelosiana. It was collected by
Ferrari from the same area in the province of Modena, the Nonantola rice fields, a week
before the specimen of S. Anna was collected.
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3.1.3. Herbaria That Keep Portions of Specimens of C. pelosiana Removed from MOD
and PAV

Padua Herbarium (PAD): There are only a few MOD fragments (Figure 6A), which
are kept in a recycled paper envelope with the indications written directly on it: “Chara
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Instead, there are numerous fragments from PAV (Figure 7A). They are kept in an
envelope with Formiggini’s preprint label pinned to it: “Chara Pelosiana Avetta | ex
herbario Ticinensis | determinavit Dr Leone Formiggini Giugno [June] 1907” (Figure 7B).
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Notes. The information on the two envelopes indicates that Béguinot and Formiggini,
who both worked at Padua, took samples from MOD and PAV to their Botanical Institute
for further investigation.

The portion from PAV specimen was especially valuable in our search for C. pelosiana
specimens.

Jena Herbarium (JE): In addition to fragments sent by Avetta, the Herbarium of Jena
also conserves portions of specimens from MOD and PAV Herbaria.

MOD’s portion consists of a few fragments, which are kept in a small envelope with
the following indications written in pencil inside: “Chara Pelosiana Avetta | H Mutinensis”
[Formiggini scripsit]. The revision by Migula is written in pencil on a label glued to the
envelope reporting “II Ch. Pelosiana Avetta“with the stamp “Herbarium Walter Migula
Eisenach” (Figure 8B).

PAV portion consists of several fragments, which are kept in a bigger envelope with
the indications written in pencil inside as well: “ex H. Ticinensis | Ch. Pelosiana Avetta”
[Formiggini scripsit] (Figure 8A). Migula’s revision is also written in pencil outside the
envelope. It reports: “Ch. Pelosiana Avetta“with the stamp “Herbarium Walter Migula
Eisenach”.

A letter from Leone Formiggini to Walter Migula, still in its original envelope, is
attached to the specimens (Figure 8C). The letter is written in Italian and dated 9 July 1907:

“Le invio ( . . . ) frammenti di due Caracee tratte l’una dall’erbario del R. Istituto
Botanico di Modena, l’altra dall’erbario del R. Istituto Botanico di Pavia. La prima cor-
risponde esattamente oltre a tutto anche per località di raccolta e per data colla specie
nuova descritta dal Prof. Avetta sotto il nome di Chara Pelosiana, la cui posizione sistematica
sarebbe fra la Ch. Coronata e la Ch. Scoparia. La seconda è pure precisa alla precedente
pure essendo raccolta in località diversa. A me sembra che questa sia sì nuova, ma vada
avvicinata piuttosto al Lychnothamnus e posta in seguito al Lychn. barbatus. Infatti del
Lychnothamnus ha tutto l’aspetto, solo appare come un piccolo Lychnothamnus munito di
numerose ed assai lunghe spine, oltre che di un completo rivestimento corticale. ( . . . )”
“[I am sending you ( . . . ) fragments of two Italian Characeae, one from the Herbarium of
the Royal Botanical Institute of Modena and the other from the Herbarium of the Royal
Botanical Institute of Pavia. The first corresponds exactly, for locality of collection and
date, to the new species described by Prof. Avetta under the name Chara Pelosiana, and its
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systematic position would be between Ch. Coronata and Ch. Scoparia. The second is very
similar to the previous one even though it is collected in a different locality. It seems to me
that this is indeed new, but it should be approached rather to Lychnothamnus and placed
after to the Lychn. barbatus. In fact, it has in all the appearance of a Lychnothamnus, but it
appears as a small Lychnothamnus equipped with numerous and very long spines, as well
as a complete cortical covering. ( . . . )].
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Figure 8. JE portions of Chara pelosiana sent by Formiggini to Migula in 1907. (A) Portions of PAV specimen with Formiggini’s
handwritten notes. (B) Portions of MOD specimen with Formiggini’s handwritten notes (above) and Migula’s handwriting
(below). (C) First page of Formiggini’s letter to Migula, dated 9 July 1907.

Notes. According to the documentation, Formiggini submitted fragments of the two
C. pelosiana specimens kept in PAD, which came from the portions removed from MOD
and PAV, to Migula.

3.2. Morphological Findings

Measurements of the axes and lengths of the stipulodes were taken on the dry samples.
They are summarized in Tables 3 and 4.
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Table 3. Diameters of axes. All values are presented in µm.

Herbarium Locality Date of Collection Collector Minimum Maximum Mean Number of Axes
Measured

MOD S. Anna 1 October 1886 Probably
Ferrari 312 458 383 11

TO S. Anna 1 October 1886 Ferrari 434 566 486 7

PAV Campo
Maggiore 16 August 1886 Traverso and

Kruch 399 578 514 3

TO Nonantola 23 September 1886 Ferrari 438 566 483 5

PAD S. Anna 1 October 1886 Ferrari 325 469 401 5

Table 4. Lengths of stipulodes. All values are presented in µm.

Herbarium Locality Date of Collection Collector Minimum Maximum Mean
Number of
Stipulodes
Measured

MOD S. Anna 1 October 1886 Probably
Ferrari 965 1274 1151 4

TO S. Anna 1 October 1886 Ferrari 1277 1470 1349 3

PAV Campo
Maggiore 16 August 1886 Traverso and

Kruch 962 1614 1255 5

TO Nonantola 23 September 1886 Ferrari 1265 1337 1301 2

PAD S. Anna 1 October 1886 Ferrari 1194 1312 1253 2

These tables show that there are no consistent differences between the herbarium
samples. Their axes have similar minimum and maximum diameters. The stipulodes’
lengths follow the same pattern. Additionally, preliminary phylogenetic analyses of partial
chloroplast gene sequence data from the Nonantola and S. Anna collections stored in TO
supports their con-specificity (Kenneth G. Karol, pers. comm.).

A stereomicroscope examination of these samples also revealed that they are morpho-
logically comparable (Figure 9A–G and Figure 10A–E). Therefore, a single description can
be extended to all the material removed.

The specimens, which are more or less heavily calcified, are almost all fragmented.
Despite this, they do not appear to be longer than 7–8 cm (Figure 10B), as reported by
Avetta [1] (p. 231), who observed them closer to the time of collection than we did. The
axis diameter has mean values from 383 to 514 µm (Table 3). All the axes are corticated,
diplostichous, isostichous or slightly tylacanthous (Figures 9C and 10D,E), and bear spine
cells (Table 5) generally longer than the axis, sometimes in a whorl (Figure 10E) and some-
times curved towards the axis (Figure 9A). Stipulodes are in a single row, perpendicular to
the axis, one or two per branchlet, long to 1350 µm (Figures 9D,G and 10A,D). Branchlets
are (6)8-9(10) per whorl, totally ecorticate (Figure 10C), wide approximately half of the
axes. They are composed of 3-4(6) segments bearing at each node, including the apical
nodes, a crown of long bract cells (Figures 9G and 10C). The two bracteoles are longer than
the oogonia (Figure 9G). The mean length of the basal branchlet cells is 1.7–2.7 mm in the
apical parts of MOD, TO, PAD, and PAV dry samples, and 3.5 mm in the fourth whorl of
branchlets of the removed sample collected from S. Anna (TO).
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Table 5. Lengths of spine cells. All values are presented in µm.

Herbarium Localiy Date of Collection Collector Minimum Maximum Mean Number of Spine
Cells Measured

MOD S. Anna 1 October 1886 Probably
Ferrari 301 638 456 6

TO S. Anna 1 October 1886 Ferrari 397 807 557 4

PAD S. Anna 1 October 1886 Ferrari 463 856 685 5

TO Nonantola 23 September 1886 Ferrari 157 1.060 590 6

PAV Campo
Maggiore 16 August 1886 Traverso and

Kruch 336 879 645 12

The plants are monoecious with conjoined gametangia. The oogonia are 425–450 µm
long (excluding the coronula) and 312–340 µm wide. The oospores are golden-brown, and
have, in the dry material collected from S. Anna (TO), c. 350 µm in length, and 235 µm in
width (Figure 9F). The spiral turns are 7–8. The antheridia in the portions removed from
the PAV specimen are 250–270 µm in diameter.

In light of the information presented in Tables 1 and 2, and considering the nomenclat-
ural changes, the C. pelosiana species found in rice fields in the Modena area in the week of
23 September to 1 October 1886 were accompanied by: C. vulgaris L., C. hispida sensu auct.
nonnull., C. globularis Thuiller, C. tomentosa L., and Nitellopsis obtusa (Desv.) J. Groves.

4. Discussion
4.1. The Studies of C. pelosiana by Pelosi, Avetta, Formiggini, and Béguinot

Letters from the scientific correspondence received by Pier Andrea Saccardo (1845–
1920), a professor of botany and prefect of the Botanical Garden of Padua [17], help to
explain the interests of the Rome Botanical Institute in Italian Characeae.

In a letter dated 4 November 1886, Pietro Romualdo Pirotta, the director of the
Botanical Institute of Rome, requested a loan of Characeae specimens from the Padua
Herbarium. The loan was for Alpinolo Pelosi, “a talented young student” who had been
working with Characeae for a year and whom Pirotta encouraged to pursue a monographic
study of the Italian species. Between the end of 1886 and the beginning of the next year, a
great number of Italian specimens from most of the Italian Herbaria, including Ferrari’s
small collection from the Modena area, were sent to Rome for this purpose [1] (p. 230) [17]
(letters: 15 November 1886, 10 February 1887).

After Pelosi’s untimely death in August 1887, Carlo Avetta, who was Pirotta’s first
assistant, was entrusted with the monograph of the Italian Characeae. Despite the difficulty
presented by the large amount of material gathered in Rome and the study of a problematic
group, Pirotta considered the work practically complete by the beginning of 1893 [17]
(letters: 22 December 1890, 25 November 1891, 17 January 1893). However, Avetta had
moved to Parma by the end of 1893, and Pirotta was forced to announce the conclusion of
the study at the Botanical Institute of Rome, and he returned the loan of the Characeae of
Padua [17] (letter: 12 April 1894).

Avetta was not a specialist of Characeae. The collections of the General Herbarium in
RO house the only specimen of Chara collected by him. This specimen was identified by
Formiggini and Béguinot (Ch. crassicaulis, Colli Astigiani, September 1886, det. Formiggini
and Béguinot, sine data). Avetta’s revisions and determinations of the genera Nitella,
Tolypella, Lamprothamnium, and Lychnothamnus can be found in the collections of the General
Herbarium and Cesati Herbarium in RO, although they are nearly always unsigned.

Avetta confirmed [1] (p. 230) that his study of Italian Characeae began after Pelosi’s
death (1887) while he was gathering the materials and notes left by the unlucky student as
well as Ferrari’s collection. Both records have disappeared from Rome, but there is a record

80



Plants 2021, 10, 2488

of a payment made to Ferrari in 1886 for his Characeae collection from the Modena area in
the RO Archive [18].

Avetta resumed his study of Characeae in 1898, after a period of interruption [1]
(p. 230), with the help of the regional collections kept at RO (Roman Herbarium). The
Register of loans of RO shows a single loan of 44 specimens of Characeae sent to Avetta in
Parma in 1898 [19]. The collection was returned to RO only ten years later, at the beginning
of 1908, without any revisions. The sending took place a few months before Avetta’s
publication on Malpighia, suggesting that Avetta still had Pelosi’s documentation and
Ferrari’s collection with him when he left the University of Rome, perhaps as early as 1893,
or that if these materials were forwarded to him later, they were sent privately.

Formiggini and Béguinot’s views on C. pelosiana can be deduced from specimens
kept in TO, MOD, PAV, and JE Herbaria as well as from documentation in RO Archive.
While Formiggini appears to have agreed on the validity of the new species (see revised
labels from MOD and PAV, June 1907), Béguinot’s opinion was quite different (an potius
Lycnothamnus species? et tunc Lycnothamnus Pelosianus Bég. et Form.!, MOD label), as he was
in doubt as to whether C. pelosiana should be considered a new Lychnothamnus species.
Nonetheless, in the letter sent to Migula (JE), Formiggini presented Béguinot’s doubts as
his own, while both attached samples were sent with the binomial C. pelosiana written by
Formiggini himself. It is unknown as to what Migula’s answer was, but the revisions on
the specimens, handwritten by Migula, confirm the specimen was identified as C. pelosiana.

At the beginning of 1908, shortly after Avetta’s loan was returned, Formiggini and
Béguinot examined the complete Characeae collection kept in RO, which consisted of 828
specimens from the three Herbaria: Roman (58), General (383), and Cesati (387). The Register
of loans contains a detailed list of all species sent to them [20], revealing the absence of
C. pelosiana, which was therefore no longer part of the RO collections ten years after Avetta’s
publication.

Despite this, Formiggini considered still C. pelosiana to be valid at the beginning of 1909,
as revealed by his subsequent revisions in TO: S. Anna (December 1908) and Nonantola
(January 1909). Despite not having seen the original C. pelosiana material, he confirmed
the validity of the new species by examining specimens in TO and MOD. Furthermore, he
also recognized the unpublished specimens kept in TO and PAV as C. pelosiana. The one
of the two new specimens discovered during our research is therefore the one collected
by Ferrari from Nonantola (Modena) almost a week before the S. Anna specimen was
collected. The other was collected by Traverso and Kruch near Pavia just over a month
before the type specimen was found. This indicates two new Italian stations for this species’
distribution area.

4.2. The Double Numbering of C. pelosiana

According to Avetta’s paper [1] (pp. 234–235), it seems that two specimens were
collected by Ferrari: “Chara N.◦ 3 della raccolta Ferrari” and “Chara N.◦ 101. Raccolta di
Ferrari. (Nelle valli e risaie di S. Anna presso S Cesario, prov. di Modena, 1 ott. 86)”.

To bolster this impression, each of the two assumed Chara species were followed by
different observations by Pelosi, which were fully published by Avetta [1] (pp. 234–235).

In the absence of the material seen by Avetta and Pelosi’s original notes, the examina-
tion of the specimens kept in TO and the information acquired in RO were decisive.

TO preserves Ferrari’s only numbered collection, consisting of 25 specimens, 21 of
which were collected between 20 September and 1 October 1886. This number appears
to be correct, as Avetta, the last person to examine the Rome collection, described it as a
“small collection” [1] (p. 230).

On the other hand, in TO, we recognized 14 of Pelosi’s revision labels, 12 of which are
numbered (104, 107, 109, 111, 112, 113, 116, 118, 120, 122, 123, and 124).

In the collections of the General Herbarium and Cesati Herbarium in RO, Pelosi numbered
his collections (4 out of 14), revisions (50 out of 55), and determinations (10 out of 15), but
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the numbering system, which ranges from 4 to 130, is seriously lacking and the numbers
are frequently repeated.

Nonetheless, based on a comparison of Ferrari’s numbering in TO (up to 24) and
Pelosi’s numbering in TO and RO (up to 130), it is almost certain that the original material
of C. pelosiana should be regarded as a single gathering: Ferrari’s number 3 and Pelosi’s
revision, identified by number 101.

4.3. Which Is the Correct Identity of Chara pelosiana?

Langangen [6] merged Avetta’s species with Chara fibrosa. Other authors have consid-
ered C. pelosiana to be C. fibrosa or a variety or form of this species [4,5,8,10].

C. fibrosa belongs to the section Agardhia Wood, which mainly includes exotic taxa
(subsection Agardhia) and the European species C. pelosiana (subsection Braunia) [11,12].

C. pelosiana specimens found in herbaria or mentioned in literature in Italy [1,4] are all
from rice fields.

In Zaneveld key [7], the essential differences between the three subspecies that this
author includes in C. fibrosa are the colour of the ripe oospores (golden-brown in C. fibrosa
ssp. flaccida and black in the other two: C. fibrosa ssp. benthamii and C. fibrosa ssp. gymnopitys)
and the number of stipulodes (as numerous as the branchlets in C. fibrosa ssp. benthamii,
twice as numerous as the branchlets in C. fibrosa ssp. gymnopitys).

In the examined specimens of C. pelosiana, the stipulodes were variable in number,
sometimes nearly equal and sometimes more or even twice as numerous as the branchlets
(Figure 9D,G and Figure 10A). Avetta reported that the number of stipulodes was equal
to the number of the branchlets (10–12) [1] (pp. 232–233), while Langangen (despite
having difficulty counting them) stated that there were 1–2 stipulodes per branchlet in the
fragments of C. pelosiana that he observed in Oslo [6] (p. 250). It appears, therefore, the
number of stipulodes in C. pelosiana is not constant, as has already observed by several
authors in other species [7] (p. 154).

In contrast, the colour of the mature oospores in C. pelosiana was consistently found to
be yellow-brown (Figure 9A,E).

Only one stipulode per branchlet is mentioned in the description of the type material
of C. fibrosa, and its oospores are described as being “consistently a light golden-brown” [15].
Furthermore, C. fibrosa is endemic to the island of Guam (Micronesia) [15].

This investigation of Chara fibrosa led to the separation of two previously merged
species in the section Agardhia, C. fibrosa and C. wightii (A. Braun) Casanova [15]. Thus, the
correct identity of C. pelosiana cannot be determined until the section Agardhia will be fully
revised. Meanwhile, in this work, we used the valid name Chara pelosiana established by
Avetta [1].

5. Conclusions

This study of herbarium materials of Chara pelosiana revealed unexpected original
material. Only the C. pelosiana specimen described by Avetta [1] is mentioned in the
literature. Although Ferrari’s original collection is no longer kept in the Herbarium of
Rome, two duplicates of the original set were discovered in the Modena and Turin Herbaria,
each including a specimen of Chara pelosiana that can be considered “original material”.

Furthermore, two new additional localities were discovered in the Pavia and Turin
Herbaria (rice fields of Campo Maggiore in the Province of Pavia and rice fields of Nonan-
tola in the Province of Modena), providing new information about the Italian distribution
area for this rare species.

This paper gives an example of how, in addition to traditional morphological, taxo-
nomic, and systematic research rules, historical herbarium collections can be used to assist
ecology, biogeography, and conservation biology research.
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Appendix A. Biographical Notes

The use of an exclamation point (!) indicates that personal data were retrieved from
the Municipal Registry Offices. For bibliographical details see [21,22].

Avetta, Carlo

Turin, 13 March 1861–Turin, 10 March 1941
Botanist. Avetta’s academic career began at the University of Rome, where he worked

as the first assistant to Pietro Romualdo Pirotta (1853–1936), the director of the Botanical
Institute, from 1885 until 1893. His second and final position was as a professor and director
of the Botanical Garden at the University of Parma (1893–1935). He was first interested in
cryptogamic studies, especially fungi, and then in Scioa’s African collections, which he
studied and illustrated. Anatomy and cytology were two of his most important subjects
of study. In Parma, he was particularly interested in the diffusion of medicinal plant
knowledge. From his study on Italian Characeae species, only his paper on Chara pelosiana
remains. His announced second note on Italian Characeae was never published.

Béguinot, Augusto

Paliano (Frosinone), 17 October 1875–Genua, 3 January 1940
Botanist. Béguinot graduated with a degree in Natural Sciences from the University of

Rome in 1898. His academic career covered six universities: Padua (1900–1921), where he
worked as an assistant to Pier Andrea Saccardo; Ferrara (1918–1921); Sassari (1921), where
he became professor; Messina (1922); Modena (1924–1929); and Genua (1929–1940). He
published a large number of scientific works on flora, systematics, phytogeography, and
the history of botany. His interest in the Characeae was restricted to the time he worked at
the University of Padua with Formiggini (see below), and he published two contributions
with him [23,24]. Their final paper on the Characeae of Italy was never published.

Ferrari, Enrico

Modena, 3 November 1845–Turin, 2 November 1921
Gardener at the Botanical Garden of Modena. Ferrari began studying plants in a

self-taught manner and quickly advanced to become a skilled collector and an expert florist
as well as an appreciated contributor to the Flora del Modenese e del Reggiano [25] (p. 5).
According to the RO Archive (2), Pirotta was most likely the one who asked Ferrari for a
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collection of Characeae for Pelosi’s study in 1886. From 1887 to 1921, he was the Curator
of the Turin Herbarium. Ferrari was the main author of the reorganization of Turin’s
collections, while also contributing significantly to their increase in assiduous excursions,
especially in Piedmont and the Valle d’Aosta.

Formiggini, Leone

Padua, 10 December 1879–Padua, 7 June 1963 (!)
Formiggini graduated from Padua on 5 December 1904 with a thesis titled “Contri-

bution to the knowledge of the Caracee from Padua” [26]. From 1906 until 1909, he worked as
an honorary assistant at the University of Padua’s Botanical Institute under the direction of
Pier Andrea Saccardo (1845–1920) [27]. Formiggini was the author of the most important
contribution, to the knowledge of the Italian Charophytes during this period, through
his critical reviews of the Charophytes of Sicily [28], Veneto and Mantovano [29], and
Lazio [30]. In collaboration with A. Béguinot, he became interested in some vicarious
Characeae of the Italian Flora [23,24]. His collaboration with the Botanical Institute was
interrupted in 1910, leaving the announced general work on Italian Charophytes unpub-
lished [3]. However, his extensive and accurate work of revision and identification of Italian
Charophytes exsiccata is still preserved in the Italy’s major public and private Herbaria.
In a 1939 information-curriculum [31], Formiggini is still listed as a Padua resident, and
his lone occupation appears to be that of covering various positions, some honorific, in
Padua’s Societies, Academies, and Associations.

Kruch, Osvaldo

Pavia, 1 November 1864–Luino (Varese), 7 October 1942
Botanist. Kruch graduated with a degree in Natural Sciences from the University

of Pavia on 29 June 1886 [32]. The following year, he conducted postgraduate studies at
the Botanical Institute of the University of Rome under the direction of Pietro Romualdo
Pirotta. In May 1893, he was named curator of the Rome Herbarium, and in January 1894 he
was promoted to first assistant, covering the vacancy left by Carlo Avetta. Finally, between
1896 until 1935, he was a professor at the Agricultural Experiment Institute of Perugia (now
Faculty of Agriculture). His studies were mostly focused on histology and plant anatomy.

Migula, Walther

Zyrowa, Upper Silesia (now in southern Poland), 4 November 1863–Eisenach (Ger-
many), 23 June 1938

German botanist. Migula graduated from the University of Breslau (1888). He taught
at the Karlsruhe Institute of Technology until 1895 and then at the Forestry School in Eise-
nach (1895–1915). His works on the cryptogamic flora, bacteriology, and plant physiology
are well known. Die Characeen Deutschlands, Oesterreichs und der Schweiz in Rabenhorst’s
Kriptogamen-Flora (1889/97) and Synopsis Characearum europaearum (1898) are considered
fundamental works on the Characeae family. He published the Characeae exsiccatae (1892–
1901) series with P. Sidow (1851–1925) and L.J. Wahlstedt (1836–1917), which includes 150
specimens in six fascicles.

Pelosi, Alpinolo

S. Pancrazio Parmense (Parma), 2 November 1865 (!)–Anguillara Sabazia (Rome),
1 August 1887 (!), not 1888 [1] (p. 230, note 1).

As a student of Natural Sciences at the University of Rome (1885–1887), he became a
favorite pupil of Pietro Romualdo Pirotta, the director of the Botanical Institute. In 1885,
he began studying the Italian Charophytes on the collections of the Herbarium of Rome
and those of the main Italian Herbaria, under the direction of Pirotta (1). The next summer,
Pelosi died in the waters of the Lake of Martignano (Rome), where he was collecting algae
and other water plants on behalf of the Botanical Institute [33,34]. He was only 21 years old
at the time. Many of his revisions, determinations, and observations on Italian Charophytes
remain unsigned in the exsiccata of Rome and the main Italian Herbaria.
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Traverso, Giacomo

Pegli (Genoa), 8 May 1849 (!)–?
From 1877 to 1909, Traverso was the head gardener at the Pavia Botanical Garden [35,36].
He was the father of Giovanni Battista Traverso (1878–1955), a mycologist, and Onorato

Traverso (1881–1960), the head gardener of the Rome Botanical Garden.
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Abstract: The aim of this study was to reveal the changes of macrophyte community over time
and along the course of the Ižica River. In 1996, 2000, and 2016, we surveyed the distribution and
abundance of macrophyte species in the lowland Ižica River, which originates in the town of Ig and
then flows through an agricultural landscape. We calculated the River Macrophyte Index (RMI),
which reflects the ecological status of the river. In 2016, ecomorphological conditions of the river,
using the Riparian, Channel and Environmental inventory, were also assessed. In just 10.5 km of the
river, we identified 27 taxa of macrophytes, among which Potamogeton natans, Sagittaria sagittifolia, and
P. perfoliatus were the most abundant. Detrended correspondence analysis showed that, in 1996, the
surveyed stretches differed more according to macrophyte composition than in the following years.
The assessed environmental parameters explained 43% of the variability of the macrophyte species;
riverbank stability explained 20%, riverbed structure 10%, while vegetation type of the riparian
zone and bottom type explained 7 and 5%, respectively. The species composition of the macrophyte
community revealed significant changes over the years of the riverine ecosystem. Comparison of
RMIs in 1996 revealed better conditions in the upper and middle part of the river, while in 2016,
the situation was the opposite, since the conditions in the upper part deteriorated significantly over
time, while the lower part of the river had the best ecological status. These changes may be due to a
considerable increase in the population of the settlement Ig, while better status in the lower course
of the river may be a consequence of improvements in the infrastructure and the use of sustainable
agricultural practices in the catchment due to the establishment of a formal area of protection.

Keywords: macrophytes; lowland river; long-term changes; environmental parameters; ecological
status; Slovenia

1. Introduction

Rivers are ecosystems that manifest great dynamics in time and space [1]. Aquatic
macrophytes are well adapted to seasonal variations of flow rate and flow velocity [2,3].
Macrophytes and riparian vegetation respond to environmental parameters and internal
succession mechanisms across the transverse and longitudinal river dimensions and over
time [4]. Macrophytes are involved in energy flow, nutrient cycling, and sedimentation
processes, and are essential to the structure and functioning of the river ecosystem [5].
They increase habitat heterogeneity and complexity and affect a variety of organisms such
as invertebrates, fish, and water birds [6,7], providing food and refuge. They also affect
water quality [8] by uptake of nutrients, particularly those containing phosphorus and
nitrogen, both from water and sediment [9]. On one hand, macrophytes contribute to
river self-purification process as they store nutrients, but on the other hand, they can exert
a significant effect on the eutrophication process, as they release these nutrients during
decay [10]. They are especially important in lowland streams, where they may occur in
high abundance [11].
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Macrophytes show differing sensitivities to various natural and human pressures.
These differences in sensitivity make them good indicators of the ecological status of a
river [8,12,13], as well as indicators of the presence of different toxic substances in the sedi-
ment and the water [6,14–16]. The presence and abundance of macrophytes depend directly
on water quality, depth, flow, substrate characteristics, and other environmental factors [17].
Their role is especially important in lowland watercourses since they increase the variability
of habitats and physical conditions in a river [18]. In watercourses flowing through an agri-
cultural landscape, macrophyte assemblages are well developed since these watercourses
usually have poorly developed riparian zones and high input of nutrients [19,20].

The majority of rivers in Europe have been affected to different extents by human
activity [21]. Introduction of new standards in river and catchment management, and new
legislation, such as the Water Framework Directive (WFD), will reduce these pressures (Di-
rective 2000/60/EC) [22]. In particular, the rivers flowing through agricultural landscapes
are often exposed to high influxes of nutrients, as well as morphological alterations, both of
which negatively influence the biodiversity of riverine ecosystems [23]. Beside the valuable
role of macrophytes as the indicators of the current human pressure, aquatic macrophytes
have been used by many researchers to monitor the long-term changes in rivers [24–29], as
well as in lakes [30–32].

In 1996, 2000 and in 2016, we completed surveys to estimate potential changes of
the presence, abundance, and distribution of macrophytes in the Ižica River (Slovenia)
as it originates in the settled area of the town Ig, and then flows through an agricultural
landscape. In addition to the WFD implementation in 2008, a part of the catchment of the
Ižica River was protected as a Landscape Park within the same timeframe. On the other
hand, the population development index of the town of Ig, which spreads in the narrowest
part of the catchment area of the Ižica’s source was, between 2002 and 2012, the highest
within the Ljubljana metropolitan region [33]. Thus, we hypothesized that the composition
of macrophyte community in the river would therefore change, as would the ecological
status of the river.

2. Material and Methods
2.1. Study Area

The Ižica River is one of the shortest Slovenian rivers, running through the Ljubljana
Moor—a 163-km2 area of former peatland in the central part of Slovenia (Figure 1) that
has been subjected to severe melioration measures in the past. The area lies in a tectonic
depression between the Alpine and Dinaric regions, built by alluvial and lacustrine sedi-
ments, which are up to 200 m thick [34]. The Alpine region stretches further from Slovenia
to Austria and North Italy (Central Europe), whereas the Dinarides is a region which
continues further southeast to Croatia, Bosnia and Herzegovina, and Montenegro (South-
eastern Europe). Until the end of the 18th century, the area of Ljubljana Moor consisted
of a combination of bogs and fens. However, extensive melioration processes in the 19th
century changed the area into a mosaic of birch groves, fields, meadows and ditches.

River Ižica has a karst spring characterized by relatively high fluctuations of water
discharges. The river’s source is in the center of the town of Ig, and it then flows north
through an agricultural landscape, joining the Ljubljanica River after 10.5 km. The river
has a vast catchment area on the karstic Dinaric plateau, south of the Moor, which is
hard to delimit due to underground flows. It is a slow flowing river with predominantly
fine-grained sediments and a low longitudinal profile and low erosion potential [34,35]. Its
floodplain has been very dynamic over the past millennia due to the major transformation
of the landscape. In 2008, the area was protected in the frame of the 135 km2 Ljubljana
Moor landscape park. The entire area of this park belongs to the Natura 2000 site, which is
protected by European Commission law.
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Figure 1. Map of Slovenia with the position of the study area and map of the Ižica River on the
Ljubljana Moor. Points represent the starting or ending point of stretches.

2.2. Macrophyte Survey

Surveys were carried out along the whole stream course in 1996, 2000, and 2016.
Macrophytes were surveyed at end of July and in August, the peak vegetation period.
They were collected from the water with hooks from a small boat. Using GPS, the river
was divided into 26 stretches of length 390 ± 10 m. Macrophyte species abundance was
estimated as a relative plant biomass using the five-degree scale: 1 = very rare; 2 = rare;
3 = common; 4 = frequent; 5 = abundant or predominant [36]. This approach is widely
used in European countries and is a methodology within the WFD [22]. For further data
elaboration, these values were transformed to relative plant abundance using a third power
function [37]. The classification of the macrophyte species into the functional groups was
done according to Janauer et al. [5].

2.3. Assessment of Environmental Conditions

Basic physical and chemical parameters of the water, such as pH, oxygen saturation,
oxygen concentration, conductivity and temperature, were measured in the upper (1–8),
middle (9–17) and lower (18–26) course of the river with a portable multiprobe (PCD-650,
Eutech Singapore). These parameters were investigated simultaneously as macrophyte
surveys were performed, and on other dates during the vegetation period. In addition,
water samples for analysis of nitrates were collected and analyzed in the laboratory. Water
samples were collected from the superficial layers 10–15 cm, which was the same depth
as for measurements with the multiprobe. Samples were cooled and filtered through the
0.45-µm glass-fiber filters. The level of NO3-N was determined spectrophotometrically
using HACH Lange tests (see Table 1).
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Table 1. Average values and standard deviations of selected abiotic parameters measured in different
stretches of the Ižica River.

Year pH Conductivity (µS cm−1) NO3-N (mg L−1)

1996 average 8.1 466 1.1
S.D. 0.05 12 0.1

2000 average 7.9 509 1.0
S.D. 0.2 26 0.2

2016 average 7.8 426 0.9
S.D. 0.4 17 0.2

In 2016, we also assessed ecomorphological parameters such as riparian vegetation
structure, land use, structure of the riverbed. The ecomorphological conditions of the
river were assessed in all 26 stretches of the Ižica River using the Riparian, Channel, and
Environmental (RCE) inventory proposed by Petersen [38] and modified by Germ et al. [39].
We assessed 12 environmental parameters that define land use beyond the riparian zone,
the structure of the riparian zone (width, completeness, and type of vegetation) and stream
channel morphology (bank structure, bank undercutting, flow dynamics, the bottom type,
the presence of detritus, retention structures, and sediment accumulation). Each parameter
is comprised of four quality gradient categories where 1 indicates good, close to a natural
condition, and 4 indicates the most highly modified condition. That is not necessarily the
case in the stream channel morphology, where the changes may also occur due to landscape
characteristics or the longitudinal character of the river. Later, we related these parameters
to species composition and the presence and abundance of macrophytes.

2.4. Data Analyses

The relative plant abundance (RPA) was used to calculate the quantitative signifi-
cance of individual species in the river [36,40]. Based on the presence and abundance of
macrophytes, we calculated the River Macrophyte Index (RMI) [41]. It was developed and
intercalibrated [42] to assess the ecological status of Slovenian rivers. Macrophyte species
were classified into the functional types (see Table 2 for explanation) and their abundances
were grouped. Differences in the average proportions of abundances in functional types of
aquatic macrophytes over 20 years were tested for significance with Student’s t-test in MS
Excel. The mentioned t-tests were also used for testing the differences in RMI values along
the course of the river and over time.

The similarity of the macrophyte community composition in the sections and different
years was checked with detrended correspondence analysis (DCA) with the program
package Canoco 4.5 [43], which was also used to test the influence of environmental
factors on the aforementioned composition. These relations were tested by canonical
correspondence analysis (CCA), since the unimodal gradients in the matrix of species data
were revealed beforehand with DCA, where the eigenvalue for the first axis was 0.52 [44].
We used forward selection, where 499 permutations were performed to rank the relative
importance of the explanatory variables.
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Table 2. List of aquatic macrophyte taxa recorded in the Ižica River with their codes/abbreviations
and functional types (HE—helophytes, AM—amphiphytes, FLH—floating-leaved hydrophytes,
FIL—filamentous algae, SM—submerged hydrophytes).

Taxon Name Code Name Functional Type

Berula erecta Ber ere HE
Callitriche spp. Cal sp SM

Elodea canadensis Elo can SM
filamentous algae Fil alg FIL

Fontinalis antipyretica Fon ant SM
Glyceria fluitans Gly flu HE
Hippuris vulgaris Hip vul AM
Iris pseudacorus Iri pse HE

Lemna minor Lem min FLH
Mentha aquatica Men aqu AM

Myosotis scorpioides Myo sco AM
Myriophyllum spicatum Myr spi SM

Nasturtium officinale Nas off HE
Nuphar luteum Nup lut FLH

Potamogeton crispus Pot cri SM
Potamogeton lucens Pot luc SM
Potamogeton natans Pot nat FLH

Potamogeton nodosus Pot nod FLH
Potamogeton perfoliatus Pot per SM

Stuckenia pectinata Stu pec SM
Ranunculus trichophyllus Ran tri SM

Ranunculus circinatus Ran cir SM
Rumex hydrolapathum Rum hyd HE
Sagittaria sagittifolia Sag sag AM

Schoenoplectus lacustris Sch lac HE
Sparganium emersum Spa eme AM

Veronica anagallis-aquatica Ver ana AM

3. Results
3.1. Water Quality Parameters

The pH of the river water was around 8 (Table 1). The average values of electrical
conductivity along the stream ranged from 457 to 476 µS cm–1 in 1996, 495–542 µS cm–1

in 2000, and 410–447 µS cm–1 in 2016. The concentrations of NO3-N were largely uniform
along the course (Table 1). Average values were 1.1 mg L−1 in 1996, while they were
1.0 mg L–1 and 0.9 mg L−1 in 2000 and 2016, respectively.

3.2. Species Richness and Abundance of Macrophytes

Twenty-seven macrophyte taxa were found in the river (Table 2). However, the
recorded number of macrophytes has not changed much over the 20 years, from 24 in
1996, 24 in 2000, to 23 in 2016. On the contrary, the relative plant abundance (RPA) of the
most abundant species varies strongly over the sampling years (Figure 2). Potamogeton
natans, filamentous algae, P. perfoliatus, Sagittaria sagittifolia, and P. lucens reached the
highest RPA values. The abundance of Hippuris vulgaris was decreasing with time, while
the abundance of S. sagittifolia was increasing. In 1996 and 2000, P. natans was the most
abundant species, but in 2016, S. sagittifolia dominated. The abundance of Elodea canadensis
had been slightly decreasing during the studied period. The abundance of the species
Myriophyllum spicatum decreased between 1996 and 2000, and it could not even be detected
in the third survey in 2016. On the other hand, P. nodosus was recorded only in 2016. Many
species that were newly detected in 2016 exhibit amphibious characteristics (Figure 2) and
have significantly increased their proportions (e.g., S. sagittifolia, Veronica anagallis-aquatica),
while the proportion of submerged hydrophytes decreased (Figure 3).
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Figure 2. Relative plant abundance (RPA) in 1996, 2000, and 2016. Species with RPA more than 1%
abundance are presented. The graphs are based on macrophyte species and abundance in 26 river
stretches surveyed in each year. See caption of Table 2 for abbreviations.

Figure 3. Average proportions of the abundances (in %) of the functional types of aquatic macrophytes,
as well as single species with average abundance ≥ 2%. The statistical significance between the years
1996 and 2016 was confirmed with paired t-tests. Significant differences over time (p < 0.05) are in
bold. See caption of Table 2 for abbreviations.
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3.3. Changes of Macrophyte Assemblages

The DCA analysis shows the similarity of stretches in terms of the composition of
macrophyte assemblages at the peak of the vegetation period in 1996, 2000, and 2016
(Figure 4). The closer the two stretches are on the ordination plot, the more similar the
assemblages. In the year 1996, the stretches were more dispersed, but in the subsequent
years, the stretches were becoming more uniform.

Figure 4. Detrended correspondence analysis ordination diagram showing the similarity among
macrophyte assemblages of surveyed stretches in years 1996 (white triangles), 2000 (grey triangles),
and 2016 (black triangles). Numbers from 1 to 26 indicate the stretch number (regular, black—1996;
bold, grey—2000; bold, black—2016).

The same stretches from the lower half of the Ižica River are close together, and thus
we recorded similar macrophyte assemblages in different studied years in this part of the
river. Stretches from the upper part of the river are more dispersed, indicating greater
differences in macrophyte assemblages during the years. The numbers indicating different
stretches on the DCA plot increase from left to right, and indicate the longitudinal effect
of the river or the gradual downstream change in the assemblage of macrophyte taxa.
Given the presence and abundance of macrophyte taxa, the most different sections in all
three years are those in the uppermost flow; the middle and lower course stretches are
more grouped.

3.4. Relationships between Species and Environmental Factors

In the year 2016, river stretches were assessed using the RCE inventory of the eco-
morphological properties of the river ecosystem. Figure 5 shows the similarity among
environmental conditions of surveyed stretches. In general, parameters change along the
course of the river, but these changes were not linear as is evident from the distribution of
the stretches (Figure 5), which form three clusters and are therefore not evenly distributed.
Ecomorphological conditions differed more in the upper course of the river.
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Figure 5. Canonical correspondence analysis (CCA) ordination plot showing the relationship be-
tween different locations, macrophytes presence and abundance, and environmental parameters.
Abbreviations: Ber ere—Berula erecta, Cal sp.—Callitriche spp., Elo can—Elodea canadensis, Fil alg—
filamentous algae, Fon ant—Fontinalis antipyretica, Gly flu—Glyceria fluitans, Hip vul—Hippuris vulgaris,
Iri pse—Iris pseudacorus, Lem min—Lemna minor, Men aqu—Mentha aquatica, Myo sco—Myosotis scor-
pioides, Myr spi—Myriophyllum spicatum, Nas off—Nasturtium officinale, Nup lut—Nuphar luteum, Pot
cri—Potamogeton crispus, Pot luc—P. lucens, Pot nat—P. natans, Pot nod—P. nodosus, Pot per—P. perfolia-
tus, Stu pec—Stuckenia pectinata, Ran tri—Ranunculus trichophyllus, Sag sag—Sagittaria sagittifolia, Sch
lac—Schoenoplectus lacustris, Spa eme—Sparganium emersum, Ver ana—Veronica anagallis-aquatica.

An ordination plot showing the relationship among the composition of macrophyte
community and river morphology parameters revealed that four out of twelve parameters
were significant, and together explain 43% of species variability. The most influential
parameter was riverbank stability, which explained 20% (p = 0.001) of the variability
of macrophyte species composition, the riverbed structure explained 10% (p = 0.001),
vegetation of riparian zone 7% (p = 0.001), and type of the bottom explained an additional
5% (p = 0.013). The riverbank stability and the riverbed structure are the parameters which
correlate most with the first axis and species are clearly distributed along these gradients.
Vectors representing the type of the riparian vegetation are most related to the second axis.
The stretches of the upstream half of the river show a gradient along the first axis, while
the lower part shows the distribution along the second axis and thus the relationship with
the vector vegetation of the riparian zone (Figure 5).

3.5. Ecological Status

The values of RMI calculated based on macrophyte species showed changes in the
ecological status of different sections of the river (Table 3) and in the ecological status of
specific stretches along the course, as well as over the years (Figure 6, Table 4). In 1996,
more than half of the river stretches (14) showed very good status, while the rest (12)
showed good status, with the better status in the upper half of the flow. The situation
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had already changed in 2000, as the condition of the source changed to moderate, and the
nearby stretches changed to good ecological status (Figure 6, Table 4). In 2000, we classified
nine stretches as having very good ecological status, sixteen stretches as good, and one
stretch had a moderate ecological status. In 2016, we found only seven stretches that were
classified to very good ecological status, eighteen to good ecological status and one to
moderate ecological status. The location of the stretches with better ecological status was
the opposite as in the year 1996, since in 2016, stretches with very good ecological status
were concentrated in the lowest part of the river, which had significantly better status than
other parts (Table 3).

Table 3. Average values of RMI in the upper, middle and lower course in different years of the survey,
and results of testing for significance (t-tests) of these changes along the course of the Ižica River.
Significant differences (p < 0.05) are in bold.

Year Average RMI,
Upper Section: p Average RMI,

Middle Section: p Average RMI,
Lower Section:

Changes of RMI
along the Course:

1996 0.836 0.725 n.s. 0.825 0.030 0.742 worst status in
lower course

2000 0.74 0.653 n.s. 0.75 0.894 n.s. 0.76 no significant changes

2016 0.71 0.070 n.s. 0.65 0.0003 0.78 best status in
lower course

three
years 0.762 0.492 n.s. 0.745 0.439 n.s. 0.762 no significant changes

Figure 6. Map of the Ižica River from different years displaying spatial distribution of stretches with
different ecological status.
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Table 4. Average values of RMI for the entire course of the Ižica River, and for its upper, middle, or
lower course in different years of the survey, and results of testing for significance (paired t-tests) of
these changes over time. Significant differences (p < 0.05) are in bold.

year 1996 year 2000 year 2016

average RMI:
entire course = 0.80

p = 0.018 average RMI:
entire course = 0.75 p = 0.151 average RMI:

entire course = 0.72p = 0.004

upper = 0.836 p = 0.001 upper = 0.71
middle = 0.825 p = 0.003 middle = 0.65
lower = 0.742 p = 0.127 lower = 0.78

4. Discussion

Luxuriant macrophyte growth and species diversity in all three studied years were
supported by favorable conditions, which included sufficient light, type of substratum,
and non-torrential water regime of the river [45]. Low water velocity and fine sediment
favored the growth of aquatic vegetation, especially in the river’s lower part, as was also
shown in other studies [46,47]. The number of macrophyte taxa in the Ižica River was
24 in 1996, 25 in 2000, and 23 in 2016. High RPA values reached taxa such as P. natans,
S. sagittifolia and P. lucens, which were most abundant in all the studied years in the lower
part of the Ižica River. Both sediment and plant assemblages were more heterogeneous in
the upper section.

We found taxa including R. trichophyllus, Berula erecta, and Callitriche spp., indicating
low nutrient levels, as well as species indicating high nutrient levels such as P. natans [48],
which is ecologically the most tolerant species of all pondweeds [49] with respect to
eutrophic conditions or turbid water, and is a typical representative in low current velocity
waterbodies. Preston [49] reports that P. natans thrives in a variety of ecological conditions,
from oligotrophic to eutrophic water with different types of substrates. Due to its floating
leaves, P. natans reduces light penetration into the water column [50,51] and outcompetes
other species. P. natans often grows in the company of the species P. lucens and P. nodosus [52],
which were also found in the Ižica River in all three study years. P. nodosus and P. natans
usually thrive in similar ecological conditions, but P. nodosus prefers a stony substrate [49],
thus it was commonly present in the middle flow of the river. On the other hand, P. lucens
is often the dominant macrophyte in slow flowing rivers with a fine silty substrate. It
is often found in diverse assemblages cohabitating with the species P. natans, N. luteum,
Sparganium erectum, Stuckenia pectinata, and P. crispus [53]. Except the species P. crispus,
these species were found on a muddy substrate in the lower part of the river Ižica. P. crispus
can also thrive in parts of the river with a faster flow [54], and it is presumed that this
is the main reason that it is found in the upper part, where the flow velocity is higher.
B. erecta was common along the Ižica River, especially in the upper part. It often occurs
in alkaline waters in oligotrophic and mesotrophic states [55]. It could be found as an
emergent form in shallow water, with leaves partly floating on the surface in slow streams,
and as a submerged form [56]. S. sagittifolia and filamentous algae prevailed in the lower
part of the river in 2016, in the stretches, where in 1996 and 2000, P. natans was dominant.

The invasive alien species Elodea canadensis has not increased its abundance in the
20-year period (Figure 3). In fact, its relative abundance even decreased, as this species
was the fifth most common species in the year 1996, but in only the ninth place 20 years
later (Figure 2). This was previously shown by Kuhar et al. [33]. As reasons for low
invasiveness of alien aquatic species, Troia et al. [57] report the low nutrient concentration
in the water and a diverse macrophyte community, with efficient competitors. In general,
the macrophyte assemblage showed a decrease in abundance of species with a wider
ecological range, such as S. pectinata (p = 0.066) and M. spicatum (p = 0.035), and an increase
in the abundance of taxa with narrower ecological range, such as Callitriche sp. (p = 0.01) and
S. sagittifolia (p = 0.009), the latter as species with amphibious character (Figure 3). Genus
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Callitriche occurred with a high abundance in the upper part of the lowland Ljubljanica
River, into which the Ižica River flows [18]. A relatively dry summer and the consequently
lower water levels and higher insolation in 2016 [58] may be the reasons for the higher
abundance of the amphibious plants, such as S. sagittifolia, Veronica anagallis-aquatica and
M. aquatica, compared to other growth forms (Figure 3).

A DCA ordination plot (Figure 4) shows that macrophyte assemblages are changing
with time. A longitudinal effect of the downstream change of the macrophyte community
is evident. In contrast to stretches of the upper Ižica River, stretches in the lower half of
the river were grouped together, showing that, in all years, the macrophyte assemblages
of these stretches were similar. This means that the macrophyte community is more
homogeneous in the lower part.

Ecomorphological factors with the greatest influence on the species composition of
macrophyte community in the river Ižica in 2016 were the vegetation type of the riparian
zone, riverbed structure, and the bottom type, that together explained 43% of the species
variability. A small number of taxa located in the middle of the ordination plot (Figure 5)
correspond to mean values of significant environmental parameters. Hrivnak et al. [47]
report that macrophyte community composition in Slovak streams is affected by sediment
type, riparian vegetation due to shade of woody vegetation, water depth, NO2 level and
pH. Halabowski and Lewin [20] showed that conductivity, altitude, land use adjacent to the
rivers, and the proportion of sand were the most important factors that affected the distribu-
tion of macrophytes in rivers in southern Poland. However, Lewin and Szoszkiewicz [13]
showed that non-nutrient parameters play an important role in determining macrophyte
presence even in rivers with a relatively high input of nutrients.

The river ecological status over three years was estimated using RMI, which is based
on the composition of the macrophyte community and considered a list of taxa indicating
different ecological status [41]. The comparison of RMI values along the flow in 1996, 2000,
and 2016 showed pronounced differences (Figure 6, Table 3). These values were significantly
higher (p = 0.004) in 1996 (average = 0.80) than in 2016 (average = 0.72) (Table 4). In 1996,
the entire river showed a good to very good ecological status, with the worst status in
its lowest course (Tables 3 and 4). In 2016, the conditions were significantly worse than
in 1996 in the upper course (p = 0.001), in the middle course (p = 0.003), as well as in the
entire river (p = 0.004) (Table 4). The stretches with very good ecological status were found
mainly in the lower course of the river (Figure 6). This was possibly a consequence of
the increasing population of Ig, where the river originates. The population development
index in the town of Ig between 2002 and 2012 had been above 125, which is the highest
within the Ljubljana metropolitan region [59]. The population of the Municipality of Ig
in 1991 was 4498, and in 2015 was 7135, which is a 59% increase [60]. The growth of the
settlement was not supported with an adequate municipal sewage collecting system, which
has affected the structure of the macrophyte community and the ecological status. Better
ecological status in 2016 in the lower part of the river (p = 0.01) was possibly the result of
the improved infrastructure and introduction of more sustainable agricultural practices in
the nearby area, as well as along the Škofeljščica stream (Figure 1), which inflows exactly
where the Ižica River leaves the most rigorous area of protection within the Landscape Park
and Natura 2000 site. The inflow of the cleaner water improved the ecological status of the
Ižica River downstream (Figure 6). The settlements on the eastern bank of the Ižica River
were connected to the central wastewater treatment plant (WWTP) of Ljubljana in 2014, so
there was no such negative impact on the Ižica River system from the area eastward of the
river in 2016.
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5. Conclusions

Favorable ecomorphological conditions and moderate concentrations of nutrients in
the river support high plant diversity, and we found a high number of macrophyte taxa in
the short river Ižica. The ecological status of the river deteriorated significantly (p = 0.004)
from 1996 to 2016, particularly in the upper part of the river. The most probable reasons for
those changes are the karst character of the river source and its catchment area, respectively,
and population growth of the town of Ig around the source of the Ižica River, which was
not supported with adequate infrastructure for wastewater treatment. Such long-term
studies indicate changes in the environment and human attitude to it, and thus present a
basis for future management in the watershed of this and similar watercourses.
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18. Germ, M.; Janež, V.; Gaberščik, A.; Zelnik, I. Diversity of macrophytes and environmental assessment of the Ljubljanica river
(Slovenia). Diversity 2021, 13, 278. [CrossRef]
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Abstract: Mediterranean wetlands are severely affected by habitat degradation and related loss of
biodiversity. In this scenario, the wide number of artificial farm ponds can play a significant role in
the biodiversity conservation of aquatic flora. In the present contribution we show the preliminary
results of a study on Mediterranean farm ponds of north-western Sicily (Italy), aimed to investigating
the environmental factors linked to the occurrence of submerged macrophytes (vascular plants and
charophytes). We studied the aquatic flora of 30 ponds and determined the chemical and isotopic
composition of their water bodies on a subset of the most representative 10 sites. Results show that
(1) farm ponds host few but interesting species, such as Potamogeton pusillus considered threatened at
regional level; (2) Chara vulgaris, C. globularis and P. pusillus behave as disturbance-tolerant species,
occurring both in nitrates-poor and nitrates-rich waters, whereas Stuckenia pectinata and Zannichellia
palustris occur only in nitrates-poor waters. Although farm ponds are artificial and relatively poor
habitats, these environments seem to be important for the aquatic flora and for the conservation of
the local biodiversity, and can give useful information for the use of macrophytes as bioindicators in
the Mediterranean area.

Keywords: Mediterranean flora; aquatic flora; carbon isotopes; hydrophytes; conservation;
bioindicators; inland waters; water geochemistry

1. Introduction

Mediterranean wetlands are severely affected by habitat degradation and related loss
of biodiversity [1,2], and for this reason they are protected by various international (EU)
and national laws. In spite of this, the knowledge about flora of these wetlands is poor [2],
making difficult their proper management.

Sicily is a hotspot of plant biodiversity [3], hosting a plenty of habitats including
wetlands (such as saltpans, temporary ponds, coastal ponds, small lakes, etc.), even if a
lot of them have been destroyed in recent times, and especially in the last two centuries.
The Sicilian landscape is characterized by the occurrence of a wide number of farm ponds,
which are supposed to play a significant role for the life of aquatic species, and this is the
reason why we focused our attention on their flora, presently poorly investigated.

Farm ponds are usually considered artificial poor habitats, although it has been shown
that sometimes they host a significant biodiversity, contributing to maintain rich trophic
webs, from producers to consumers and decomposers [4–7]. Although biodiversity of these
habitats is usually poorer than that of natural ones [8,9], it has been shown that the two
groups are rather comparable as far as hydrophytes and red-listed species is concerned [9].

In the present contribution, we show the first results of a study aimed at individuating
the environmental variables linked to the occurrence of aquatic macrophytes (vascular
plants and charophytes) in Mediterranean farm ponds of north-western Sicily, with particu-
lar attention to the chemical and isotopic characteristics of their waters. Numerous studies
have shown the importance of aquatic macrophytes as a key component of lake ecosystems,
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as they provide refuge and food for various organisms, influence the nutrient availability
in water, and enhance the stability of lake shores ([10] and literature cited therein). In detail,
some recent studies focused on the possibility of using aquatic macrophytes as bioindica-
tors [11,12], or of testing the effects of high concentrations of nitrates or phosphates in the
water (e.g., [13]), but we made special reference to the work of Gallego et al. [14] on the
macrophytes in Mediterranean farm ponds.

Our results will be discussed not only with reference to biodiversity and conservation
issues, but also to the EU Water Framework Directive 2000/60/EC [15] and to the need of
assessing the quality of inland waters through biotic indicators.

2. Study Area Settings

The studied area is located in the western sector of the coastal northern mountainous
chain of Sicily (Italy), close to the town of Caccamo, about 35 km SE of the regional
capital city of Palermo (Figure 1). It is comprised in the altitudinal belt 200–900 m a.s.l.,
characterized by a clayey hill landscape, dominated by the SW-NE oriented carbonate
massif of Mt. San Calogero (1326 m a.s.l.) and punctuated by sparse outcrops of Mesozoic
gypsum (Gessoso-Solfifera Formation). To NW the area is delimited by the Rosamarina
basin, created by blocking with a dam the San Leonardo River; its SE limit is the Torto River.

The climate is typical of the Mediterranean area, with mild-humid winters alternating
to hot-dry summers. Figure 2 reports the average (1965–1994) monthly air temperatures
and rainfall amounts measured at Ciminna, the closest available meteorological station
whose orographic location (elevation and distance from the coastline) is similar to that of
the investigated area [16]. Minima of temperature (8 ◦C) are recorded in January, while the
hottest months are July and August, with average values over 24 ◦C. The dry season spans
from May to September; the driest month is July, with few millimetres of rain on average.

Land use is characterized by traditional semi-intensive agriculture with a mosaic of
cultivated and uncultivated land.
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3. Materials and Methods

Pond selection followed criteria of geo-lithologic representativeness, as well as pond
construction-management typologies [14]. Since their construction and management are
closely related in our study area, ponds were classified according to these criteria. Artificial
ponds (A) are small-sized ponds made by concrete or masonry, which are (usually) inten-
sively managed, showing high water renewal rates and scarce littoral vegetation cover
(helophytes and/or riparian vegetation). Excavated ponds (E) exhibit a natural substrate,
high water renewal rates, high coverage of littoral vegetation, and are moderately man-
aged. Embankment ponds (D) are obtained by blocking small streams: they have a natural
substrate, with a continuous renewal ensured by the flowing water, and rarely managed.

A total of 30 ponds were selected for this study, whose location and characteristics
are reported in Figure 1 and Table 1. Their surface areas range from a minimum of 2 m2

to a maximum of 2395 m2, and their altitudes from 193 to 838 m a.s.l. Only mountain
ponds (8–12) fall within a protected area, the Monte San Calogero Regional Natural Reserve,
which is also a Natura2000 site (code ITA020033) according to the EU 92/43/CEE “Habitats”
Directive. Chemical and isotopic analyses on the stored water bodies were carried out
on a subset of 10 sites, representative of the different managing and construction criteria,
geo-climatic conditions and water origins. Sites pertaining to this subset are highlighted in
bold in Table 1.

Table 1. Sampled sites (in bold those selected for geochemical analyses); geographic coordinates are in decimal degrees
WGS84, elevations in m a.s.l., areas in m2. “Water” indicates the feeding source: surface run-off (S), direct rain (R),
groundwater (G). “Type” is the construction method: excavation (E), concrete or masonry (A), stream barrage (D). “Use” is
the utilization: irrigation (IRR), cattle watering (CWA), drinking trough (DTR) and not used (NUS). “Depth”: we separated
two groups, “S” (shallow ponds, depth 0.5–1.5 m) and “D” (deep ponds, depth 2–8 m). Visibility: we separated two groups,
“C” (clear waters) and “T” (turbid waters). The field “SM” reports the number of submerged macrophytes found.

Id Longitude Latitude Elevation Area Water Type Use Depth Visibility SM

1 13.6451 37.9235 224 638 R-S E IRR D C 2
2 13.6442 37.9174 309 93 R E CWA D C 2
3 13.6445 37.9137 349 24 R E CWA S C 1
4 13.6710 37.9498 438 379 R E NUS D T 0
5 13.6598 37.9497 280 408 R E NUS D T 2
6 13.6513 37.9477 220 224 R-S E CWA D C 1
7 13.6360 37.9337 193 623 R E CWA D C 1
8 13.7114 37.9332 808 343 G E CWA S C 2
9 13.7078 37.9293 838 114 G E CWA S C 1

10 13.7113 37.9354 786 66 G-R E CWA S C 2
11 13.7102 37.9341 785 48 G-R E CWA S C 2
12 13.7103 37.9428 767 213 R E CWA D T 0
13 13.6638 37.8794 641 42 R E CWA D T 1
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Table 1. Cont.

Id Longitude Latitude Elevation Area Water Type Use Depth Visibility SM

14 13.6644 37.8798 628 113 R E NUS D T 0
15 13.6630 37.8788 649 43 R E CWA D T 1
16 13.6704 37.8825 500 129 R E IRR D C 2
17 13.6914 37.9100 472 273 R E NUS D T 0
18 13.6877 37.8805 469 422 R E NUS D T 0
19 13.7159 37.9045 409 64 G A IRR D C 1
20 13.7186 37.9015 371 16 G A NUS S C 1
21 13.7297 37.8995 249 527 G-S E IRR D C 2
22 13.6825 37.9139 486 1034 S E IRR D C 1
23 13.7303 37.9099 387 401 R E IRR D T 2
24 13.6914 37.9100 564 2395 S E IRR D C 2
25 13.7140 37.8959 255 54 S D NUS S C 1
26 13.7108 37.8973 296 208 S E IRR S C 1
27 13.7195 37.9014 359 233 G E IRR D T 0
28 13.7283 37.8998 260 891 G E IRR D T 0
29 13.7254 37.8998 287 2 G A DRT S C 1
30 13.7159 37.9057 423 4 G A DRT S C 0

A single sampling session was carried out on 20 November 2019. Electric conductivity,
pH and Eh of water were measured in the field, using electrochemical sensors. Water clarity
was measured in situ with a Secchi disc. Samples for the determination of dissolved major
and trace elements (Table 1), taken close to the free water surface, were first filtered using
0.45 µm Millipore MF filter and then collected in LD-PE bottles for major element analyses,
acidifying with HNO3 to ca. pH 2 the aliquot destined to cation determination. Untreated
aliquots were collected for isotopic and alkalinity determinations, made via titration with
HCl (0.1 N).

Water samples were analysed at the lab facilities of Istituto Nazionale di Geofisica
e Vulcanologia (INGV), Sezione di Palermo. Major ions were determined by ionic chro-
matography, using Dionex columns AS14 and CS12 for anions and cations respectively. The
determination of δ18O [17] of water was performed by CO2-water equilibration technique
using a Thermo Delta V Plus instrument, equipped with a Gas Bench II. The results were
reported in δ‰ versus the V-SMOW standard, with a precision better than ±0.1‰.

We focused our study to the strictly aquatic macrophytes, corresponding to the hy-
drophytes of the Raunkiaer’s system [18], including submersed, floating-leaved, and free-
floating species, and not including the emergent ones (“helophytes”, as in [10]). The floristic
survey was performed between June and November 2019: all the 30 ponds were sampled
a first time between June and July, and a second time between October and November.
Macrophytes were collected from the shores, using a grapnel or a rake. The abundance of
macrophytes was evaluated, on sight from the shore, using a 5-rank qualitative estimation
scale: 1 = very rare; 2 = infrequent; 3 = common; 4 = frequent; 5 = abundant/predominant.
Every pond was considered as a single sampling unit. Since our ponds were relatively
shallow and small, we are confident that our observations on composition and abundance
of aquatic macrophytes, made from the shores, represent composition and abundance of
the whole pond. After washing the fresh material to remove sediments and organic matter,
fresh (charophytes) or dried (angiosperms) were observed using a stereomicroscope (Leica
MZ9.5, maximum magnifications of 60×). Characeae were identified and named following
Mouronval et al. (2015) [19], vascular plants were identified and named after Pignatti et al.
(2017–2019) [20].

Principal component and correlation analyses were performed using PAST software
(version 3.26 [21]). Kendall’s tau test was used to verify the correlation between measured
parameters (including macrophytes occurrence). Kendall’s correlation is a nonparametric
measure of the strength of the associations between two variables, which can be also used
in the analysis of correlations between quantitative and ordinal parameters in case of
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a small number of observations. Then, statistical significance was tested, and p-values
were determined.

4. Results
4.1. Physical and Chemical Characterization of the Ponds

Chemical and isotopic data in the selected subset are presented in Table 2. A graphical
representation of the chemical composition of water accumulated in the ponds, based
on the Langelier–Ludwig diagram [22] is given in Figure 3. The diagram describes the
geochemical facies of a natural water considering the concentrations (expressed in meq L−1)
of two couples of main cations and two of anions, and reporting to 50 the sums of anions
and cations, respectively.

Table 2. Physical, chemical and isotopic data of the water stored in the pond subset selected for analyses, including presence
of macrophytes in each pond. Temperature (T) in ◦C, electric conductivity (EC) in µS cm−1, Eh in mV, dissolved ions
in meq L−1 (except NO3

− and PO4
3− in mg L−1), δ18O in ‰ V-SMOW, b.d.l. is below detection limit (0.01 meq L−1).

Abbreviations for macrophytes species (whose abundance was evaluated using a 5-degree estimation scale, see the text):
Cha vul (Chara vulgaris), Cha glo (Chara globularis), Zan pal (Zannichellia palustris), Stu pec (Stuckenia pectinata), Pot pus
(Potamogeton pusillus).

Id 8 9 16 19 20 21 24 28 29 30

T 10.9 12.8 13.1 15.4 14.0 16.2 14.3 15.6 19.3 18.5
EC 572 452 834 805 720 1012 1363 1152 1052 832
pH 7.51 8.59 8.40 7.80 7.51 8.02 8.31 8.03 7.00 6.98
Eh −50 −108 −98 −66 −50 −77 −93 −78 −23 −22

Na+ 5.40 2.72 1.15 4.86 3.47 2.32 1.62 1.73 5.87 5.03
K+ 0.09 0.06 0.16 0.22 0.24 0.11 0.14 0.13 0.16 0.22

Mg2+ 2.24 2.14 1.59 0.66 0.71 1.56 3.87 2.07 1.07 0.66
Ca2+ 3.14 1.24 2.70 6.97 5.56 5.73 5.54 6.77 8.75 7.15
F− 0.01 0.02 0.03 b.d.l. 0.03 0.07 0.03 0.09 0.02 b.d.l.
Cl− 1.05 1.84 1.73 1.29 1.34 2.93 3.23 3.27 1.78 1.33
Br− b.d.l. 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

NO3
− b.d.l. b.d.l. b.d.l. 69.4 50.8 19.2 b.d.l. 45.3 68.8 74.4

SO4
2− 0.13 0.37 5.42 2.06 2.39 5.95 11.0 7.28 3.39 2.17

PO4
3− b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.75 0.95

CO3
2− +

HCO3
− 5.40 2.72 1.15 4.86 3.47 2.32 1.62 1.73 5.87 5.03

δ18O −6.15 −1.64 0.88 −6.33 −5.98 −3.38 0.49 1.26 −5.85 −6.13
Cha vul 4 5 4
Cha glo 4 4 4 1
Zan pal 4
Stu pec 4 4
Pot pus 4 5

The analysed water samples fall in a triangular area delimited by the compositions
typical of three end members: seawater, carbonate and selenitic waters. This distribution
reflects the characteristics of the major sources of dissolved solids. Groundwater circu-
lates into aquifers hosted in limestones and dolostones outcropping at Mt. San Calogero
(Figure 1), and water-rock interactions are responsible of the carbonate nature of these
waters, whose best representation is found in site 8. This pure carbonate character is
progressively modified by the chemical interactions with the atmospheric particulate, also
composed by sea spray (upper vertex of the triangular area) and gypsum particles (lower
left vertex), which are sources of alkali, chlorine and sulphates.

The dissolution of air particulate, both suspended in the atmosphere or deposited on
the ground and leached by the flowing water, gives the chemical imprinting to sites 16, 21,
24 and 28, fed by surface runoff and direct rain, and less dependent on groundwater contri-
butions.
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These different feeding sources are also reflected by the concentrations of nitrates
(Figure 3, grey labels), which in sites 19, 29 and 30, and in 20 at a lesser extent, are over
the important threshold of 50 mg L−1 (on this topic see [23]). The higher concentrations
are found in ponds fed by groundwater, indicating that nitrates, coming from fertilizers
dispersed on the ground, are leached by infiltrating rainwaters and successively delivered
to groundwater bodies.

Other information, useful for identifying the main sources feeding the ponds, are
given by the plot illustrating the variation with altitude of the oxygen isotopic compositions
of the pond water (Figure 4).

Points representative of ponds fed by groundwater (ponds number 8, 19, 20, 29 and
30) show small vertical variations of δ18O: only few decimals of per mil around an average
value of −6‰, which is congruent with local reference values for groundwater bodies [24].
The sole exception is pond 9: although it is fed by groundwater, the volume of water
accumulated inside is so small to be strongly affected by evaporation, thus explaining the
shift towards positive values. Values close or over 0‰, typical of surface evaporated water
at these latitudes, are shown by sites 9, 16, 24 and 28, confirming that the provenience of
water is more linked to surface runoff and/or direct rain; site 21 falls in an intermediate
position between the above-described groups. These different positive isotopic shifts
remark that evaporation have occurred at different extents, controlled by different factors.
Ponds 9, 24 and 28 have low depths and large surface areas, which are conditions fostering
direct evaporation, and consequently a positive isotopic shift. An additional influencing
factor is the inter-time between two consecutive water extractions from the ponds (renewal
time): the longer it is, the most the water will be affected by evaporation.

A principal component analysis has been performed on the data shown in Table 2
(excluding temperatures and macrophytes occurrence), using a correlation matrix since
variables are measured in different units (Figure 5). PCA axis 1 explained 53.395% of the
total variance, with dδ18O, pH, SO4 and Cl showing positive loadings and Na, T.A., Eh and
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NO3 showing negative loadings. PCA axis 2 explained 26.217% of the total variance, with
EC showing positive loading and Br showing negative loading. According to the analysis
above, we found sites 19, 20, 29, 30 on the left side of the diagram, representing ponds
fed by groundwater and rich in NO3; sites 16, 21, 24, 28 on the right part of the diagram,
representing ponds fed by surface runoff and/or direct rain, and rich in SO4; ponds 8 and
9 fall in the lower part of the diagram, including (mountain) ponds with low values of EC.
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4.2. Flora of the Ponds

In 22 out of 30 ponds one aquatic macrophyte at least was retrieved; minimum
occurrence was zero, maximum two, with a median of one species. A total of five species
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was found in the ponds: two charophytes (Chara vulgaris L. and C. globularis Thuill.) and
three angiosperms (Potamogeton pusillus L., Stuckenia pectinata (L.) Börner, Zannichellia
palustris L.). All of them are rooted submerged plants; no rooted-floating or free-floating
species were found. If one species occurs in a pond, it is a charophyte or an angiosperm,
but if two species are present, one is a charophyte and the other one is an angiosperm (we
never found two different angiosperms or two different charophytes in the same pond).
Potamogeton pusillus is a species rare in Sicily, according to the regional red-list [25] where it
is listed as vulnerable. No alien aquatic macrophytes were found.

The results of the correlation analysis (using Kendall’s tau test) are shown in Figure 6.
Regarding the correlations between different macrophytes, there is a significant positive
correlation between Stuckenia pectinata and Chara globularis. Both charophytes show a
significant correlation with EC and SO4, which is positive for Chara globularis and negative
for C. vulgaris. Stuckenia pectinata shows a significant positive correlation with SO4.

Plants 2021, 10, x FOR PEER REVIEW 8 of 12 

 

 
Figure 5. PCA of data shown in Table 2, excluding temperature and macrophytes occurrence. Abbreviations as in Table 2. 
Pink squares—ponds rich in NO3, black circles—ponds rich in SO4, green triangles—ponds with low values of EC 
(numbers according to Table 1). 

4.2. Flora of the Ponds 
In 22 out of 30 ponds one aquatic macrophyte at least was retrieved; minimum oc-

currence was zero, maximum two, with a median of one species. A total of five species 
was found in the ponds: two charophytes (Chara vulgaris L. and C. globularis Thuill.) and 
three angiosperms (Potamogeton pusillus L., Stuckenia pectinata (L.) Börner, Zannichellia 
palustris L.). All of them are rooted submerged plants; no rooted-floating or free-floating 
species were found. If one species occurs in a pond, it is a charophyte or an angiosperm, 
but if two species are present, one is a charophyte and the other one is an angiosperm (we 
never found two different angiosperms or two different charophytes in the same pond). 
Potamogeton pusillus is a species rare in Sicily, according to the regional red-list [25] where 
it is listed as vulnerable. No alien aquatic macrophytes were found. 

The results of the correlation analysis (using Kendall’s tau test) are shown in Figure 
6. Regarding the correlations between different macrophytes, there is a significant posi-
tive correlation between Stuckenia pectinata and Chara globularis. Both charophytes show a 
significant correlation with EC and SO4, which is positive for Chara globularis and nega-
tive for C. vulgaris. Stuckenia pectinata shows a significant positive correlation with SO4. 

 
Figure 6. Correlation analysis using Kendall’s tau test; p < 0.05 are boxed. Abbreviations as in Table 
1. 
Figure 6. Correlation analysis using Kendall’s tau test; p < 0.05 are boxed. Abbreviations as in Table 1.

Correlation between S. pectinata and C. globularis is also evidenced by PCA made on
macrophytes’ occurrences (Table 2 and Figure 7); we used a var–covar matrix because
variables are measured in the same units. PCA axis 1 explained 48.053% of the total
variance, axis 2 28.321%; C. vulgaris and Z. palustris fall in the same quarter, but without a
significant correlation, as shown in Figure 6. The studied ponds occupy different areas of
the diagram illustrated in Figure 7, partially reproducing the groups based on chemical
and physical parameters evidenced in Figure 5: ponds 8 and 9 are on the left side, not far
from pond 19, ponds 16, 21 and 24 are on the right side, pond 28 is coincident with pond
30, while ponds rich in NO3 are scattered.
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5. Discussion
5.1. Role of Man-Made Farm Ponds for the Biodiversity of the Agricultural Landscape

In Europe, traditional agriculture has created landscapes of considerable conservation
value both from ecological and cultural points of view [26,27]. In this context, farm ponds
have received considerable attention because of their critical role for the conservation of
biodiversity in agricultural landscapes [28–33].

Our preliminary analysis has shown that farm ponds can contribute to increase the
overall biodiversity of the agricultural landscape, hosting species not present otherwise.
Ponds also act as a refuge station for the rare Potamogeton pusillus, included in the Red List
of the vascular flora of Sicily. Submerged hydrophyte meadows represent a feeding source
and a shelter for the wild fauna, and play a role in water purification [10].

In the framework of the European “Habitats” Directive, although only mountain
ponds (sites 8–12) fall within a Natura2000 site (code ITA020033), in the ponds whose
bottom is covered totally or partially by charophytes we can recognize a habitat of commu-
nity interest, i.e., “Hard oligo—mesotrophic waters with benthic vegetation of Chara spp.”
(code 3140).

The number of hydrophytes we found in the pilot area is comparable with other
similar contexts (see for example [34]). However, a “rich” pond of our study hosts one
charophyte and one angiosperm. Conversely, the Rebuttone gorge near Palermo hosts at
least three charophytes and two angiosperms [35], and in the well preserved mountain
ponds of the Nebrodi Mountains up to ten vascular hydrophytes (apart from charophytes)
can be found in a single pond [36].

Chara globularis is found together with Stuckenia pectinata in six ponds, associated
to Potamogeton pusillus in one site. In both cases, in phytosociological terms, the two co-
occurring species do not constitute an association, as—although they are present in the
same pond-they constitute two (physically and ecologically) well-separated monospecific
communities, to be referred to two different phytosociological classes: S. pectinata and P.
pusillus are to be referred to the class Potametea pectinati while C. globularis is to be attributed
to the class Charetea intermediae (for the relationships between the two classes see [35]).

5.2. Use of Aquatic Macrophytes for Monitoring the Quality of Inland Waters in the
Mediterranean Area

Data here reported refer to a survey limited both in space and time, not taking into
account either seasonal variations or the role of macrophytes on biogeochemical cycle, as
those of nitrogen and phosphorus. Nevertheless, their usefulness is remarkable, consid-
ering the scarcity of information about the aquatic flora of artificial ponds of the central
Mediterranean region, and of Sicily in particular. According to the Water Framework Direc-
tive [15], species composition and abundance of macrophytes are biological components to
be used in the assessment of the ecological quality of freshwaters. In this scenario, even
if the Directive excludes the monitoring of lakes and reservoirs with surfaces <0.2 Km2

and <0.5 Km2, respectively, our preliminary data will be useful in testing the application of
ecological synthetic indexes, with particular reference to macrophyte indexes suitable for
Mediterranean farm ponds.

Phosphates are absent, except in the ponds 29 and 30, where they are present with
high concentrations, while nitrate concentrations are high in ponds 29, 30, 19 and 20, with
the last two fed by 30. Nitrates remain below 50 mg L−1 in ponds 28 and 21, which are fed
by 29 entirely or partially, respectively. Nitrates are absent in the other ponds. Based on
nitrate concentrations, ponds can be divided in two different groups:

- Ponds entirely or partially fed by groundwater, rich in nitrates (29, 30, 19, 20) or with
values close to the eutrophication threshold (28 and 21); the sole exception is site 8,
located in the poorly anthropized area of Monte San Calogero, where nitrates are
absent.

- Ponds fed by surface waters, characterized by low nitrate concentrations (24, 16 and 9).
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With the exceptions of pond 19, where Chara vulgaris is present, and pond 29, where
scattered specimens of C. globularis have been found, in both cases associated to more or less
abundant filamentous algae, the two charophytes are associated with non-eutrophic waters,
confirming that the presence of C. vulgaris and C. globularis indicates a ‘good’ ecological
status of the waters in shallow lakes [10,37].

Stuckenia pectinata and Potamogeton pusillus often grow in co-presence with charophytes
that, as just discussed, are indicators of a good ecological status, but in our study area they
are absent if nitrates are present in high concentrations. It is well known that S. pectinata,
commonly associated with eutrophic hard waters, occurs even at low concentrations of
nutrients [38]. Our findings then confirm that S. pectinata and P. pusillus are not exclusive
of eutrophic waters, but should be considered disturbing-tolerant and growing in both
oligotrophic and eutrophic waters.

Zannichellia palustris occurs in a single pond (associated to C. vulgaris), whose water is
poor in nitrates: according to the literature it is another disturbing-tolerant species like the
previous ones [37].

6. Conclusions

Although preliminary, our study showed that an artificial habitat such as a farm pond
can be strategically important for the surviving of aquatic species (plants and charophytes,
in this case): here in fact, we found a red-listed angiosperm, and a habitat of community
interest. In addition, the presence of those (even few) species can be linked to the quality of
the water and in general to the quality of the environment, supplying useful data for the
development of ecological indexes that can be applied in artificial and natural ponds of the
Mediterranean region.
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Abstract: The presence of dense macrophyte canopies in shallow lakes locally generates thermal
stratification and the buildup of labile organic matter, which in turn stimulate the biological oxygen
demand. The occurrence of hypoxic conditions may, however, be buffered by strong wind episodes,
which favor water mixing and reoxygenation. The present study aims at explicitly linking the wind
action and water oxygenation within dense hydrophytes stands in shallow lakes. For this purpose,
seasonal 24 h-cycle campaigns were carried out for dissolved gases and inorganic compounds
measurements in vegetated stands of an oligo-mesotrophic shallow lake. Further, seasonal campaigns
were carried out in a eutrophic shallow lake, at wind-sheltered and -exposed sites. Overall results
showed that dissolved oxygen (DO) daily and seasonal patterns were greatly affected by the degree
of wind exposure. The occurrence of frequent wind episodes favored the near-bottom water mixing,
and likely facilitated mechanical oxygen supply from the atmosphere or from the pelagic zone, even
during the maximum standing crop of plants (i.e., summer and autumn). A simple model linking
wind exposure (Keddy Index) and water oxygenation allowed us to produce an output management
map, which geographically identified wind-sheltered sites as the most subjected to critical periods of
hypoxia.

Keywords: lake management; modelling; carbon dioxide; aquatic weeds; respiration; hypoxia;
Keddy Index; submerged aquatic vegetation (SAV)

1. Introduction

In lentic shallow water bodies, the diel and seasonal oxygen balance is given by the
interplay between the photosynthetic activity of primary producers (net production of
dissolved oxygen, DO), their respiration (net DO consumption) and heterotrophic respi-
ration of bacteria and animals (net DO consumption). When present, submerged aquatic
vegetation (SAV) induces significant diel fluctuations in oxygen levels [1]. During the day,
a supersaturation of oxygen (>100%) is observed due to photosynthesis, while at night
oxygen is no longer produced, and consumption processes are predominant due to respira-
tion. This type of nycthemeral variation is particularly emphasized in summer, when plant
photosynthetic rate and heterotrophic respiration are at their maximum, and whose net
effect largely exceeds the contribution of temperature-dependent oxygen solubility [2,3].
Primary production releases high amounts of oxygen in the water column, allowing for the
oxidation of methane (CH4) by methanotrophic epiphytic bacteria [4,5]. In addition, radial
oxygen loss in the rhizosphere [6–8] contributes to reduce benthic CH4 flux through benthic
methanotrophy or oxidation of nitrate [9]. The synthesis of large quantities of biomass oc-
curs through the assimilation of nutrients (including N-compounds, phosphate and carbon
dioxide, CO2); SAV is thus able to uptake gases and nutrients coming from the sediment
and the atmosphere, and synthesize them in biomass [10]. However, oxygen dynamics can
be altered in densely vegetated stands, such as those dominated by invasive macrophytes:
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here, due to a fast cycle of growth and decay, fresh organic matter continuously replenishes
the organic bulk in the sediment [11]. In those conditions, elevated biological oxygen
demand (BOD) and hypoxia are coupled to accumulation and stratification of nutrients,
such as carbon dioxide, methane, ammonium and reactive phosphorous, also during the
day [12–15].

Dense plant canopies are known to locally generate bottom shading and modify water
circulation, that impeding convective cooling, even within small depths [16–20]. This can
affect or, inversely, exacerbate the thermally driven exchange flow of nutrients and DO
between pelagic and littoral zones of the lake [21]. Nevertheless, it has been assessed that
wind episodes may induce surface and internal flows even within stratified waters [22].
Shallow lakes are continuously subjected to mixing and wave-breaking in function of wind
speed [21]; in function of the lake size, slope and bathymetry, wind-exposed lakes are also
concerned by periodic seiche events which contribute to water mixing [23,24]. Still, only
few studies infer that wind action may induce local turbulent mixing and reaeration even
within dense submerged canopies [14,18]. Indeed, the explicit interaction between wind
exposure and ecosystem functioning in shallow plant-dominated lakes remains almost
undescribed [16,25], despite the growing demand for precision by stakeholders (users,
managers, politicians) in the domain of biological invasions.

Invasive aquatic plants management is one of the main issue concerning global
changes in freshwaters [26]. In the past, manager’s decisions on invaded environments
were mainly driven by socio-economical questions relating to tourism, boating and swim-
ming [27]. Recently, invasive plants management started to progressively embrace ecologi-
cal sciences, with the primary goal of understanding if invaded sites are de facto degraded
or imperiled regarding to their functioning. As a result, aquatic weeds are more and more
in question about their overall role on ecosystem metabolism. Coherently, managers are
demanding to ecologists to produce effective and readable tools for ameliorating their
interventions [28,29]. We herein report a study specifically addressing this issue, which
employs DO saturation as a reliable indicator of net ecosystem metabolism, related to
autotrophic and heterotrophic processes [30]. Firstly, we hypothesize that the impact on
DO levels within invasive macrophyte stands significantly differs in function of the degree
of wind exposure. Secondly, we hypothesize that DO levels are inversely correlated to plant
densities and sedimentary organic matter content. Thirdly, we propose a quantitative tool
to spatially identify sites that are more risky for hypoxic events, and thus need intervention
by managers.

2. Results
2.1. Diel Variations in Vegetated Stands

Sampling sites in Lacanau Lake (hereafter, LAC Lake) were homogeneously dis-
tributed within the largest invasive macrophyte stands of the lake, which developed in the
most sheltered zones of the lake (Figure 1).

Results from seasonal 24 h-cycle campaigns showed that most of the sites were
hypoxic (DO saturation <100%), and that DO depletion also occurred during daylight
(Figure 2). Concomitantly, CO2 was mostly supersaturated and pH acid (pH < 7), with
some exceptions during daylight in summer and autumn (Figures S1 and S2). CH4, NH4

+

and NO3
− buildup in the water column appeared both during the night and day (Figures

S3–S5). Water temperature ranged from 11.1 ± 0.2 to 26.7 ± 0.3 ◦C (in spring and summer,
respectively—Figure S6) and DOC averaged 13.1 ± 0.2 mg L−1 on an annual basis.
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Figure 1. Keddy Index calculated on annual basis for Lacanau Lake (on the left) and Parentis-
Biscarrosse Lake (on the right). The windrose is calculated on wind speed and direction hourly data
on an annual basis. Lake bathymetry and sampling sites for seasonal 24-cycle campaigns (LAC Lake),
as well as sampling sites for seasonal campaigns at wind-sheltered and -exposed sites (PAR Lake) are
reported.
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Figure 2. DO results from seasonal 24 h-cycle campaigns in LAC Lake. Measurements were carried
out within densely vegetated areas, presenting biomass >100 gDW m−2 during samplings. Hatched
color indicates night periods.
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ANOVA test revealed that, with temperature and ammonium as solely exceptions
(day > night), dissolved gases and inorganic compounds measured within plant stands did
not differ between day and night; all parameters varied seasonally (Table 1).

Table 1. Summarized results of the two-way ANOVA on physicochemical parameters (diel variation and season as fixed
factors; sampling site as random factor). Results refer to seasonal 24 h-cycle campaigns carried out at 15 vegetated sites of
LAC Lake.

T (◦C) pH Units DO (%)

Source df,
Residuals p-Value df,

Residuals p-Value df,
Residuals p-Value

Diel variation 1, 204 <0.001 1, 204 n.s. 1, 383 n.s.
Season 2, 204 <0.001 2, 204 <0.001 2, 383 <0.001

Diel × Season 2, 204 n.s. 2, 204 n.s. 2, 383 n.s.

CO2 (%) CH4 (µM) NH4
+ (µM) NO3

− (µM)

df,
Residuals p-Value df,

Residuals p-Value df,
Residuals p-Value df,

Residuals p-Value

Diel variation 1, 347 n.s. 1, 415 n.s. 1, 410 <0.05 1, 394 n.s.
Season 2, 347 <0.001 2, 415 <0.001 2, 410 <0.05 2, 394 <0.001

Diel × Season 2, 347 n.s. 2, 415 n.s. 2, 410 n.s. 2, 394 n.s.

2.2. Wind-Sheltered vs. Wind-Exposed Sites

The choice of sampling sites in Parentis-Biscarrosse Lake (hereafter, PAR Lake) was
based on two co-occurring conditions: the presence of densely vegetated areas and the
difference in wind exposure (Figure 1). Results from seasonal campaigns in PAR Lake
showed that dissolved gases and inorganic compounds significantly changed in function
of wind exposure (ANOVA, Table 2).

Table 2. Summarized results of the three-way ANOVA on physicochemical parameters (wind exposure, plant presence and
season as fixed factors; sampling site as random factor). Results refer to seasonal campaigns carried out at 12 vegetated and
plant-free sites of PAR Lake. Please refer to figures for Tukey’HSD test differences between treatments.

T (◦C) pH Units DO (%)

Source df,
Residuals p-Value df,

Residuals p-Value df,
Residuals p-Value

Wind exposure 1, 8 <0.001 1, 8 <0.001 1, 8 <0.001
Plant presence 1, 8 n.s. 1, 8 n.s. 1, 8 n.s.

Season 3, 24 <0.001 3, 24 <0.001 3, 72 <0.05
Wind × Plant 1, 8 n.s. 1, 8 <0.05 1, 8 <0.05
Wind × Seas 3, 24 <0.001 3, 24 <0.001 3, 72 <0.001
Plant × Seas 3, 24 n.s. 3, 24 n.s. 3, 72 <0.05

Wind × Plant × Seas 3, 24 n.s. 3, 24 n.s. 3, 72 <0.001

CO2 (%) CH4 (µM) NH4
+ (µM) NO3

− (µM)

df,
Residuals p-Value df,

Residuals p-Value df,
Residuals p-Value df,

Residuals p-Value

Wind exposure 1, 8 <0.001 1, 8 <0.001 1, 8 n.s. 1, 8 <0.05
Plant presence 1, 8 n.s. 1, 8 n.s. 1, 8 n.s. 1, 8 n.s.

Season 3, 72 <0.001 3, 72 <0.001 3, 72 <0.001 3, 72 <0.001
Wind × Plant 1, 8 <0.05 1, 8 n.s. 1, 8 n.s. 1, 8 <0.05
Wind × Seas 3, 72 <0.001 3, 72 <0.001 3, 72 <0.001 3, 72 <0.001
Plant × Seas 3, 72 <0.001 3, 72 <0.05 3, 72 n.s. 3, 72 n.s.

Wind × Plant × Seas 3, 72 <0.001 3, 72 <0.05 3, 72 n.s. 3, 72 n.s.
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Differences between sheltered and exposed sites were significant for every physico-
chemical parameter, yet only at vegetated sites and in function of the season (in summer
and in autumn). Significant differences between vegetated and plant-free sites occurred
only at sheltered sites. Tukey’s HSD test indicated that water temperature was lower at
sheltered sites than at exposed ones (Figure S7). pH values were lower at vegetated and
sheltered sites than at exposed ones, only during summer (Figure S8). DO was lower at
vegetated and sheltered sites than at exposed ones (Figure 3); CO2 and CH4 were higher at
vegetated and sheltered sites than at exposed ones (Figures S9 and S10); NH4

+ and NO3
−

values differed seasonally between sheltered and exposed sites, with no differences between
vegetated and plant-free areas (Figures S11 and S12). DOC averaged 6.2 ± 0.2 mg L−1 on
an annual basis.
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Figure 3. DO results from seasonal campaigns in PAR Lake. Measurements were carried out at wind-sheltered and -exposed
sites, in vegetated and plant-free areas. For a better readability, Tukey’s HSD results are not reported for the seasonality
factor. *** indicates p-value < 0.001.

2.3. Dependence of DO Saturation on Plant Biomass and Sedimentary OM

Total biomass varied seasonally at both lakes, with values comprised between 319 ± 245
and 668 ± 414 gDW m−2 at LAC Lake (in spring and summer, respectively), and between
1626 ± 132 and 4528 ± 2413 gDW m−2 at PAR Lake (in spring at exposed and in autumn at
sheltered sites, respectively). OM content in vegetated sediments ranged from 0.7 ± 0.2 to
71 ± 3% and from 0.7 ± 0.1 to 1.2 ± 0.1% as LOI, for LAC Lake and PAR Lake, respectively.
Linear mixed-effects model, calculated on the two lakes dataset, showed that DO saturation
was not dependent on OM sedimentary content on the total plant biomass; only DO values
measured in LAC Lake during summer resulted in being negatively correlated to biomass
(p-value < 0.01).

2.4. Dependence of DO on Wind Exposure and Hypoxia Risk Map Production

The regression of DO saturation against wind exposure, identified with the segmented
function in R, showed a structural breakpoint at Keddy Index = 2.9 (Figure 4). We consid-
ered this breakpoint as a threshold of hypoxia risk, i.e., low risk above this value and high
risk below. This threshold is assumed to be the minimum wind exposure which would be
able to decrease the risk of hypoxia in dense submerged plant stands.
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Further, in order to produce a hypoxia risk map, Keddy Index was calculated for
each 4 h-long period (n = 2190) on each pixel cell (n = 4031 for LAC Lake and n = 14,438
for PAR Lake) matching with densely vegetated areas, presenting biomass >50 gDW m−2,
mapped at the lake scale (1.19 km2 and 4.17 km2 in LAC and PAR Lakes, respectively, from
31) (Figure 5). Hypoxia risk was above 50% in 70 ha of plants stands (corresponding to
60% of the total vegetated surface) in LAC Lake and in 50 ha in PAR Lake (12% of the
total vegetated surface). This risk was above 75% in 11 ha of plants stands (9% of the total
vegetated surface) in LAC Lake and in 11ha in PAR Lake (3% of the total vegetated surface).
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3. Discussion

In vegetated stands, diel variations of inorganic compounds typically reflect plants
photosynthetic activity, with the lowest dissolved carbon and nitrogen concentrations
measured in the water at late afternoon, corresponding to nutrients depletion by plants
uptake, then an accumulation during the night, with a peak just before dawn. At the
same time, DO and pH follow an exactly inverse pattern. In our study, the described
nycthemeral shape was detectable only at some sites and mostly during summer. At
other sites, heterotrophic activity, stimulated by temperature increase during summer and
autumn, exceeded net oxygen release during the day, that resulting in hypoxia/anoxia
events and buildup of CO2, CH4 and NH4

+ in the water column. This observation is
recurrent in dense stands formed by invasive macrophytes, where the sedimentation of
organic matter generates an elevated benthic BOD during the period of senescence of
plants; this implies a permanent DO deficit [15,31,32]. In dense hydrophyte stands, DO
input from the atmosphere can be limited to the surficial layer of the water column, as long
stems constitute a physical barrier, as floating-leaved macrophytes do [13]. In our case, the
occurrence of a vertical “plant wall” at the external boundaries of vegetated stands may
also lead to the annihilation of the horizontal flow of nutrients and DO from the pelagic to
the littoral zones [22].

Hypoxic events and inorganic compounds buildup can be however contrasted by
the wind action, which may induce local turbulent mixing and reaeration even within
dense submerged canopies [14,18]. Coherently, some of the diel variations measured in
our study showed a flattened shape, with constant values along the 24 h-cycle. On one
hand, elevated DO values during the night could be attributable to convective mixing
due to air temperature nightly decrease [17,33]. On the other hand, the maintaining of
constant DO values along a diel cycle may be an indicator of stationary wind conditions and
turbulent mixing; this supposition is supported by the second part of our study. Seasonal
campaigns at wind-sheltered and -exposed sites showed that, ecosystem functioning was
not ascribable to the plant presence/absence or to the seasonal biomass variation only.
Indeed, DO and CO2 saturation at wind-exposed sites hovered at about 100% all year
round, indicating that wind-driven diffusion continuously outreached net production and
consumption within the water column, even in invaded areas of the lake. Overall results
show thus that the presence of invasive hydrophytes does not systematically promote
water hypoxia, if local wind conditions allow an efficient water mixing by wind.

When considering the whole dataset, only DO values measured in LAC Lake during
summer resulted in being dependent on plant density; moreover, vegetated stands in this
lake mainly developed at sheltered sites [34]. Prevailing winds oriented from the northwest
created low hydrodynamic conditions, because of the natural barrage formed by sand
dunes [35]. Elevated plant biomass matching with shallow depths in wind-sheltered areas
seemed to generate favorable conditions for water hypoxia, a phenomenon exacerbated
by an elevated turnover of biomass during summer. In contrast, extremely elevated
biomass measured in PAR Lake, largely exceeding values reported until now for Egeria
spp. invaded sites [3,31], did not generate an extreme DO deficit even at wind-sheltered
sites. The difference between the two lakes is evident also from a thermic point of view: at
LAC Lake, a previous study had showed that water temperature measured in vegetated
stands was significantly lower than that measured in plant-free areas, irrespective of the
season [19]. The present study on PAR Lake shows instead that no significant difference
exists between vegetated and plant-free areas, irrespective of the season (Figure S7). As for
the DO and CO2, the divergence in temperature results among the two lakes could be due
to the different size of the lake, the second being larger and permitting fetch length—and
thus, water mixing—to be more important.

The hypoxia risk map shows that elevated hypoxia probability is associated with
wind-sheltered areas of the lakes, and that oxygenation shortage can affect a large total
surface of several tens of hectares. Hypoxia risk is at its maximum in both lakes at
enclosed and wind-sheltered areas, like small marinas and public boat launches, which
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are known to be important drivers of aquatic plant spread [36,37]. On the other hand,
large surfaces of the lake invaded by elevated plant densities would not be affected by
hypoxia and would thus not necessitate intervention. The hypoxia risk map we produced
represents a preliminary and concrete tool, coupling field measurements and modelling,
which can reduce plant management costs, as it indicates precisely where invasive plants
constitute a problem for ecosystem functioning. A similar approach providing reproducible
management tools has been recently published [38], that coupling lake depth or bathymetry
to anoxia probability in the hypolimnion of deep lakes. Our model should be, however,
calibrated site-specifically, because the intrinsic sedimentary features and the trophic status
of the lake could affect the magnitude of hypoxia level and nutrients flux. The two lakes
we studied presented different DOC values, sedimentary OM content and resulted in
very different concentrations of CO2 and CH4. Also, due to a different fetch length, the
reaeration strongly varied even within comparable wind velocity. A possible improvement
of our method could have been to introduce the local bathymetry in the model. Indeed,
waves induce vertical upward forces acting on the water column movements and sediment
resuspension [34]; furthermore, wind-induced circulation in nearshore zones appears to
be crucial in littoral plant-free areas [24]. We can expect an increase of wind effect on
water mixing in shallow zones due to orbital movements translated to the lake bottom.
Nevertheless, SAV also reduce waves action and current velocities within beds [39,40].
Future modelling works should thus focus on integrating vegetation in the photic region to
better define how the cross-shore water circulation works. Another possible improvement
in the future would be the use of automatic oxygen probes, in order to obtain a finer
resolution scale of diel and seasonal variations, and perfect the calculation of hypoxia risk
probability on a long temporal scale.

Our results highlight the need to consider local hydrodynamics in lake management
decisions. Wind exposure should be used for spatially organizing management plans and
prioritizing zones where invasive biomass control actions are needed. Mapping hypoxia
risk in densely vegetated stands is a promising tool for the management of invasive
hydrophytes in shallow lakes.

4. Materials and Methods
4.1. Study Area

Lacanau Lake and Parentis-Biscarrosse Lake are shallow lakes located in the southern
Atlantic coast of France. Those lakes are characterized by sandy acidic substrate and classed
as oligo-mesotrophic (Lacanau, 16 km2) and eutrophic (Parentis-Biscarrosse, 32 km2).
Within the two lakes, large submerged stands of Egeria densa Planch. and Lagarosiphon
major (Ridl.) Moss develop between 1 and 7 m deep, with dense stands being preferentially
located at shallow and wind-sheltered sites, or at deep and wind-exposed sites [34].

4.2. Field Campaigns

Between June 2013 and November 2015 at Lacanau Lake, seasonal 24 h-cycle cam-
paigns were carried out at 15 sites. Sampling sites were homogeneously distributed within
the largest invasive macrophyte stands of the lake [34]. Water was collected within plant
canopy at depths ranging from 100 to 330 cm, with a frequency of four times a day (two
samplings during the day, between 11 a.m. and 3 p.m.; two samplings during the night,
between 9 p.m. and 6 a.m.). Water temperature (T, ◦C), pH, dissolved oxygen (DO, ex-
pressed as saturation %), dissolved carbon dioxide (CO2, %), dissolved methane (CH4, µM),
nitrate (NO3

−, µM), ammonium (NH4
+, µM) and dissolved organic carbon (DOC, mg L−1)

were measured according methods reported in [19]. Finally, we tested the influence of the
sampling time on the biogeochemistry of the water column by a two-way ANOVA with
interactions among factors. The diel variation (two levels: day vs. night) and the season
(three levels: spring vs. summer vs. autumn) were considered as fixed factors, while the
sampling site (fifteen levels) was considered as a random factor.
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Between January 2016 and January 2017 at Parentis-Biscarrosse Lake, seasonal sam-
pling campaigns were carried out, during the day only, at vegetated (3 wind-sheltered
and 3 wind-exposed sites) and at plant-free sites (3 wind-sheltered and 3 wind-exposed).
The degree of wind exposure was estimated by previous modeling of wind exposure
Keddy Index [41]. Water was collected within plant canopy at depths ranging from 150
to 300 cm, between 11 a.m. and 3 p.m. Water samples collection, treatment and analyses
are the same as those adopted in Lacanau Lake and reported in [19]. Finally, we tested the
influence of spatial exposure to wind on the biogeochemistry of the water column by a
three-way ANOVA with interactions among factors. The degree of wind exposure (two
levels: exposed vs. sheltered), the plant presence (two levels: vegetated vs. plant-free) and
the season (four levels: winter vs. spring vs. summer vs. autumn) were considered as fixed
factors, while the sampling site (twelve levels) was considered as a random factor.

Normal distribution (Shapiro–Wilk Test) and homoscedasticity (Levene’s Test) were
tested before running ANOVAs. Post hoc analyses were performed by Tukey’s Honestly
Significant Difference (HSD) test. Statistical analyses were performed with R Program [42].
Mean values are reported with their standard deviation.

Macrophytes sampling was carried out by rake for total biomass (gDW m−2) mea-
surements, immediately after water samplings, as reported in [19]. Concomitantly, within
the plant stands, sediment samples were collected by grabber, as described in [34], for
sedimentary organic matter (OM, as loss of ignition, % LOI) measurements. In order to test
the dependence of DO saturation on plant biomass and OM content, a linear mixed-effects
model fit by maximum likelihood was performed on the whole dataset (DO measurements
from Lacanau and Parentis-Biscarrosse Lakes), with the sampling site as a random factor.

4.3. Wind Exposure Calculations

Wind exposure was calculated according [41] for both lakes by using a fetch matrix
(i.e., the distance over which waves can build up) obtained from lake open-water raster
grid cells (resolution of 17 m) for each wind compass direction (10–360◦, in 10◦ increments).
Wind data (hourly and daily mean speed and direction) were provided by Météo France in
Cap-Ferret (44◦37′54” N, 1◦14′53” O) and Biscarrosse (44◦25′54” N, 1◦14′51” O) weather
stations for Lacanau and Parentis-Biscarrosse Lakes, respectively. It is possible to generate
values which should be related to the effect of wind at a given point (here, a grid cell) by
using fetch and wind velocity. For a given compass direction, one measure of exposure
is the product of mean wind speed and direction and the percent frequency of the wind
blowing in that direction.

In order to position wind-sheltered and -exposed sampling sites in Parentis-Biscarrosse
Lake, daily mean wind speed and direction were used to build a wind exposure map during
1-year period (2014). One measure of exposure was calculated for each grid cell over 36
compass wind directions according to a fetch matrix. A cell’s total exposure is given by
the sum of values calculated for all of the compass directions during the 1-year period.
Sampling sites were chosen within lake areas identified as low- or highly-exposed to wind
action.

4.4. Coupling DO and Wind Exposure

Keddy Index was calculated for the 4 h before the exact timing of water sampling.
Then, each DO value was coupled to the sum of Keddy Index values for this period. This is
the duration estimated being necessary for the water mixing at low depth [17,43]. In order
to test the dependence of DO saturation on wind exposure, a Chow test was performed
to determine the presence of a structural break at some point of the data series [44]. We
used the sctest function from the strucchange package in R software to perform a Chow test,
which resulted in F = 10.7, p-value = 2.7 × 10−5. The significance of the test indicates that a
structural breakpoint is present in the regression. Or else, that two regression lines can fit
the pattern in the data more effectively than a single regression line. Finally, we applied
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the segmented function in R to analyze segmented relationships in the regression, in order
to obtain a breakpoint value.

4.5. Hypoxia Risk Map Production

We calculated 4 h-long Keddy Index values each day during one year (2014 and 2016
for Lacanau and Parentis-Biscarrosse Lakes, respectively) for each raster cell corresponding
to densely vegetated areas of the lake, and presenting a biomass >50 gDW m−2 [34]. Each
4 h-long period and each grid cell in which wind exposure was under the breakpoint value,
indicating a high risk of hypoxia, was classified as “1”, whereas 4 h-long period with low
risk of hypoxia (>2.9) were classified as “0”. The probability of hypoxia was expressed as
the percentage (0–100%) of 4 h-long periods where wind exposure was below the hypoxia
threshold during one year. Finally, this probability was reported on raster grid cells to map
the hypoxia risk at densely vegetated areas scale.
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10.3390/plants10071269/s1, Figure S1: CO2 results from seasonal 24 h-cycle campaigns in Lacanau
Lake; Figure S2: pH results from seasonal 24 h-cycle campaigns in Lacanau Lake; Figure S3: CH4
results from seasonal 24 h-cycle campaigns in Lacanau Lake; Figure S4: NH4

+ results from seasonal
24 h-cycle campaigns in Lacanau Lake; Figure S5: NO3

− results from seasonal 24 h-cycle campaigns
in Lacanau Lake; Figure S6: Water temperature results from seasonal 24 h-cycle campaigns in
Lacanau Lake; Figure S7: Water temperature results from seasonal campaigns in Parentis-Biscarrosse
Lake; Figure S8: pH results from seasonal campaigns in Parentis-Biscarrosse Lake; Figure S9: CO2
results from seasonal campaigns in Parentis-Biscarrosse Lake; Figure S10: CH4 results from seasonal
campaigns in Parentis-Biscarrosse Lake; Figure S11: NH4

+ results from seasonal campaigns in
Parentis-Biscarrosse Lake; Figure S12: NO3

− results from seasonal campaigns in Parentis-Biscarrosse
Lake. In S7, S8, S9, S10, S11 and S12, Tukey’s HSD results are not reported for the seasonality factor.
*** indicates p-value < 0.001, ** p-value < 0.01, * p-value < 0.05.
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Abstract: Re-establishment of submerged macrophytes and especially charophyte vegetation is a
common aim in lake management. If revegetation does not happen spontaneously, transplantations
may be a suitable option. Only rarely have transplantations been used as a tool to support threatened
submerged macrophytes and, to a much lesser extent, charophytes. Such actions have to consider
species-specific life strategies. K-strategists mainly inhabit permanent habitats, are perennial, have
low fertility and poor dispersal ability, but are strong competitors and often form dense vegetation.
R-strategists are annual species, inhabit shallow water and/or temporary habitats, and are richly
fertile. They disperse easily but are weak competitors. While K-strategists easily can be planted as
green biomass taken from another site, rare R-strategists often must be reproduced in cultures before
they can be planted on-site. In Sweden, several charophyte species are extremely rare and fail to
(re)establish, though apparently suitable habitats are available. Limited dispersal and/or lack of
diaspore reservoirs are probable explanations. Transplantations are planned to secure the occurrences
of these species in the country. This contribution reviews the knowledge on life forms, dispersal,
establishment, and transplantations of submerged macrophytes with focus on charophytes and gives
recommendations for the Swedish project.

Keywords: Chara; Nitella; Tolypella; Nitellopsis; re-establishment; revegetation; nutrients; herbivory

1. Introduction

To protect threatened macrophyte species in Sweden, an action plan started during
2017. The main aim of this program is to build knowledge which is considered necessary
before actions are taken (Zinko 2017 [1]). The program includes 10 charophyte species
(Chara filiformis, C. subspinosa, C. braunii, Nitellopsis obtusa, Nitella translucens, N. mucronata,
N. gracilis, N. syncarpa, N. confervacea, Tolypella canadensis) and five angiosperm species (Pota-
mogeton acutifolius, P. compressus, P. friesii, P. rutilus, P. trichoides). The selected charophyte
species are rare in Sweden, which is surprising considering a high number of sites which
seem suitable. Lack of knowledge about their occurrence in the country was and is one
possible reason. Therefore, intensive monitoring was the main activity of several former
action plans for threatened charophytes (Blindow 2009a,b,c,d,e [2–6]) and is still one main
activity of the ongoing program. Except for Tolypella canadensis, however, lack of knowledge
does not sufficiently explain the low number of sites for rare species. Oospores of these
species are expected to be very rare in the diaspore reservoirs of lakes and small water
bodies, which may restrict them from spontaneous (re)establishments. Transplantations of
these species are therefore a second main activity of the ongoing action plan.

Experience with transplantations (e.g., translocations, see IUCN 2013 [7]) to protect
threatened charophytes is still very limited. Fortunately, a number of threatened aquatic
macrophytes have already been transplanted successfully, and experiences from these
projects may be transferred to charophytes. Moreover, there is extensive literature on
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re-establishment of submerged macrophytes for other purposes such as lake restorations
because of the positive impact of these plants on lake ecosystems and water quality (Hilt
et al., in press [8]), which can be achieved by direct establishment (plantations) and/or
indirectly by improving the habitat conditions for this vegetation. Submerged macrophytes
act as sediment traps, store nutrients, retard shore erosions, and reduce phytoplankton
densities by excretion of allelopathic substances—impacts which all increase water clarity.
Together with their associated epiphyton, they offer a well-structured habitat, food, and
oxygen and thereby favor species richness and biomass of macroinvertebrates. Both plants
and macroinvertebrates are important food sources for fish and waterfowl. The vegetation
further serves as a predation refuge for zooplankton, macroinvertebrates, and fish fry (Hilt
et al., 2017 [9]).

Establishment success is dependent on dispersal and fertility but also competition
with other plants. These abilities vary considerably among different life forms and species
of submerged macrophytes. Detailed knowledge of these properties is essential to enable
successful establishment and transplantation of submerged macrophytes.

This paper consists of three different parts: a review of ecological characteristics
and life strategies of macrophytes (Sections 2–4) is followed by a review of management
techniques to promote submerged macrophytes (Sections 6–9). Both parts first summarize
knowledge about submerged macrophytes generally and end more specifically in a review
about charophytes. The third part (Section 10) describes the “Swedish example”, which
aims at protection and especially transplantations of threatened charophytes and is based
on the experiences reviewed in the first two parts.

2. Dispersal, Fertility, and Hibernation

Submerged macrophytes (re)establish from vegetative parts and/or diaspores that
are transported to the water body or are already present on the site. Wind transport
of diaspores (anemochory) is common in emergent plants but unusual in submerged
plants, which mainly use water (hydrochory) but also different animals (zoochory) as
transport vectors. Exozoochorous transport of green parts or turions is restricted to short
distances, often within the same catchment area (Lacoul and Freedman 2006 [10], Soons
et al., 2008 [11], Bakker et al., 2013 [12]). To reach remote water bodies and distant catchment
areas, endozoochorous transport by waterfowl is the product of a co-evolutionary process
(Clausen et al., 2002 [13], Figuerola and Green 2002 [14], Santamaria 2002 [15]). This
transport requires the production of hard-shelled diaspores, which withstand the gut
passage and often show improved germination after this passage (Clausen et al., 2002 [13],
Figuerola and Green 2002 [14], Santamaria 2002 [15]). Such diaspores also tolerate harsh
environmental conditions such as drying and freezing and serve as hibernacles, especially
in temporary water bodies (Bonis and Grillas 2002 [16], Green et al., 2002 [17]).

The same mechanisms are applied in charophytes. Oospores tolerate both drying and
freezing. They were once assumed to be transported by wind (Bakker et al., 2013 [12]), but
it is doubtful if this transport has any major importance. Mature oospores are small (ca.
180 µm to >1000 µm; Wood 1959 [18], Haas 1994 [19], Krause 1997 [20]) but specifically
heavy. Oospores were earlier shown to be transported by means of waterfowl, probably
over high distances (Proctor 1959 [21], 1962 [22]), and to germinate better after a passage
through a waterfowl gut (Proctor 1968 [23], Brochet et al., 2010 [24], Figuerola et al.,
2010 [25]).

Charophytes hibernate as green plants or by means of specific vegetative hibernacles
(bulbils) or oospores. As in vascular plants, hibernation modes vary considerably among
species but also within species dependent on conditions such as water depth (Wang et al.,
2015 [26]). For example, Chara aspera can hibernate as a green plant in deeper permanent
habitats by means of bulbils and oospores in shallow water or exclusively by means
of oospores, especially in temporary habitats (Blindow and Schütte 2007 [27]). In this
species, oospores are assumed to serve mainly as long-term diaspore reservoir because
they can survive long time periods but only have low annual germination rates; in contrast,
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bulbils germinate almost completely during spring but can survive just a few years and
therefore are assumed to serve short-term diaspore reservoir (van den Berg et al., 2001 [28]).
Generally, charophytes use oospores for long distance dispersal and for reestablishment
from sediments after disturbances, and bulbils are used to maintain local populations (de
Winton and Clayton 1996 [29], van den Berg et al., 2001 [28], Bonis and Grillas 2002 [16],
Asaeda et al., 2007 [30], Brochet et al., 2010 [24]). Charophytes use three different modes to
form dense vegetation with high interspecific differences in the relative importance of these
modes: (A) vegetatively from omnipotent node cells, which can successfully be dispersed
by means of fragments containing at least one node (Skurzyński and Bociąg 2011 [31]),
(B) vegetatively from bulbils (Asaeda et al., 2007 [30], Wang et al., 2015 [26]), or (C) by
germination of oospores (Skurzyński and Bociąg 2009 [32]).

Oospores collected while still situated on the plants are often in primary dormancy,
which is broken after the winter or if the oospores are exposed to low temperatures for a
longer time period (stratification); contrarily, oospores taken from sediments can germinate
immediately (Takatori and Imahori 1971 [33], Sederias and Colman 2007 [34], Skurzyński
and Bociąg 2009 [32]). Such oospores, however, have far lower germination success than
bulbils, as they are in a secondary dormancy, which prevents them from germinating
under unsuitable conditions (Stross 1989 [35], Holzhausen et al., 2017 [36]). Species-specific
conditions of temperature, redox potential, and light are required to break dormancy and
initiate germination (Casanova and Brock 1996 [37], Bonis and Grillas 2002 [16], de Winton
et al., 2004 [38], Kalin and Smith 2007 [39], Skurzyński and Bociąg 2009 [32], Holzhausen
et al., 2017 [36]). Oospores of species from temporary water bodies germinate far better
after having been dried before (Sabbatini et al., 1987 [40], Casanova and Brock 1990 [41],
1996 [37], de Winton et al., 2004 [38]).

3. Interspecific Competition

Along a eutrophication gradient, submerged macrophytes are the dominating primary
producers at low to moderate nutrient loadings, while phytoplankton dominates in highly
eutrophic conditions. A shift from macrophyte to phytoplankton dominance occurs at a
certain nutrient-related critical turbidity. This shift can happen rapidly in shallow lakes,
which were assumed to occur in two different alternative stable states (Scheffer et al.,
1993 [42]).

More recently, three different states of primary producer dominance were postu-
lated to occur during progressive eutrophication, a macrophyte-dominated state with
bottom-dwellers, a second macrophyte-dominated state with tall macrophytes, and a
phytoplankton-dominated turbid state (Verhofstad et al., 2017 [43]). While the bottom-
dweller state, often characterized by dense charophyte vegetation, is assumed to be rather
stable, the tall macrophyte state, dominated by various angiosperms, is characterized
by somewhat higher turbidity and lower stability (Meijer 2000 [44], Hilt et al., 2018 [45],
Blindow et al., 2016 [46], Phillips et al., 2016 [47]) and therefore was called the “crash-
ing” state (Sayer et al., 2010 [48]). Vice versa, tall macrophytes are sometimes the first
submerged vegetation to establish in a turbid lake and to increase light availability in the
water column far enough to enable a subsequent establishment of charophytes (Meijer
2000 [44], van den Berg et al., 2001 [28], Hargeby et al., 2007 [49]). Additionally, feedback
mechanisms are assumed to differ between the two macrophyte-dominated states. While
the refuge function for zooplankton seems to be of major importance in the state dom-
inated by tall macrophytes, dense charophyte vegetation stabilizes the clearwater state
mainly due to reduction of sediment resuspension, nutrient accumulation, and favoring of
macroinvertebrates (Blindow et al., 2014 [50]).

Dominance patterns and interspecific competition among these different life forms
of submerged plants (Figure 1) are mainly determined and affected by access to light and
inorganic carbon. “Bottom-dwellers”, such as isoetids and charophytes, but also some
low-growing vascular plants form more or less dense vegetation close to the sediments,
which prevents their occurrence in deeper, turbid water and therefore restricts them to less
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eutrophic environments (Barko and Smart 1981 [51], Blindow 1992a [52]). Most isoetids
are adapted to soft water conditions with low concentrations of inorganic carbon in the
water column and have developed several adaptations to this deficiency, such as carbon
dioxide uptake from sediments and CAM metabolism. Generally, they lack the ability to
assimilate bicarbonate (Madsen and Sand-Jensen 1991 [53], Keeley 1998 [54], Smolders
et al., 2002 [55]). Apart from several Nitella species growing in soft water environments,
charophytes occur mainly in calcium-rich water with higher pH values and bicarbonate as
the main form of inorganic carbon. Here, they are highly competitive due to their efficient
bicarbonate assimilation (van den Berg et al., 2002 [56], Ray et al., 2003 [57]). Charophytes
therefore dominate the submerged vegetation in many oligo- to mesotrophic calcium-rich
lakes, which were therefore called “Chara-lakes” by Samuelsson (1925 [58]).
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Figure 1. Different systematic groups and life forms of submerged plants, schematically.

Many vascular plants such as Potamogeton spp. and Myriophyllum spp. are tall and
often form a canopy along the water surface, thus concentrating most of their photosyn-
thetic biomass in regions with better light availability. These plants have a competitive
advantage in turbid, more eutrophic environments, facilitated by often large hibernacles
such as turions and tubers, which allow high growth rates during spring, even in turbid
conditions (Blindow 1992a [52]). Most of these “canopy-formers” are able to assimilate
bicarbonate but less efficiently than charophytes (van den Berg et al., 2002 [56]).

Experiments confirmed the different preferences observed in the field: charophytes
are competitive at moderate nutrient concentrations, while tall angiosperms are superior
competitors at higher nutrient conditions. van den Berg et al. (2002 [56]) demonstrated
that the outcome of competition between Chara aspera and Stuckenia pectinata is dependent
not only on light but also on bicarbonate availability. Chara globularis outcompeted Myrio-
phyllum spicatum at low nutrient concentrations (Richter and Gross 2013 [59]). In another
experiment, C. globularis developed far higher biomasses than angiosperms at low nutrient
concentrations but far lower biomass at higher nutrient concentrations, while the growth
rate of Stuckenia pectinata was not affected by the experimental condition (Bakker et al.,
2010 [60]). In still another experiment, Stuckenia pectinata was outcompeted by charophytes
at low nutrient concentrations, probably because of the efficient assimilation of nutrients
and/or bicarbonate by the latter; in the same experiment, Stuckenia pectinata inhibited
charophytes when it developed a “canopy”, i.e., dense biomass close to the water surface
(Hidding et al., 2010a [61]). In a system with experimental ponds, Chara globularis dom-
inated at lower and Elodea nuttallii at higher nutrient concentrations (Bakker and Nolet
2014 [62]). In a newly created oligo- to mesotrophic lake dominated by charophytes, tall
angiosperms were favored by the removal of Chara sp. and Vaucheria sp. in experimental
plots (Vejřiková et al., 2018 [63]).
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4. Different Life Strategies in Charophytes

Among charophytes, both extreme R-strategists (”permanent pioneers”) and extreme
K-strategists with a strong impact on the whole ecosystem (”ecosystem engineers”) can be
identified (Schubert et al., 2018 [64]).

Typical R-strategists are annuals producing large quantities of oospores. These
oospores are dispersed by waterfowl and can survive both drying and freezing and stay
dormant for a long time, at least several decennia, in dry sediments (Krause 1997 [20],
de Winton et al., 2000 [65], Rodrigo et al., 2015 [66]). In many newly created small water
bodies, charophytes are the first submerged plants to establish but often disappear after
several years due to competition of other, “late-coming” submerged plants (Casanova and
Brock 1990 [41], Krause 1997 [20], Rodrigo et al., 2015 [66], Schubert et al., 2018 [64]). Chara
vulgaris, C. contraria, C. aspera, and several Nitella species belong to these R-strategists, but
most extreme are species such as Tolypella intricata, T. glomerata, and Nitella capillaris, which
can also show up “spontaneously” in very small and temporal water bodies (see Figure 2).
Already, Olsen (1944 [67]) and Hasslow (1931 [68]) mentioned their “meteoric” nature,
while Allen (1950 [69]) and Fitzgerald (1985 [70]) called Tolypella spp. “vegetable comets”.
Oospores are most probably far more widespread than the sporadic records of these species,
which only spend a very small part of their life cycle as green plants. Abundances are hard
to estimate, which causes problems during red list assessments (Blindow 2009e [6]). In
Sweden, N. capillaris was found in two small water bodies close to a former site more than
100 years after the last record of the species in the country (Blindow 2019 [71]).

Extreme K-strategists also belong to the charophyte group. Such species are perennial,
produce only moderate numbers of oogonia, and therefore have a restricted ability to
reach distant catchment areas. Under suitable conditions, however, they can form dense
vegetation and outcompete other submerged macrophytes, acting as “nasty neighbors”
(Figure 2). Because of their high biomasses, they act as “keystone organisms” in shallow
water ecosystems and affect not only a number of physical and chemical factors but the
whole food web structure (Hargeby et al., 1994 [72], Kufel and Kufel 2002 [73]). Nitellopsis
obtusa, Chara tomentosa, C. hispida, and C. subspinosa belong to this group.
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Figure 2. Different life strategies in charophytes: (a) Nitella capillaris, an extreme R-strategist, was
re-discovered in this small water body near Kristianstad, about 100 years after the last record in the
country. Photo by Bertil Möllerström. (b) The K-strategists Chara subspinosa and C. tomentosa form
dense vegetation in Lake Levrasjön. Photo by Silke Oldorff.

5. (Re)establishment of Submerged Vegetation

(Re)establishment of submerged vegetation is therefore a major aim in many lake
restorations projects. (Re)establishment can be achieved by improving the conditions for
this vegetation and often without any plantations. Since some functions of this vegetation,
such as increased habitat structure and substrate and predation refuge for smaller animals,
are not dependent on living plants, even “plantations” of artificial plants have been applied
in lake restorations (Schou et al., 2009 [74], Boll et al., 2012 [75], Balayla et al., 2017 [76],
Jeppesen et al., 2017 [77]).

Sometimes, the opposite situation occurs, and “too dense” macrophytes are regarded
as a nuisance. Dense vegetation clogs fishing nets and other fishing equipment, turbines,
and other installations, impedes boat traffic and bathing, retards the water flow-through in
channels, and causes high oxygen consumption during night (Jellyman et al., 2009 [78]).
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Many publications investigate reasons for expansion and decline of submerged plants
and deal with the restoration of this vegetation, including a strikingly high number of
reviews. Bakker et al. (2013 [12]) summarized “case studies” of lake restorations which
caused an expansion of submerged macrophytes, often combined with improved water
clarity. Blindow et al. (2014 [50]) discussed differences in the feedback mechanisms between
angiosperms and charophytes. Hussner et al. (2014 [79]) and Hilt et al. (2006 [80]) described
the effect of single management measures on submerged macrophytes and gave detailed
recommendations for macrophyte restoration. Phillips et al. (2016 [47]) discussed causes for
the disappearance of submerged vegetation from shallow lakes and asked what we have
learned during the past 40 years. van Katwijk et al. (2016 [81]) and Zhang et al. (2021 [82])
presented a global analysis of seagrass restoration projects. Jeppesen et al. (2017 [77])
treated the development of submerged vegetation after biomanipulations. Verhofstad
et al. (2017 [43]) summarized the knowledge about the development of dense submerged
vegetation after restorations, including the importance of sediments, light, and diaspore
reservoirs in this process. Hilt et al. (2018 [45]) clarified the relationships between nutrient
load and dominating vegetation type with and without biomanipulation. Two regional
reviews summarized global experiences and case studies concerning transplantations of
submerged macrophytes (van de Weyer et al., 2021 [83]) and submerged macrophytes
with focus on charophytes (Blindow 2019 [71]). Finally, Rodrigo (2021 [84]) reviewed
revegetation with submerged macrophytes including charophytes as a restoration tool for
natural and constructed wetlands.

This extensive literature provides a good knowledge basis about which environmen-
tal conditions favor submerged macrophytes and shows that nutrient level and grazing
pressure are the most important factors to be considered. High nutrient levels disfavor
submerged plants because of poor water column light availability. A reduction of nutrient
concentrations by means of (external) precipitation of phosphorus or by so-called “flushing”
therefore has a positive impact on submerged vegetation (Meijer 2000 [44], van den Berg
et al., 2001 [28]). Additionally, reduction of internal fertilization has generally a positive
effect but may be combined with a risk of (mechanically) damaging the vegetation. Besides
a decrease of overall nutrient concentrations, sediment removal reduces resuspension,
allows a better anchorage of plants in the sediments, and exposes formerly covered seed
banks but may reduce a major part of the diaspore reservoir. Covering of sediments reduces
resuspension but also covers the seed banks and therefore can impede re-establishments.
Oxidation of the sediment surface and (internal) phosphorus precipitation can be harmful
due to mechanical disturbance and rapid pH changes (Hussner et al., 2014 [79]). Addition-
ally, repeated mowing can favor submerged vegetation, as nutrients are removed and the
ecosystem is maintained in a lower nutrient status (Kuiper et al., 2016 [85], see below).

High grazing pressure from fish, waterfowl, and crayfish can jeopardize the
(re)establishment of submerged vegetation (van der Wal et al., 2013 [86], Hussner et al.,
2014 [79]). Grazing pressure from fish and waterfowl is low in most natural lakes (Mark-
lund et al., 2002 [87], Rip et al., 2006 [88]). Waterfowl can, however, have a major effect on
density and species composition of submerged vegetation when present in high numbers
(Søndergaard et al., 1996 [89], van Donk and Otte 1996 [90], Hilt et al., 2006 [80], van
Onsem and Triest 2018 [91]). Especially high densities of herbivorous and benthivorous
fish are harmful to submerged macrophytes (Hutorowicz and Dziedzic 2008 [92], Hussner
et al., 2014 [79], Hilt et al., 2006 [80], Zinko 2017 [1]). During lake restoration, submerged
vegetation has therefore often been fenced to avoid damage by grazing (Irfanullah and
Moss 2004 [93], Hilt et al., 2006 [80], Hussner et al., 2014 [79], Jeppesen et al., 2017 [77]).
Biomanipulation, e.g., the reduction of planktivorous/benthivouous fish or the implan-
tation of piscivorous fish, favors submerged vegetation due to a reduction of mechanical
damage and increase of zooplankton, which in turn reduces phytoplankton (Hussner et al.,
2014 [79]). Spontaneous (re)establishment of submerged vegetation after biomanipulation
has commonly been observed (Lauridsen et al., 1993 [94], van Donk and Otte 1996 [90],
Fugl and Myssen 2007 [95], Sandby and Hansen 2007 [96], Verhofstad et al., 2017 [43],
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Jeppesen et al., 2017 [77]). Vice versa, numerous plantations of submerged plants failed
because of (often illegal) simultaneous carp implantations (see references below and in
Table 1).

Table 1. Case studies for transplantations of charophytes, sorted country-wise. Methods specify, if plants are planted in
pots, on textile mats, as green plant biomass, as oospores or as sediment containing oospores, and if areas were covered
with sheets to impede competing species. Accompanying measures (Accomp): C—cutting of competing macrophytes;
F—fish reduction; N—nutrient reduction; imp—implementation of Anodonta and Salvelinus, species assumed to favour
submerged vegetation; Success/problems: + full success, ± some success, − no success of transplantations; C—competition;
E—eutrophication; H—herbivory.

Site Habitat Method Accomp Charophyte
Species Established SUCCESS/PROBLEMS Sources (No. of

References)

Austria

Mieminger Badesee lake sheets C; N C. contraria not finished [79]; A. La Rosée, pers.
comm.

Canada

Upper Link Lake lake green plants Nitella flexilis + [97]

Germany

Steinhöringer Badesee lake sheets; textile mats imp C. globularis, C.
papillosa ±; H [79]

Teichanlage Wielenbach pond textile mats C. globularis, C.
contraria +; C [79,98]

Bachtelweiher lake sheets; textile mats F C. globularis, C.
contraria −; E [79,98]

Unterer Inselsee lake textile mats C. globularis, C.
contraria ±; E [98]

Lake Phoenix lake green plants;
sediment N C. globularis, C.

contraria, C. vulgaris +; C [99–101]; own data

Baldeneysee lake green plants;
sediment

C. globularis, C.
hispida, Nitellopsis

obtusa
±; C [102]

Blücher-Park-Weiher lake green plants;
sediment N

C. globularis, C.
contraria, C. vulgaris,
C. hispida, Nitellopsis

obtusa

+ [103]

Weißenstädter See lake green plants; textile
mats F Nitella flexilis −; H [79]

Buchreuther Weiher lake sheets; C. globularis [80]

Wuckersee lake sediment N different Chara spp. +
A. Hussner, pers. comm.;

R. Mauersberger, pers.
comm.

Behlendorfer See lake green plants
C. subspinosa, C.

contraria, Nitellopsis
obtusa

+ [104]

Baarer Kiesgrube gravel pit textile mats C. contraria [80]

Kiesgrube am Reeser See gravel pit green plants; textile
mats C. contraria − [79]

The Netherlands

various lakes lake green plants.;
sediment charophytes ± [79]

New Zealand

Lake Rotoroa lake green plants;
precultures F charophytes ±; H [78,105]

Lake Rotomanuka lake pots charophytes −; H, C [78]

Spain

Albufera de València lagoon pots; precultures N
C. hispida, C. baltica,
C. vulgaris, Nitella

hyalina
±; H [106–108]
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Table 1. Cont.

Site Habitat Method Accomp Charophyte
Species Established SUCCESS/PROBLEMS Sources (No. of

References)

Sweden

Tinnerbäcken ponds green plants
C. globularis, C.
virgata, Nitella

flexilis, N. opaca
+ 1

Forsmark ponds green plants C. globularis, C.
virgata + 1

Växjö lakes lakes pots F Nitella flexilis vel
opaca + [109,110]

Switzerland

Action Plan ponds precultures Nitella hyalina + [111]; A. Schwarzer, pers.
comm.

USA

Lake Susan, Minnesota lake F Chara vulgaris ± [112]

Lake Cooper, Texas lake oospores Chara vulgaris −; H, dessication [113]

El Dorado Lake, Kansas lake oospores Chara vulgaris −; H [114]

Grazing pressure differs highly among different plant species. Thus, the highly “palat-
able” Stuckenia pectinata was favored by protection against grazing, while Myriophyllum
spicatum grew better in open, unprotected plots (Vejřiková et al., 2018 [63]). Grazing ef-
fects also interact with nutrient conditions. An experimental study showed that grazing
pressure was higher at higher nutrient concentration, which was explained by higher
plant palatability (Bakker and Nolet 2014 [62]). Verhofstad et al. (2017 [43]) described the
intricate interactions among nutrients, fish, and macrophyte composition: high densities of
herbivorous fish or waterfowl give rise to a lake ecosystem without submerged vegetation
but with dominance of phytoplankton. Biomanipulation can cause a re-establishment of
submerged vegetation with dominance of bottom-dwellers at lower nutrient conditions
and tall species at high nutrient concentrations, the latter of which can be replaced by
phytoplankton if nutrient loading increases further.

Moreover, water level and water level fluctuations have a high impact on submerged
vegetation (Mäemets et al., 2018 [115]). In large, wind-exposed lakes, sediment resus-
pension can cause high turbidities, which can prevent (re)establishment of submerged
vegetation, even if nutrient concentrations are rather low (Schutten et al., 2005 [116]). Arti-
ficial islands, enclosures, and other protecting installations have been applied to locally
reduce resuspension and allow an establishment of macrophytes (Hussner et al., 2014 [79]).
Restoration success can be substantially improved if several measures are combined (Kozak
and Gołdyn 2016 [117]).

In a number of countries, lake brownification is increasing due to multiple mechanisms
such as land use, climate change, and a return to less acidification (Temnerud et al.,
2014 [118]). Higher water color causes reduced growth rates of submerged macrophytes
(Reitsema et al., 2020 [119]), including charophytes (Choudhury et al., 2019 [120]).

Even under favorable conditions, (re)establishment of macrophytes may fail because of
lack of diaspores. Diaspore banks should therefore be investigated before lake restorations
to estimate the potential for re-establishments (Rodrigo and Alonso-Guillen 2013 [121],
Hussner et al., 2014 [79], Holzhausen et al., 2017 [36]). A shift of macrophyte species
composition is often observed after successful lake restorations and is explained by the
large differences in numbers and longevity of diaspores among these species (Bakker et al.,
2013 [12]). The composition of diaspores often differs widely from the composition of the
actual vegetation. Densities of charophyte oospores can exceed several 10,000 m−2 of lake
sediment, while the densities of the (far larger) angiosperm diaspores are several orders
of magnitude lower (de Winton et al., 2000 [65], van den Berg et al., 2001 [28], Steinhardt
and Selig 2007 [122], 2009 [123], Blindow et al., 2016 [46], Verhofstad et al., 2017 [43],
Holzhausen et al., 2017 [36]). In germination experiments with freshwater sediments,
charophytes developed higher germling densities (van Onsem and Triest 2018 [91]), while
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angiosperm germling densities were higher in experiments with brackish water sediments
(Blindow et al., 2016 [46]).

Restorations of nutrient-rich lakes sometimes aim at favoring angiosperms such as
Stuckenia pectinata, which are well adapted to higher turbidity (Coffey 2001 [124], Jellyman
et al., 2009 [78]). Often, however, charophyte vegetation is preferred before tall macro-
phytes (Moss and van Donk 1990 [125]). Charophytes form dense vegetation with high
biodiversity and a high biomass per lake surface unit and have therefore a stronger impact
on phytoplankton and light availability than angiosperms. The share of rare species is
high. Many species are winter-green or have a long growth period, which gives a more
permanent effect on phytoplankton and light. Finally, these “bottom-dwellers” do not
hamper bathing and boating as much as tall macrophytes which reach up to the water
surface (Blindow 1992b [126], van den Berg et al., 1998 [127], Coops et al., 2002 [128],
Kufel and Kufel 2002 [73], Bakker et al., 2013 [12], Blindow et al., 2014 [50], Hussner et al.,
2014 [79], Verhofstad et al., 2017 [43], Zinko 2017 [1]).

6. Transplantations of Submerged Vegetation

”Direct” establishment of submerged macrophytes by means of transplantations
(e.g., translocations, see IUCN 2013 [7]) has been applied during lake restorations, often
combined with other measures such as nutrient reduction and biomanipulation (Hussner
et al., 2014 [79]) but also in running water to increase habitat quality (Riis et al., 2009 [129]).
Once established, submerged vegetation contributes to the stabilization of a clearwater
state and therefore causes a more sustainable effect of lake restorations. Transplantations
have also been applied to increase the biodiversity of aquatic macrophytes (Muller et al.,
2013 [130], Rodrigo and Carabal 2020 [108]) and to create habitats for fish (Slagle and Allen
2008 [131], Fleming et al., 2011 [132]). Transplantations are time consuming (Jeppesen
et al., 2017 [77]) and can be successful only if environmental conditions are suitable for
submerged macrophytes (e.g., Hussner et al., 2014 [79], Hilt et al., 2006 [80], van de
Weyer et al., 2021 [83]). Time and money are wasted if the warning given by Bakker et al.
(2013 [12]) is not considered: “Subsequently one should wonder why macrophytes are
not spontaneously returning to the restored water body. This may indicate that growing
conditions are still not good enough and in that case transplanting will be unsuccessful“.

Transplantations may be a suitable option if submerged plants do not (re)establish
spontaneously in spite of suitable ecological conditions, which indicates that sufficient
diaspores of native species are lacking. Based on experiences from a number of case studies,
Hussner et al. (2014 [79]), Hilt et al. (2006 [80]), and van de Weyer et al. (2021 [83]) gave
detailed recommendations regarding conditions and how such transplantations should
be performed. Project aims should be defined, necessary permits from owners and nature
conservation authorities should be obtained, threat factors should be reduced, ecological
conditions and the colonization potential should be investigated, suitable plantation areas
and methods as well as suitable species and donor sites should be selected, and, finally,
experiences should thoroughly be documented (see Figure 3).
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Knowledge about which conditions and procedures favor submerged vegetation and
which influences should be avoided is therefore essential. Data on nutrients, light, depth
profile, sediment structure, exposition, as well as occurrence and abundance of herbivorous
animals such as fish, crayfish, and waterfowl should be available if transplanting is con-
sidered (Grodowitz et al., 2009 [133], Hussner et al., 2014 [79]). Exceedingly high nutrient
concentrations and/or high densities of cyprinid fish or grass carp are the main reasons for
failures (see references in Table 1).

Project aims, environmental conditions, and colonization ability are factors to be con-
sidered when suitable species are selected for transplantations. Hussner et al. (2014 [79])
presented a list of species suitable for transplantations in Central European lakes and
recommended transplantation of Chara spp. in alkaline, calcium-rich lakes. Vice versa,
Jellyman et al. (2009 [78]) advised against plantations of species adapted to low nutrient
conditions such as charophytes in eutrophicated lakes and recommended the use of Stuck-
enia pectinata for such environments. In China, Vallisneria natans is often planted, which
is relatively tolerant against eutrophication (Li et al., 2008 [134]), but transplantations
of this species fail at high fish densities and elevated nutrient concentrations, especially
when both effects are combined (Gu et al., 2018 [135]). Rodrigo and Carabal (2020 [108])
recommended transplantation of Myriophyllum spicatum, Stuckenia pectinata, and C. vulgaris,
as these species are widely available, easy to cultivate, and in experiments turned out to
be rather grazing-resistant, while species such as Ceratophyllum demersum, Nitella hyalina,
and Tolypella glomerata could be established once a vegetation cover has developed to
increase biodiversity.

There are various techniques to plant aquatic macrophytes. The plants can be taken
directly from a suitable donor site or transplanted after pre-culture. Green plants or plant
parts, tubers, and rhizomes can be transferred to the target site. In laboratory experiments,
some submerged plants such as Myriophyllum spicatum could easily be established from
fragments, while, in other species such as Potamogeton pusillus, only few fragments survived
after plantation (Barrat-Segretain et al., 1998 [136], 1999 [137], Vári 2013 [138]). Different
kinds of substrates have been used, preferably decomposable ones, such as jute mats, wood,
wool, or decomposable pots (Rott 2005 [139], Hoffmann et al., 2013 [140], Hussner et al.,
2014 [79], van de Weyer et al., 2021 [83]). Substrates and techniques differ considerably in
costs and especially in labor input. Establishment success, however, seems generally to be
less dependent on substrate type and planting technique but is severely jeopardized by
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unsuitable conditions such as strong currents, unconsolidated sediments, and low light
availability. Sediments also should have a sufficiently high share of organic material and
may not contain toxic substances. Protection against grazing is especially important as
long as plant biomasses and expansion on the target site are low (Lauridsen et al., 1993 [94],
Irfannulah and Moss 2004 [93], Hilt et al., 2006 [80], Moore et al., 2010 [141], Jeppesen et al.,
2017 [77], Rohal et al., 2021 [142], van de Weyer et al., 2021 [83]; Figure 4).
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Transplantations often start with so-called “founder colonies”. These plantations,
usually in protected exclosures, can be increased in the following years until the plants can
expand by themselves and outside of the enclosures in the lake (Smart et al., 1998 [143],
Smart and Dick 1999 [144], Jellyman et al., 2009 [78], Hussner et al., 2014 [79]). A suffi-
ciently high share of the lake surface (around 30%) should be shallow enough to allow
establishment by submerged vegetation (Jeppesen et al., 2017 [77]). In smaller lakes, the
total area has been planted (van de Weyer et al., 2014 [99]) after a complete fish removal
(see also Moss et al., 1996 [145]). Seagrass investigations demonstrate the advantages to
transplant large intact patches rather than dispersed plots (Zhang et al., 2021 [82]).

Few attempts to (re)establish submerged macrophytes have been made in warmer
regions, where this vegetation often is seen as a nuisance, except for China, where sub-
merged plants have been planted in large quantities during lake restorations (Jeppesen
et al., 2017 [77]). In smaller lakes, plantations were often successful when protected against
herbivorous fish but failed in some cases due to expansion of floating-leaved plants (Chen
et al., 2009 [146], Jeppesen et al., 2017 [77]).

7. Transplantations of Charophytes

Charophytes are rather commonly selected for transplantations for various reasons.
Most common are transplantations connected to lake restorations. A number of charophyte
species form dense and sometimes winter-green vegetation, which can store substantial
quantities of nutrients and has a stronger and more sustainable impact on water quality
than water angiosperms (Blindow 1992b [126], Kufel and Kufel 2002 [73], Blindow et al.,
2014 [50]). In most cases, a mix of different species is planted with dominance of common
species. Chara contraria, C. globularis, C. papillosa, C. vulgaris, and Nitella mucronata are
recommended, but especially large species which can form dense vegetation such as Chara
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tomentosa and Nitellopsis obtusa (Hussner et al., 2014 [79]). Charophytes are more sensible
against eutrophication than other submerged macrophytes. While waterfowl often prefer
angiosperms before charophytes (Hidding et al., 2010b [147], Langhelle et al., 1996 [148]),
crayfish prefer charophytes before angiosperms (Nyström and Strand 1996 [149], Zinko
2017 [1]). Zinko (2017 [1]) therefore advised never to implement crayfish in habitats with
threatened macrophytes.

All available case studies on transplantations of charophytes are described in Table 1.
For these transplantations, green plants, preferably protected by enclosures, and/or sedi-
ments rich in oospores were used. A number of these projects failed, often due to (some-
times illegal) fish implantations or nutrient loadings.

Other transplantation projects prefer charophytes, as they are bottom-dwellers and
therefore are less disturbing for various activities such as boating and swimming than
tall macrophytes (Hilt et al., 2006 [80]); they also provide valuable habitats for fish (Dick
et al., 2004 [113], Dick and Smart 2004 [114]). A mixture of aquatic macrophytes including
charophytes is sometimes transplanted to increase biodiversity (Rodrigo and Carabal
2020 [108], Rodrigo 2021 [84]; see Figure 5). Charophytes were also transplanted as agents
to accumulate radioactive substances (“biological polishing”; Smith and Kalin 1992 [97]).
Rarely, threatened charophytes are transplanted as a measure to protect these species
(see below).
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8. Transplantations of Threatened Aquatic Vascular Plants

While there are a number of experiences with both indirect and direct establishments
(transplantations), plantations aiming at the protection of threatened species (e.g., popula-
tion restorations, see IUCN 2013 [7]) have given rise to different kinds of projects as well as
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a new field of research (Seddon et al., 2007 [150], Jeppesen et al., 2017 [77]). Prior to trans-
plantations, the presence of viable diaspores should be investigated in the transplantation
site (Bakker et al., 2013 [12], Verhofstad et al., 2017 [43], Holzhausen et al., 2017 [36]). If an
establishment from the present diaspore reservoir is not possible, transplantations may
be a suitable option to support the regional population. Therefore, necessary permits and
potentially negative consequences such as damage of the donor original population, gene
pool contaminations, and introduction of neophytic species attached to the donor plant
material have to be considered (Barett and Kohn 1991 [151], Foster Huenneke 1991 [152],
Hussner et al., 2014 [79], Holzhausen et al., 2017 [36]).

There are few guidelines or recommendations for transplantations of rare aquatic
plants. Guidelines for transplantations of rare terrestrial plants were developed in several
countries such as Germany (Sukopp and Trautmann 1981 [153]), the USA. (Falk et al.,
1996 [154]), and Sweden (Wetterin 2008 [155]). The IUCN (2013 [7]) provided guidelines
for transplantations (translocations) of rare animals and plants. These publications agree in
their main points:

• A species should be transplanted only if it does not establish spontaneously;
• Laws have to be followed and necessary permits must be obtained;
• Species may only be planted within their (recent or historic) distribution area;
• Donor plants should be obtained from a site close by and be genetically similar to the

original population;
• The donor population may not be damaged;
• Transplantation sites must correspond to the species’ environmental demands;
• All transplantations have to be monitored and documented scientifically over a longer

time period;
• Protection and appropriate management of the transplantation site has to be guaran-

teed.

Falk et al. (1996 [154]) warned for failures: “A replacement population can be estab-
lished only if the original causes of decline have been eliminated”.

There are some experiences with transplantations of rare aquatic vascular plants.
Among isoetids, the endemic Isoetes malinverniana was successfully transplanted in Italian
small water bodies (Abeli et al., 2017 [156]). Transplantations of Littorella uniflora, Isoetes la-
custris, Lobelia dortmanna succeeded in German lakes, especially if the plants were protected
against grazing (Lenzewski 2019 [157]).

Both plant fragments and tubers of rare Potamogeton species were successfully trans-
planted in the UK (P. compressus; Markwell and Halls 2008 [158]), the USA (P. amplifolius;
Storch et al., 1986 [159]), and Sweden (P. acutifolius, P. compressus, P. trichoides; Nilsson
2017 [160], Reuterskiöld 2017 [161], Zinko 2017 [1]).

Schwarzer and Wolff (2005 [162]) used both living plants and sporangia for the re-
establishment of Salvinia natans in Germany. Ibars and Estrelles (2012 [163]) described
the successful transplantation of soil spore banks to recover a lost population of Marsilea
quadrifolia in Spain.

9. Transplantations of Threatened Charophytes

Indirect and direct establishment of charophyte vegetation have been part of a number
of restoration projects (see above and Table 1). These experiences provide extensive knowl-
edge about suitable environmental conditions for charophytes (Stewart 2008 [164]), which
is an important prerequisite for successful transplantations (se Bakker et al., 2013 [12]).
Together with transplantations of other threatened aquatic macrophytes (see above), these
activities provide knowledge essential for what were, up to now, hardly applied transplan-
tations of threatened charophytes. Bakker et al. (2013 [12]) and Jeppesen et al. (2017 [77])
mention the need for transplantations of threatened submerged macrophytes including
charophytes to maintain biodiversity. For Swedish wetlands, Ekologgruppen (2009 [165])
recommended transplantations of threatened charophytes such as Chara papillosa, Nitella
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gracilis, and N. mucronata. Becker (2014 [166]), however, did not include transplantations
among the numerous actions suggested to protect threatened charophytes in Germany.

According to our knowledge, the Swiss action plan for Nitella hyalina was the first
time a threatened charophyte species was planted aiming to re-establish the species in its
(former) Swiss distribution area (Schwarzer 2017 [111]). Fresh plant material was collected
in France during 2017 and pre-cultured outdoors. These pre-cultures were successful. The
plants hibernated and produced richly fertile biomass during 2018, when Nitella hyalina
was planted in suitable sites close to Lake Zürich. During the following years, the species
was stable in six out of 10 sites and expanded in these sites (see Figure 6). Plantations in
additional sites are planned (A. Schwarzer, pers. comm.).
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Both fresh plant material and oospores can be used for transplantations depending on
the life strategy of the species in question.

9.1. Establishment from Shoot Fragments

Many species can easily be established from shoot fragments. Shoot apices containing
at least two nodes are used with the lowest node pushed down into the sediment. Node
cells are omnipotent (Skurzyński and Bociąg 2011 [31]) and, in most cases, readily develop
rhizoids and new growth. For such precultures, glass beakers with low nutrient water
(tape water or water from the donor site) can be used, and sediments with a moderately
high organic content provide nutrients. Sediment from the donor site eventually mixed
with sand is often most suitable.
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A number of charophyte species from temperate regions have been cultured from
shoot fragments, in most cases successfully (see Table 2). Bociąg and Rekowska (2012 [167])
cultivated shoot fragments successfully from a number of species. Thereby, Chara globularis
had the highest growth rates, followed by C. subspinosa; the lowest rates were found in C.
tomentosa and C. aspera.

Table 2. References for successful culture of single charophyte species from shoot fragments. Swedish
program species are shown in bold.

Species Sources

Chara aculeolata V. Krautkrämer, pers. comm.

Chara aspera
Blindow et al. (2003 [168]); Bociąg and Rekowska (2012 [167]);
V. Krautkrämer, pers. comm.; M. Rodrigo, pers. comm.; own
data

Chara baltica Wüstenberg et al. (2011 [169]); A. Holzhausen, pers. comm.;
own data

Chara canescens A. Holzhausen, pers. comm.; V. Krautkrämer, pers. comm.; M.
Rodrigo, pers. comm.

Chara contraria A. Holzhausen, pers. comm.; V. Krautkrämer, pers. comm.;
own data

Chara globularis
Bakker et al. (2010 [60]); Bociąg and Rekowska (2012 [167]);
Richter & Gross (2013 [59]); V. Krautkrämer, pers. comm.;
own data

Chara hispida
Wüstenberg et al. (2011 [169]); Rodrigo et al. (2017 [170]); V.
Krautkrämer, pers. comm.; M. Rodrigo, pers. comm.; own
data

Chara horrida Own data

Chara papillosa Own data

Chara subspinosa Bociąg and Rekowska (2012 [167]); A. Holzhausen, pers.
comm; own data

Chara tomentosa Wüstenberg et al. (2011 [169]); Bociąg and Rekowska (2012
[167]); A. Holzhausen, pers. comm

Chara virgata Own data

Chara vulgaris Rodrigo et al. (2017 [170]); A. Holzhausen, pers. comm

Lamprothamnium papillosum M. Rodrigo, pers. comm.

Nitella gracilis M. Rodrigo, pers. comm.

Nitella hyalina M. Rodrigo, pers. comm.

Nitella mucronata V. Krautkrämer, pers. comm.

Nitella opaca V. Krautkrämer, pers. comm.

Nitella tenuissima V. Krautkrämer, pers. comm

Nitella translucens Own data

Most Chara spp. can easily be cultured, often for many years, but generally, cultivation
seems to be more difficult for species without cortex such as Nitella spp. and Nitellopsis
obtusa (A. Holzhausen, pers. comm.). Species without cortex and long internodes such
as Nitellopsis obtusa and Nitella translucens were cultured for physiological experiments,
either in outdoor ponds or (more frequently) in the laboratory, but growth rates were not
published for such cultures. Nitellopsis obtusa was transferred from the field to aquaria with
tape water or site water in room temperature and under lamps and thus kept alive until
the start of the experiments (Kurtyka et al., 2011 [171], Kisnieriene et al., 2012 [172]). In a
laboratory of the University of Valencia, Spain, a number of charophyte species are kept in
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culture in small pots containing a sand/sediment substrate mixture, which are placed in
larger beakers with tape water (Rodrigo et al., 2017 [170], Rodrigo 2021 [84]).

Alternatively, outdoor mesocosms (V. Krautkrämer, pers. comm., Richter and Gross
2013 [59]) or experimental ponds (Bakker et al., 2010 [60]) have been used to culture
charophytes. Krautkrämer (pers. comm.) successfully used plastic containers containing
different kinds of sediment and tap or site water for such cultures.

A new culture method was developed by Wüstenberg et al. (2011 [169]). Charophyte
shoot fragments are planted in sand enriched with K3PO4 and covered with pure sand
without nutrient addition. The overlying water consists of a nutrient solution without
phosphorus. Enclosed in a polyethylen membrane, a bicarbonate reservoir provides a
permanent supply of inorganic carbon. The advantage of this method is that growth rates of
microalgae are kept low, while the charophytes can take up phosphorus from the sediment.
Growth rate of charophytes are very high in such cultures.

9.2. Establishment from Oospores

Some charophyte species cannot be established from shoot fragments (see above).
Especially, annual species with rich oospore production can be easier to establish from
oospores. Establishment from oospores is complicated by the generally low germination
success (see above) and the demand for species-specific germination conditions. Oospores
of Chara globularis only grow at low redox potential (Forsberg 1965 [173]), while other
species do not share this requirement (A. Holzhausen, pers. comm.). Germination has
sometimes failed in autoclaved sediments and has been successful only if the sediment
contained a certain organic share (A. Holzhausen, pers. comm.). A number of European
species have high germination success at 15 ◦C but not at 20 ◦C (A. Holzhausen, pers.
comm.). Temperature is probably acting as an indicator for the most suitable season (spring)
for germination, while summer temperatures indicate that it is too late. Some species
such as Nitella furcata and Chara zeylanica, however, only germinate during a so-called
“germination window” during spring, which seems to open independently of temperature
(Sokol and Stross 1986 [174], Stross 1989 [35]). Additionally, the presence of toxic substances
can inhibit germination, as shown for Chara hispida in the presence of microcystin (Rojo
et al., 2013 [175]). Fe2(SO4)3, which sometimes is used to immobilize phosphorus in lake
restoration, was shown to inhibit charophyte oospore germination (Rybak et al., 2017 [176]).
Oospore germination of both Chara sp. and Nitella sp. was reduced by high concentrations
of Cu (Kelly et al., 2012 [177]), and oospores of Chara vulgaris showed lower germination
after exposure to high concentrations of Ni (Kalin and Smith 2007 [39]), sulfide, or Fe2+

(Sederias and Colman 2009 [178]).
Generally, oospores should be stratified, and sediments should be dried and provided

with a certain share of organic matter before germination experiments are started. The
specific germination demands of the species in question must be known, such as light
(Holzhausen et al., 2017 [36]). The viability of oospores collected from sediments should
be investigated. The so-called “crash tests” give a first indication: viable oospores show a
“resistance to crushing” when pressed. Additionally, triphenyltetrazoliumchloride (TTC)
staining is a good indicator for viability (Holzhausen et al., 2017 [36]).

9.3. Precultures

Charophyte species which do not form dense vegetation but occur as single plants
on their sites often have to be precultured to obtain sufficient biomass for transplanta-
tions. Many species can easily be reproduced in larger or smaller containers with suitable
sediments and water (see above), eventually with transplantations to other containers.
The plants can be cultured indoors with artificial light or outdoors in larger containers or
mesocosms. The latter alternative is assumed to be more promising, as the plants already
are adapted to the on-site climate when transferred to their target sites. A good example
is the Swiss Action Plan for Nitella hyalina with precultures in a market garden, which
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were bought by the canton of Zürich to culture aquatic macrophytes (Schwarzer 2017 [111];
Schwarzer, pers. comm.).

9.4. Accompanying Techniques
9.4.1. eDNA Analyses

eDNA analyses of water samples are already widely applied to detect a large range
of aquatic organisms (see reviews by Thomsen and Willerslev 2018 [179] and Ruppert
et al., 2019 [180]). In Sweden, eDNA analyses have successfully been applied for several
years with the focus on fish, mussels, and crayfish (Bohman 2018 [181], von Proschwitz
and Wengström 2021 [182]). Aquatic plants are, however, largely under-represented in
such analyses compared to aquatic animals (Thomsen and Willerslev 2018 [179]). In a
Canadian investigation, eDNA analyses identified more species belonging to the genera of
Potamogeton and Zannichellia than “traditional” methods (Kuzmina et al., 2018 [183]). Muha
et al. (2018 [184]) detected invasive aquatic plants by means of eDNA analysis.

The method has not yet been tested systematically for charophytes but seems promis-
ing. Charophytes are assumed to release larger DNA quantities than vascular plants.
When damaged by, e.g., grazing, the content of the large internode cell, which contains a
high number of nuculid and chloroplasts, is released into the water column. Some first
investigations confirmed that charophytes are easily detected in water samples. Thereby,
markers using both nucleus and chloroplast genes are applied (Nowak, pers. comm.).

Diaspore investigations are important if transplantations of rare species are considered
in sites where these species are absent in the vegetation. Such plantations should be avoided
if viable oospores still are present in the sediment. Instead, re-establishment from the site’s
“own” diaspores should be promoted (Bakker et al., 2013 [12], Verhofstad et al., 2017 [43],
Zinko 2017 [1], Holzhausen et al., 2017 [36]). “Classical” diaspore reservoir investigations
are suitable to quantify and determine oospores and to check their viability (Holzhausen
2017 [36]) but are labor-intensive and connected with a high risk of missing rare species.
eDNA analyses of sediment samples are less expensive and may be more suitable to detect
rare species in the diaspore reservoir, especially Nitella spp. and Tolypella spp. Species
belonging to these genera have often high oospore production (see below), and species-
specific primers already exist (P. Nowak, pers. comm.). Thereby, sediment samples down
to 10 cm could be analyzed, which corresponds to the layer containing viable oospores
(van Onsem and Triest 2018 [91]). In terrestrial habitats, eDNA analyses have already been
applied to identify diaspores in soil samples (Fahner et al., 2016 [185]).

9.4.2. Harvesting

Harvesting of submerged vegetation is a very old technique traditionally applied to
fertilize arable fields and still used for this purpose in many countries (Roger and Watanabe
1984 [186]). Recently, the technique was recommended to achieve a complete phosphorus
recycling (Quilliam et al., 2015 [187]).

The effects of cutting on submerged vegetation and interactions among different
macrophytes were calculated in several models such as CHARISMA (Van Nes et al.,
2002 [188], 2003 [189]), SAGA (Hootsmans 1999 [190]), and, more recently, PCLake (Kuiper
et al., 2017 [85]). Practically, cutting has been applied to remove vegetation which is re-
garded as “obstacles” around bathing places but also to eliminate “undesired” macrophyte
species in lake restoration projects. The harvested biomass has to be removed to prevent
nutrient release and oxygen consumption, leaving the major part of the lake’s submerged
vegetation intact in order to uphold the clearwater feedback mechanisms (Hussner et al.,
2014 [79], Hilt et al., 2006 [80]). Harvesting is labor- and cost-intensive, increasingly so as
many plant species can rapidly regenerate (Abernethy et al., 1996 [191]). Experiences from
a number of case-studies showed highly variable and even contradictory whole-ecosystem
effects (Engel 1990 [192], Nichols and Lathrop 1994 [193], Barrat-Segretain and Amoros
1996 [136], Morris et al., 2003 [194], Bal et al., 2006 [195]; Morris et al., 2006 [196]).
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Generally, macrophyte cutting seems to favor charophytes, which is explained by
the removal of shading tall macrophytes and was therefore recommended as a method to
favor rare charophytes (Zinko 2017 [1]). In a Polish lake, Nitella mucronata increased after
macrophyte harvesting, while tall macrophytes, especially Elodea canadensis, decreased
(Lawniczak-Malinska and Achtenberg 2018 [197]). Similarly, Nitella mucronata increased in
a Swedish lake after cutting of floating-leaved plants (Kyrkander and Örnborg 2015 [198]).

9.4.3. Indicator Species

To select suitable habitats for rare charophytes, which are poor competitors, other
bottom-dwellers with similar habitat characteristics such as Nitella spp., Chara globularis,
C. virgata, isoetids, Pilularia globulifera, and Elatine hexandra could function as “indicator
species” (Zinko 2017 [1]).

10. The Swedish Example: How to Protect Rare Charophytes

Based on knowledge and practical experience, recommendations are here given for the
protection of threatened charophyte species included in the actual action plan in Sweden
(Zinko 2017 [1]). For more detailed information about ecology, dispersal mechanisms,
competitive strength, life strategy, number of sites, red list status, and trends, see Blin-
dow (2009a–d [2–5]), Zinko (2017 [1]), SLU Artdatabanken (2020 [199]), and Artportalen
(https://www.artportalen.se, accessed on 3 September 2021).

In Sweden, a general strategy for transplantations of native threatened aquatic species
was implemented (Wetterin 2008 [155]). On a regional level, the county administration of
Östergötland developed a strategy for cultivation and translocations of threatened species
(Antonsson 2012 [200]). A national strategy for translocations of aquatic plants and animals
is in a state of preparation. For red-listed species (which is the case for all program species),
permits may be necessary for transplantations according to the national environmental law
(Miljöbalken 12 kap 6§).

The 10 program species differ widely in rareness/number of sites and especially life
strategies. Consequently, different actions with different priorities are recommended to
secure the species within the country (Table 3). Survey is recommended for some species,
either by “classical” methods and/or by means of eDNA of sediment or water samples.
Transplantations are recommended for species which are assumed to be hampered from
expansion because of rareness and lack of oospores in the diaspore reservoirs, not lack of
suitable sites. Some species are highly competitive (K-strategists) and can form dense and
extensive biomass once they have reached a new site but have only restricted dispersal
abilities. Biomass of such species can be collected from donor sites without jeopardizing the
population. To test suitable techniques, these species should first be transplanted on-site.
Prior to transplantations to new sites, the occurrence of rare species which potentially
could be outcompeted by the “newcomers” has to be investigated, and the transplantation
material has to be checked for contamination with undesired species such as neophytes.
Species with only low biomass on their actual sites, mainly weak competitors (R-strategists),
may have to be precultured. Methods have not been tested for any of these species, but the
method developed for Nitella hyalina has been very successful (see Table 1) and could be
applied. Cutting tall macrophyte vegetation may additionally support the establishment
of these weak competitors, and indicator species may help to identify suitable sites. In
an initial stage, all transplants need to be protected against grazing and be followed by
a detailed monitoring and, if necessary, actions to improve water quality and reduce
herbivorous/benthivorous fish.
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Table 3. Number of sites (records after 2000), life strategy, and recommended actions for the 10 charophyte species included
in the Swedish action plan for threatend macrophytes (Zinko 2017 [1]). Strategy: r = r strategist. k = k strategist. int =
intermediate. eDNA: specified, if analysis of sediment (sed.) and/or water samples is recommended. Transplantations (Tr.),
direct and/or after precultivation (precult.): 1 = high priority; 2 = lower priority. ? = strategy may deviate in the Swedish
populations. Cutting: Harvesting of tall macrophytes to improve establishment. Indicator: Indicator species are used to
identify suitable habitats. For further explanations, see text.

Species No of Sites Strategy Survey eDNA Tr. Direct Tr. Precult. Cutting Indicator Comment

Chara filiformis 1 int 1 x

Chara subspinosa 16 k 2 highly competitive

Nitellopsis obtusa 17 k 2 highly competitive

Nitella translucens 6 k x water 1

Nitella mucronata about 50 int (x) no actions recommended

Nitella gracilis 20 r sed. 1 x x

Nitella syncarpa 2 r sed. 1 1 x x

Nitella confervacea r x sed. 1? 1 x x

Chara braunii 3 * int? 2 2

Tolypella canadensis 6 k? x water stable population?

* freshwater sites only.

Swedish authorities, similar to authorities in other countries, also include taxa with
a doubtful taxonomic rank in conservational efforts. Consequently, both C. filiformis and
C. subspinosa were included in the recent action plan to protect threatened macrophyte
species (Zinko 2017 [1]), though they can genetically not be separated from C. contraria and
C. hispida, respectively (Nowak et al., 2016 [201], Nowak, pers. comm.). The reason for this
decision is that, similar to other taxonomic groups, the selection of species in charophytes is
“man-made” rather than corresponding to the biological species concept. Genetic analyses
are of limited support in, e.g., the so-called “Hartmania complex” within the genus of Chara
(which includes C. subspinosa and C. hispida), because of generally close clustering of all
taxa belonging to this group (see Nowak et al., 2016 [201]).

Chara filiformis has been described as annual and perennial (Migula 1897 [202], Olsen
1944 [67]). Life cycle is poorly known, but reproduction by both fragmentation and
bulbils has been observed (Migula 1897 [202], Teppke 2014 [203]). The species can form
dense monospecific vegetation but grows also associated with other plants, mainly other
charophytes (Blindow 2009a [2], Teppke 2014 [203], Brzozowski et al., 2018 [204]). The
competitive abilities and the dispersal mechanisms of the species are rather unknown.
The species is typical for calcium-rich lakes. Chara filiformis can easily be kept in culture
for a long time (Olsen 1944 [67], A. Holzhausen, pers. comm.). In experiments, oospores
only germinated at low light (Holzhausen et al., 2017 [36]). The species was successfully
transplanted in a German pond (R. Mauersberger, pers. comm.).

Lake Levrasjön in Scania is its only Swedish site. It was found for the first time during
1860 and seems since then to have occurred in the lake (Wahlstedt 1862 [205], Hasslow
1931 [68], Blindow 2009a [2], own observations). The species should be transplanted to
other calcium-rich lakes close to Lake Levrasjön, preferably as green plants after a test of
transplantations in Lake Levrasjön. Cutting of tall macrophytes is recommended in Lake
Levrasjön to stabilize the occurrence of C. filiformis in the lake.

Chara subspinosa and Nitellopsis obtusa belong to the most “extreme” K-strategists
among charophytes. Both species form dense vegetation and are highly competitive but are
commonly sterile and assumed to be poor colonizers (Pereya-Ramos 1981 [206], Pełechaty
2005 [207], Langangen 2007 [208], Blindow 1992b [126], Schubert et al., 2014 [209]). This
is especially the case for the dioecious N. obtusa, which in some lakes is represented by
only one sex (Krause 1997 [20], Blindow 2009a [2], Kabus 2014 [210]). Both species occur
in permanent habitats, most commonly in calcium-rich lakes, and are perennial. While
C. subspinosa mainly hibernates green, N. obtusa hibernates by means of bulbils and as green
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plants in deeper water (Pereyra-Ramos 1981 [206], Hargeby 1990 [211], Skurzynski and
Bociag 2011 [31], Kabus 2014 [210], Cahill 2017 [212]).

C. subspinosa can easily be cultured in the laboratory (see Table 2), but is rarely fertile
(Bociąg and Rekowska 2012 [167]). Skurzyński and Bociąg (2009, 2011 [31,32]) succeeded in
cultivating the species from oospores, though only a low share (5%) of oospores germinated
at 18 ◦C, and no germination was observed at 5 ◦C. Sediment redox potential did not affect
germination, while the germination was retarded in the dark. Holzhausen (pers. comm.)
observed higher germination success of oospores taken from sediments at 15 ◦C at high light
intensities. Oospore implantations in lake restoration projects were discussed (Skurzyński
& Bociąg 2009 [32]). Transplantations of fresh biomass were already successfully applied in
Lake Behlendorfer See, Germany (Meis et al., 2018 [104]). In Lake Wuckersee, Germany,
C. subspinosa established spontaneously in enclosures protected against cyprinid fish,
showing that these fish are a serious threat factor (A. Hussner, pers. comm).

Bulbils of N. obtusa germinated readily at both high and low light conditions, while
oospore germination failed. Cultivation of green plants was successful in natural sediments
but not sand and less easily than Chara spp. (Holzhausen et al., 2017 [36], A. Holzhausen,
pers. comm.). Krautkrämer (pers. comm.) failed in culturing the species. For physi-
ological experiments, the species was kept in laboratory cultures for longer times, but
no information on growth rates was given (Kurtyka et al., 2011 [171], Kisnieriene et al.,
2012 [172]).

In Sweden, Chara subspinosa and N. obtusa occur in 16 and 17 sites, respectively, all of
them calcium-rich lakes (see Figure 2). C. subspinosa is difficult to investigate, as it is hard
to distinguish from C. hispida. C. subspinosa and N. obtusa have disappeared from a number
of their former sites, probably because of eutrophication (Kyrkander 2007 [213], Zinko
2017 [1], Herbst et al., 2018 [214], Artportalen: accessed 7 May 2021). In N. obtusa, however,
this decline was compensated by the colonization of new sites during the extension of the
distribution areas to northern regions (Blindow 2009a [2]).

Transplantations are recommended to secure the occurrence of both species in the
country and to counteract their assumed poor dispersal abilities, preferably on sites where
they disappeared before, given that the on-site conditions are favorable. Preculture is
not necessary, as dense vegetation is present on the actual sites (Kyrkander 2007 [213],
Zinko 2017 [1], own observations). Lake Krankesjön in southern Sweden shifted to a
clearwater state during the 1980s, and charophytes expanded (Hargeby et al., 1994 [72]).
C. subspinosa was observed for the first time during 1995 (Blindow 2009a [2]); Nitellopsis
obtusa was observed during 2009 (Artportalen: accessed 7 May 2021). Both species have
since then expanded, thereby reducing the former dense vegetation of Chara tomentosa (own
observations). Additionally, in North America, where Nitellopsis obtusa is an invasive plant,
it has outcompeted other submerged macrophytes (Brainard and Schulz 2017 [215], Cahill
2017 [212]). Because of the high competitive strength of C. subspinosa and N. obtusa, there
is a certain risk that other submerged macrophytes are outcompeted after plantations of
(one of) these target species. A detailed investigation of submerged vegetation, including
a search for rare species, is therefore necessary before transplantations (Zinko 2017 [1]).
Both species are, however, especially suitable for transplantations in the context of lake
restorations because of their ability to form dense vegetation. They could be planted
in enclosures in their former site Lakes Ringsjöarna combined with other measures to
improve water quality. This question is already discussed by the local administration
(Richard Nilsson, Ringsjöns vattenråd, Höörs kommun, pers. comm.), especially as the
water quality of the lakes has recently improved (Ekologigruppen Ekoplan AB 2019 [216]).

Nitella translucens hibernates as green plant (Wahlstedt 1875 [217], Migula 1897 [202],
van Raam 1998 [218], Becker and Doege 2014 [219]). It is often fertile, but also sterile plants
are commonly found (Becker and Doege 2014 [219], Blindow 2009b [3]). Nothing seems
to be known about the dispersal abilities of this species. N. translucens can form dense
monospecific vegetation (Becker and Doege 2014 [219]), which indicates strong vegetative
reproduction and a rather high competitive ability. The species occurs in calcium-poor,
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oligo- to mesotrophic water, often with high contents of humic substances and sediments
consisting of dy, and prefers subneutral to neutral pH (Bruinsma 2007 [220], Becker and
Doege 2014 [219]). In Sweden, the species was characterized as typical for forests lakes
(Zinko 2017 [1]). Nothing seems to be known about oospore germination (A. Holzhausen,
pers. comm.). The species was cultured in the laboratory in small plastic containers with
nutrient solution and artificial light at a pH of 5.5 and temperatures between 21 and 24 ◦C
(Cruz-Mireles and Ortega-Blake 1991 [221]). Spanswick (1972 [222]) and Spanswick and
Miller (1977 [223]) also cultured the species in the laboratory.

In Sweden, Nitella translucens occurs in six actual sites in the southern part of the
country and has disappeared from five (Artportalen: accessed 7 May 2021). There may be
a rather high number of unknown sites (Zinko 2017 [1], Å. Widgren, pers. comm.). Apart
from field investigations, possibly supported by eDNA analyses (P. Nowak, pers. comm.),
transplantations are planned for some of the species’ former sites if water quality seems
appropriate and after a test of plantations within one of its actual sites. On some actual sites,
biomass seems to be sufficient for plantations, which erases the need for precultures. A
pilot study with transplantations within Lake Älmtasjön, one of the actual sites, is planned
for the summer of 2021 (Å. Widgren, pers. comm.).

Nitella mucronata is both annual and perennial with hibernation as a green plant
(Wahlstedt 1875 [217], Migula 1897 [202], Olsen 1944 [67], Forsberg 1960 [224]). Little is
known about the dispersal abilities of the species. Both fertile and sterile plants are common
(Olsen 1944 [67], Korsch 2014a [225]). The species can form monospecific vegetation and is
therefore assumed to be a rather good competitor (Blindow 2009b [3]). It occurs in a broad
range of habitats such as lakes, small water bodies, and running water in both calcium-rich
water and soft water, ranging from oligotrophic to eutrophic conditions with varying
conductivities, and it seems to be less sensible against eutrophication than many other
charophytes (Simons and Nat 1996 [226], Doege et al., 2014 [227], Korsch 2014a [225]). In the
laboratory, oospores only germinated at high light, not at low light conditions (Holzhausen
et al., 2017 [36]). The species can rather easily be kept in culture (V. Krautkrämer, pers.
comm.) but less easily than many Chara spp. (A. Holzhausen, pers. comm.).

Intensive field investigations during the former action plan (Blindow 2009b [3]) in-
creased the number of known sites in Sweden to around 50 (Artportalen: accessed 5 May
2021). Plantations seem promising and have been successful in Lake Phoenix, Germany
(see Figure 5; Table 1), but are not considered necessary to secure the species’ occurrence in
Sweden. Plantations could, however, be applied during lake restorations (Zinko 2017 [1]).
Cutting of tall macrophytes is recommended to favor the species on its recent sites.

Nitella gracilis, N. syncarpa, and N. confervacea are three small, slender charophyte
species. They have an annual life cycle and only hibernate occasionally as green plants
in deeper water (Wahlstedt 1875 [205], Hasslow 1931 [68], Krause 1997 [20], Korsch
2014b [228], Korte et al., 2014 [229], Pätzold et al., 2014 [230]). All three species are typical
pioneer plants. They are often richly fertile with probably good dispersal abilities and
often colonize newly created water bodies but can disappear soon because of competition
from other plants and only rarely form monospecific vegetation (Wahlstedt 1875 [205],
Du Rietz 1945 [231], Dahlgren 1953 [232], Koistinen 2003 [233], Blindow 2009b [3], Korsch
2014b [228]).

Nitella gracilis mainly occurs in small water bodies including temporary ponds, ditches,
and pools and prefers oligo- to mesotrophic, calcium-poor, and shallow water (Doege et al.,
2014 [227], Korsch 2014b [228]). In Sweden, it has about 20 actual sites. It has disappeared
from several former sites (Kyrkander 2007 [213], Thuresson 2019 [234], Artportalen: ac-
cessed 7 May 2021) and is threatened by both eutrophication and acidification (Becker
2014 [166]). The species has been found in small water bodies, oligotrophic, even acidified
lakes and brackish water with low salinities, down to more than 5 m depth (Artportalen:
accessed 14 October 2018, Thuresson 2019 [234]). Nothing seems to be known about condi-
tions for oospore germination (A. Holzhausen, pers. comm.). The species was successfully
cultivated in the laboratory (M. Rodrigo, pers. comm.).
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Nitella syncarpa occurs in lakes and small water bodies, including temporary ones, in
subneutral to alkaline water and under oligo- to eutrophic conditions, mainly in shallow
water, occasionally down to 8 m depth (Vesić et al., 2011 [235], Korte et al., 2014 [229]).
Nothing seems to be known about conditions for oospore germination (A. Holzhausen, pers.
comm.). Zherelova (1989a,b [236,237]) probably cultivated the species in the laboratory
but did not specify any methods. In Sweden, N. syncarpa only occurs in two recent sites
and seems to have disappeared from a number of its former sites (Blindow 2009b [3],
Artportalen: accessed 7 May 2021). The occurrence on one of its recent sites is threatened
by eutrophication (Kyrkander and Örnborg 2012 [238]). The species is one of the most
threatened charophytes in Sweden, and actions to secure its occurrence in the country have
a high priority (see Table 3).

Nitella confervacea occurs in small water bodies, including temporary ones, and in
oligo- to mesotrophic, occasionally even eutrophic lakes, in hard and soft water, mainly in
shallow water but occasionally several meters deep (Vesić et al., 2011 [235], Doege et al.,
2014 [227], Pätzold et al., 2014 [230], Zinko 2017 [1]). Nothing seems to be known about
oospore germination or culture conditions (A. Holzhausen, pers. comm.). The species is
known from 10 actual Swedish sites and has disappeared from a number of its former sites
(Artportalen: accessed 7 May 2021, Thuresson 2019 [234]).

Transplantations seem important to secure all three species in Sweden. As they only
have low biomasses on the actual sites, precultivation is probably necessary. N. confervacea
has rather high biomass in Lake Möckeln (own observations), which potentially can be
used for a direct transfer. In Lake Limsjön, the biomass of N. syncarpa is rather large
(Kyrkander and Örnborg 2012 [238]) and, therefore, removal of part of this population for
transplantations was suggested (Zinko 2017 [1]). As the three species are typical pioneer
plants, transplantations should not be focused on former sites but on suitable habitats
within their recent distribution area, such as lake shores with sparse vegetation and newly
created small water bodies (Zinko 2017 [1]). Indicator species may help selecting such
habitats. Cutting of taller macrophytes could support the establishment. The species may
be over-looked on many sites. Especially N. confervacea is hard to find because of its small
size and risk of confusion with Nitella wahlbergiana, which is rather abundant in the country
(Langangen 2007 [208], Zinko 2017 [1]). Resting oospores may be far more common than
green plants and could be tracked by means of eDNA.

Chara braunii is mainly annual and hibernates by means of oospores but occasionally
also as a green plant (Wahlstedt 1864 [239], Migula 1897 [202], Langangen 1974 [240], Franke
and Doege 2014 [241]). The species is richly fertile and has been assumed to have good
dispersal ability (Migula 1897 [202], Krause 1997 [20], Langangen et al., 2002 [242], Zhakova
2003 [243], Franke and Doege 2014 [241], Blindow 2009c [4]). It has been characterized as
a poor competitor (Migula 1897 [202], Krause and Walter 1985 [244]) but can dominate
in sites where competing vegetation is erased during winter, such as fish ponds that fall
dry during winter (Krause and Walter 1985 [244]). The species occurs mainly in small
water bodies but also in permanent habitats such as springs (Krause 1997 [20]) and even
in the deep water zones of larger lakes down to 33 m (Blindow et al., 2018 [245]). It can
be found in oligotrophic to eutrophic conditions, hard and soft water, and freshwater and
brackish water. Mass development in a fish pond which was dried and frozen during
winter (Migula 1897 [202]) indicates that oospores not only survive drying and freezing
but that germination may be stimulated by such conditions. Schmidt et al. (1996 [246])
characterized C. braunii as a “permanent pioneer” in fish ponds. In its Swedish Bothnian
Bay sites, the species occurs in a depth of 0.1 to 0.7 m (Artportalen: accessed 14 October
2018), where ice action during winter is strong, and any hibernation as green plants is
hardly possible (Idestam-Almqvist 2000 [247]).

The species has often been cultured. In Japan, it was kept outdoors in containers
with tape water and a sand/soil mixture (Amirnia et al., 2019 [248]). Imahori and Iwasa
(1965 [249]) and Sato et al. (2014 [250]) obtained axenic cultures after surface sterilization of
oospores with sodiumhypochloride (see Forsberg 1965 [173]) in containers with a sand/soil
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mixture, distilled water, and artificial light at 23 ◦C. The cultivation method developed
by Wüstenberg et al. (2011 [169]) was successfully applied at the University of Marburg,
Germany (S. Rensing, pers. comm.). Foissner et al. (1996 [251]) and Schmölzer et al.
(2011 [252]) described successful cultivation and high growth rates in aquaria containing a
peat/sand mixture and distilled water with artificial light at around 20 ◦C. Cultures failed,
however, at the University of Valencia, Spain (M. Rodrigo, pers. comm.).

In Sweden, the species occurs in around 20 actual sites in the Bothnian Bay (Pekkari
1953 [253], Tolstoy & Österlund 2003 [254], Artportalen: accessed 7 May 2021). For long
time, these brackish water sites were the only ones known in the country after the species
disappeared from two former freshwater sites probably because of eutrophication (Blindow
2009c [4]). During 2018 and 2019, C. braunii was detected in three larger freshwater lakes,
one of which (Lake Finjasjön) was heavily eutrophicated (Artportalen: accessed 7 May
2021). Freshwater and brackish water occurrences are highly separate from each other
not only geographically but also ecologically. While brackish water plants are typical
R-strategists, hibernation, reproduction, and competitive behaviors of the freshwater plants
are largely unknown. The genetic diversity of C. braunii is unusually large, indicating that
the species may consist of several taxonomic clusters (P. Nowak, pers. comm.).

Transplantations are not planned for the Bothnian Bay, as the occurrence in this area
is assumed to be secured, but are recommended to support the occurrence in freshwa-
ter. Transplantations from one of the two freshwater lakes to suitable sites close by are
eventually considered after preculture if the on-site biomass is too limited

Tolypella canadensis is an arctic charophyte with a circumpolar distribution (Romanov
and Kopyrina 2016 [255]) and low on-site temperatures throughout (Langangen 1993 [256],
Romanov and Kopyrina 2016 [255]). In Scandinavia, both fertile and sterile plants have
been found. Oospores sometimes seem not to ripen before the end of the short growing
period (Langangen 1993 [256], Langangen and Blindow 1995 [257]). The species is perennial
and hibernates as green plants or by means of bulbils (Romanov and Kopyrina 2016 [255]).
Nothing is known about its dispersal abilities or its competitive abilities, but it has often
been found in dense monospecific vegetation (Langangen 1993 [256], Krause 1997 [20],
Artportalen: accessed 14 October 2018). The species has been found in lakes and slowly
running water; it prefers deeper water and soft water conditions with low Ca concentrations
and neutral pH (Langangen 1993 [256], Langangen and Blindow 1995 [257], Romanov &
Kopyrina 2016 [255]). Nothing is known about oospore germination (A. Holzhausen, pers.
comm.). In a culture experiments, the plants died when exposed to temperatures exceeding
15 ◦C (Langangen 1993 [256]).

In Sweden, there are six actual sites, all in the county of Norrbotten (Artportalen:
accessed 7 May 2021). During field investigation, the species was relocated most of its
former sites (Pettersson et al., 2008 [258], Blindow 2009d [4], Zinko 2017 [1], Artportalen:
accessed 8 October 2018). The occurrence in Sweden seems to be secure despite the low
number of sites known. The species is assumed to have been widely overlooked, as field
investigations in this part of the country are difficult and expensive. eDNA analyses of
water samples have been successfully tested (P. Nowak, pers. comm.) and can help to
reduce the costs for these investigations.

11. Final Remarks

The Swedish Action Plan (Zinko 2017 [1]) is an ambitious project. The extensive
literature reviewed in this paper shows that successful re-establishment and transplantation
has to consider life strategies, which vary considerably among charophytes, and that
management techniques have to be adapted to the different species and life strategies.
Existing experiences on re-establishments and transplantations of charophytes provide a
sound basis for the transplantations planned. Especially, the successful transplantation of
Nitella hyalina in Switzerland is most promising. Starting this action plan, Sweden has taken
a pioneer roll in the protection of threatened charophytes. A thorough documentation of
the results and the experiences is of outermost importance.

150



Plants 2021, 10, 1830

Author Contributions: I.B. and M.C. conceptualized the project. M.C. was responsible for the project
administration. I.B. and K.v.d.W. collected data and literature sources. I.B. prepared the original draft;
I.B., M.C. and K.v.d.W. reviewed and edited the final version. All authors have read and agreed to
the published version of the manuscript.

Funding: The publication was financially supported by the County Administration of Jönköping,
Sweden, and the University of Greifswald, Germany.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The following persons gave various kinds of information and/or provided
valuable literature sources, which is gratefully acknowledged: Roland Bengtsson, Vincent Bertrin,
Aurelie Boissezon, John Bruinsma, Michelle Casanova, J. Delay, Ulrike Hamann, Andreas Hedrén,
Sabine Hilt, Anja Holzhausen, Andreas Hussner, Erik Jeppesen, Chrystal Kelly, Volker Krautkrämer,
Tina Kyrkander, Alexandra La Rosée (nee Hösch), Agnieszka Ławniczak-Malińska, Rüdiger Mauers-
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Abstract: Restoration cases with hydrophytes (those which develop all their vital functions inside
the water or very close to the water surface, e.g., flowering) are less abundant compared to those
using emergent plants. Here, I synthesize the latest knowledge in wetland restoration based on
revegetation with hydrophytes and stress common challenges and potential solutions. The review
mainly focusses on natural wetlands but also includes information about naturalized constructed
wetlands, which nowadays are being used not only to improve water quality but also to increase
biodiversity. Available publications, peer-reviewed and any public domain, from the last 20 years,
were reviewed. Several countries developed pilot case-studies and field-scale projects with more
or less success, the large-scale ones being less frequent. Using floating species is less generalized
than submerged species. Sediment transfer is more adequate for temporary wetlands. Hydrophyte
revegetation as a restoration tool could be improved by selecting suitable wetlands, increasing focus
on species biology and ecology, choosing the suitable propagation and revegetation techniques
(seeding, planting). The clear negative factors which prevent the revegetation success (herbivory,
microalgae, filamentous green algae, water and sediment composition) have to be considered. Policy-
making and wetland restoration practices must more effectively integrate the information already
known, particularly under future climatic scenarios.

Keywords: revegetation; submerged macrophytes; floating macrophytes; aquatic phanerogams; charo-
phytes; seeding; planting; transplanting; sediment transfer; natural wetlands; constructed wetlands

1. Introduction

The term “wetland” broadly spans various types of water bodies, including seagrass
meadows, coastal marshes (salt, brackish and freshwater tidal), forested wetlands (riparian,
floodplain, bottomland hardwood, mangroves, etc.), and inland freshwater and saline
wetlands (emergent wetlands, sedge meadows, wet prairies, fens, vascular plants in bogs,
and temporary or seasonal wetlands, such as vernal pools and mudflats). Wetlands in
the world provide essential ecosystem functions and services [1]: support biodiversity for
conservation, improve water quality for downstream waters, combat sea-level rise, protect
coastlines, mitigate the effects of flooding, drought and climate change, and provide habitat
for recreation and other activities [2–5]. However, historically wetlands have been heavily
impacted by humans, resulting in a loss of more than half of the wetlands globally, with
significant impacts and risks to wildlife, humans and economies. Therefore, the restoration
of this type of habitats is a must for the welfare of humanity. In March 2019, the United
Nations declared 2021–2030 the Decade of Ecosystem Restoration [6] and thus, integral
wetland restoration must be considered within these priorities and efforts.

One of the active strategies for aquatic ecosystem restoration has been traditionally
seedling or planting macrophytes [7–9]. However, the majority of these study cases focusses
on emergent aquatic plants, such as Typha spp., Juncus spp., Phragmites australis, etc. [10–12].
Restoration cases with hydrophytes, understanding them as the aquatic “plants” in a strict
sense (that is, those which develop all their vital functions inside the water or very close
to the water surface as the case of flowering; thus, they live submerged or floating in the
water) are less abundant. Among other reasons, it is because working with hydrophytes is
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much more challenging compared to emergent plants. Moreover, much of this information
is broadly scattered throughout the peer-reviewed and grey literature. Hence, there are
no synthetic comprehensive reviews for restoration of wetlands based on hydrophytes.
Here, I synthesize the latest knowledge in wetland restoration based on revegetation with
hydrophytes and stress common challenges and potential solutions. Within hydrophytes,
phanerogams, macroalgae and aquatic pteridophytes and bryophytes (mainly mosses and
liverworts) can be considered. However, this review is restricted to submerged and floating
phanerogams in continental wetlands, macroalgae, such as charophytes, or seagrasses for
coastal wetlands. The conservation consensus is clear: “the protection of intact undisturbed
environments is the only real solution to conservation of natural communities”. However,
what to do with those wetlands already affected? Revegetation is not the perfect solution for
the conservation of wetlands. This is because many times it is not able to perpetuate species
at risk, nor maintaining complex natural communities, but less is nothing. Therefore,
this review mainly focusses on natural wetlands but also includes some information
about more or less naturalized constructed wetlands, which nowadays are being used
not only to improve water quality [13] but also to increase biodiversity and recover other
ecosystem services such as carbon sequestration [14–17]. Available publications, both peer-
reviewed and any public domain, from the last 20 years, have been reviewed (although
I might have missed some cases). Personal expertise is also provided. I address two
scales of interventions: (i) outdoor experimental approaches and (ii) large-scale actions
in the field. I focus on issues related to the different approaches used (seedling, planting,
transferring sediment, etc.). I also discuss the most common hydrophyte species used
in restoration, the factors affecting revegetation and stress the challenges to evaluate the
success of revegetation.

2. Natural and Constructed Wetlands

The ideal situation would be, of course, the preservation of natural wetlands when-
ever possible and that the reconstruction should be considered only as a last resort [18].
This is sometimes not possible because natural wetlands have disappeared or are severely
degraded, and constructed wetlands (CWs) are implemented. CWs are artificial wetlands
designed to intercept wastewater and remove a wide range of pollutants before discharge
into natural water bodies. Surface-flow CWs are similar to natural marshes as they tend to
occupy shallow channels and basins through which water flows at low velocities above
and within the substrate. They mimic natural wetland ecosystems that combine physical,
chemical, and biological processes to purify the water quality in more-controlled and
efficient ways [19]. On the other hand, wetland restoration aims to restore lost biodiversity
and to provide ecosystem services, such as flood-peak reduction and water-quality im-
provement, for instance, through phytoremediation. A successful restoration project may
need to consider incorporating different wet environments (e.g., ponds, shallow lagoons,
wet meadows, etc.), possibly combining areas for phytoremediation with areas of low
nutrient content. In the last two decades, there has been an increasing trend to implement
CWs in protected areas, such as national or natural parks in all continents (e.g., in Europa:
Italy [20,21], Spain [16,22], Poland [23]; America [24,25]; Asia [26]; Africa [27]; Oceania [28],
etc.). Some authors stress that wetland restoration must be prioritized over the creation of
artificial wetlands, because, even when intended for conservation, they may not provide an
adequate replacement of, for example, waterbird-supported functions [29]. However, other
authors indicate that the biodiversity of constructed wetlands for wastewater treatment
can be enhanced through proper design and management [30]. Moreover, CWs may serve
as experimental pilot areas where treatments and procedures for revegetation to be further
applied in wider natural but degraded wetlands can be tested [16].

3. Leader Countries in Wetland Revegetation with Hydrophytes

Since almost all countries in the world have their wetlands affected by pollution and
many other problems, a large part of them has attempted to restore wetlands. However,
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in countries, where there are many large lakes, restoration has focused on them. In
countries, where the scarcity of large continental water bodies is the normal situation,
such as countries in the Mediterranean, with a semiarid climate, wetlands take a special
relevance. The United States of America (USA) is the first country in the ranking of records
obtained in a search in the “Web of Science” (WoS) about “wetland restoration” by world
countries (more than 3000 records), followed by China (more than 1170 records) (Figure 1a).
Australia, Canada, United Kingdom, and The Netherlands showed between 419 and 215
records. Germany, Spain, Africa (mostly South Africa), France, India, Mexico, Poland,
Korea and Finland yielded between 196 and 100 records. Japan, New Zealand, Brazil,
Italy, Denmark, Sweden and Belgium showed between 95 and 61 records. The rest of the
countries showed less than 60 records.
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Figure 1. (a) The number of records obtained in the Web of Science (WoS) search for wetland restoration by countries
(*except for the African continent) (notice the logarithmic scale). (b) The number of records in the WoS with the keywords:
(restoration AND macrophyt*) AND (submerg* OR floatin*) AND (wetlan* OR shallow lak*) AND “country”, for the
countries that showed more than 60 records in the previous search (graph (a)). (c) Number of records for the countries of
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lak*) AND (plantin* OR seedin* OR reveget* OR transplant*) AND “country”. Searches made in March 2021.

Firstly, among the 22 countries with more than 60 records, the highest number of
records in the search in the WoS including submerged or floating macrophytes (using
the string (restoration AND macrophyt*) AND (submerg* OR floatin*) AND (wetlan* OR
shallow lak*) AND “country”), was for China with 111 records (Figure 1b), followed by
The Netherlands, USA and Denmark. UK, Spain and Canada showed between 28 and
16 records. The rest of the countries produced less than 13 records. Secondly, focusing on
revegetation approaches and adding to the above string “AND (plantin* OR seedin* OR
reveget* OR transplant*)”, the number of records was substantially reduced (Figure 1c),
but China was again the country with the highest number of records (16), followed by the
United States (8).
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As seen above, both in Europe and the United States, but also in China, there has
been a large tradition of aquatic ecosystems restoration [31–34]. For example, important
native seed banking initiatives have been developed to improve the access to genetically
diverse native wetland seeds for research, conservation, and restoration (European Native
Seed Conservation Network (ENSCONET) and Seeds of Success (SOS)) (see references
in [1]). China, with 68.5 million hectares of wetlands (36.2 and 32.3 million ha natural and
constructed wetlands, respectively [26]), is one of the countries where many attempts at
submerged macrophyte restoration and bioremediation have been made since the 1980s,
despite the unfavorable results in some of the cases (references in [35]; reviewed in [36]).
For example, from 2002 to 2006, nearly 60 programs have been developed to restore
wetlands in this Asian country [37]. Their main results suggest that, combined with other
technics (e.g., addition of filter-feeding aquatic animals in the proper biomass), submerged
macrophyte restoration in wetlands might have a high success rate. The restoration or
rehabilitation of wetlands around rivers and lakes has also been growing rapidly since the
early 1990s in Japan including activities to recover lost or degraded vegetation and plant
diversity [38]. In New Zealand, the most common action undertaken for restoration of
wetlands is revegetation, involving removal of introduced weeds, and then the planting of
native species appropriate to the habitat conditions and region [39].

4. The Scale of Revegetation

Some studies dealt with indoor aquaria or smaller outdoor mesocosm with the
prospect of future wetland or shallow lake restoration program centered on hydrophyte
replacement (see, for example, Ciurli et al. in Italy [40] or Fontanarrosa et al. in Ar-
gentina [41]). However, for successful revegetation, research using experimental on-site
wetland mesocosms should be planned before starting larger-scale initiatives. Thus, knowl-
edge of the biological and ecological requirements of the species, the choice of source
material, the method of introduction and the selection of ecologically suitable transloca-
tion sites can reduce the failure rate [42]. Moreover, as revegetation represents a large
proportion of the costs associated with restoration, developing cost-effective new planting
methods would reduce the costs of large-scale restoration [43].

Table 1 shows some of the experiments which have been conducted related to revege-
tation with hydrophytes. Qiu et al. [44] performed in situ enclosure experiments in three
parts of a eutrophic shallow lake in China with different trophic status, introducing both
floating-leaved and submerged hydrophytes. All the introduced species grew well. The
authors reported a monthly mean macrophyte biomass increase of 329 gWW/m2. A large-
scale experiment was conducted in the Danish shallow Lake Engelsholm, where three
species were planted in three 25-m2 exclosures with densities of 4–10 ramets/m2 (with
no roots) and 25 cm in length for Stuckenia pectinata and 40–50 cm in length for the other
two Potamogeton species [45]. After two years following transplantation, the plant density
development increased six-fold. Hilt et al. [46] described how Rott, in 2002, planted 200 m2

of “macrophyte islands” with Myriophyllum spp. and Chara contraria in a 25-ha shallow
lake in Southern Germany. One year later, the hydrophytes had already colonized 5.3 ha,
which represented a monthly coverage increase rate of 0.4 ha. Ye et al. [47] performed
an ecological restoration demonstration project in the shallow lake Taihu planting a total
density of 105 plants/m2 of four species of submerged hydrophytes in containers. After
one year, H. verticillata dominated the composition of the communities, with only a few
P. malaianus, V. spiralis and N. marina remaining, owing to the competitive exclusion from
H. verticillata. Moore et al. [48] demonstrated with exclosure experiments that Vallisneria
americana can be successfully restored in tidal freshwater areas of the Chesapeake Bay that
were unvegetated for 60 years. These authors concluded that whole shoot transplants
resulted in the most rapid cover, whereas direct dispersal of individual seeds or intact seed
pods were also effective, but the recovery was slower. When protected from herbivory,
approximately 3 years of growth were required for the transplants to reach 100% bottom
cover at maximum densities of 100–150 shoots/m2. Rodrigo et al. [16] set up 54 1 × 1
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m-exclosures in two shallow lagoons within a newly created constructed wetland in Spain
that were planted with cultures of two species of higher plants and two charophyte species
(16 cultures of three specimens each/m2). The higher plants developed better than the
charophytes, but always when protected from biotic factors. Gao et al. [49] performed
outdoor mesocosm experiments with four species of submerged macrophytes, planted
at a density of 300 gWW/m2 in the Gonghu Bay of Lake Taihu. They concluded that H.
verticillata and P. malaianus are suitable submerged macrophyte species for restoration of
eutrophicated shallow lakes. The relative growth rate of H. verticillata was maximum (0.03),
and around 0.01 for the other three species. In Sweden, Nilsson et al. [50] planted Elodea
canadensis, Myriophyllum alterniflorum and Ceratophyllum demersum in newly semi-natural
constructed wetlands to intercept nitrogen from surface waters in an agricultural landscape
and followed them for 12 years. Nitrogen removal increased with the ecosystem age,
and the dominant submerged species was Potamogeton natans, which colonized naturally.
Schad et al. [51] planted founder colonies of Heteranthera dubia and Potamogeton nodosus
in a series of constructed floodway wetlands in the USA to analyze the influence of vary-
ing construction completion dates, water sources and ecosystem management stage on
macrophyte development and its relationship with macroinvertebrate assemblages.

For macrophytes to maintain a clear water state, a minimum coverage of shallow water
bodies is required [52]. As a rule of thumb, 30% coverage has been used as a minimum
threshold, which is in the range of 10–40% reported by some authors, but lower than 50%
indicated by others. In warm shallow lakes in tropical and subtropical regions, even a
higher hydrophyte coverage may be needed as the grazing of zooplankton on phytoplank-
ton is low due to high fish predation (see references in [52]). In Mediterranean regions,
where high temperatures are reached in summer, a larger coverage would be necessary
to outcompete the growth of phytoplankton and filamentous algae. Consequently, large-
scale restoration efforts should be faced because they could potentially be more successful
than smaller ones since large submerged aquatic vegetation beds are thought to be more
stable and resilient to stress than small beds [53]. However, getting such high coverages
requires a tremendous effort (high costs for material, installation and maintenance and
solving difficulties, such as filamentous algal growth or high herbivory pressures, and
interference with recreational use). Therefore, large-scale plantings of hydrophytes have
not often been performed in wetlands, although there are some cases. Table 2 gathers study
cases of hydrophyte revegetation at larger scales (from 0.4 ha or more). One of the most
emblematic cases of a large-scale approach to submerged aquatic vegetation restoration
is the Chesapeake Bay, the first estuary in the USA to apply an integrated watershed ap-
proach for restoration (13.4 ha/year were revegetated in 2003–2008 [43]). In New Zealand,
Dugdale et al. [54] planted 1 ha of a shallow lake with charophytes protected from fish
and it was successful in allowing founder colonies of charophytes to establish and expand
(≥75% cover within one year). At the Mediterranean, Sebastián et al. [55] restored two
wetland areas in Spain by planting Ceratophyllum demersum, Myriophyllum verticillatum, M.
spicatum and the floating-leaved species Nymphaea alba as well as two shallow lagoons at
the end of a constructed wetland [16]. In China, Chen et al. [56] bordered an area of 10 ha of
the littoral zone of lake Wuli (a bay of Taihu lake) with a waterproof fabric and planted four
species of submerged macrophytes, three species of floating-leaved macrophytes and one
species of a free-floating plant. The coverages of floating-leaved macrophytes, submerged
macrophytes and free-floating macrophytes inside the enclosure were up to 9.7%, 8.1%
and 2.9%, respectively, one month after plantation. One year later, the coverage area of
aquatic macrophytes (including emergent species) expanded and increased to about 45.7%.
Clarkson and Peters [39] revegetated New Zealand wetlands by planting Potamogeton
cheesemanii, Myriophyllum propinquum and Lemna minor. Dick et al. [57] planted six species
of submerged hydrophytes, one species of charophyte and four species of floating-leaved
species in a chain of wetlands in the USA. Plant establishment continued with supplemen-
tal plantings 4–10 years later. Yu et al. [58] found that restoration by transplantation of
six species of submerged macrophytes (at a density of 30–70 adult plants/m2) after fish
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removal had major positive effects on water quality variables in three shallow lakes of
China (an isolated 5-ha bay of shallow lake Taihu, lake Qinhu (8 ha) and South lake (0.4 ha)).
Theÿsmeÿer et al. [59] planned the recovery of submerged and floating-leave species in
the Canadian marsh area of the Great Lakes. More recently, Liu et al. [60] reported the
successful restoration of a tropical shallow eutrophic lake combining fish removal with
transplantation of submerged macrophytes. Vallisneria denseserrulata was planted at a
density of 10–15 shoots/m2 and Hydrilla verticillata of 20–30 shoots/m2.

Table 1. Summary of outdoor experiments performed to plan larger-scale revegetation with hydrophytes. Plant species,
some experiment features, and site (country) are indicated. References are ordered chronologically. N/C indicates if the
wetland/shallow lake is natural (N) or constructed (C).

Planted Hydrophyte Species

Plant Origin Experiment
Features

Site (Country) N/C Ref.
Submerged Floating-

Leaved

Vallisneria sp.
Hydrilla verticillata

Potamogeton
maackianus

Trapa bicornis
Nelumbo
nucifera

Not indicated
800–3000 m2

enclosures in
three sublakes

The shallow lake
Donghu (China) N [44]

Stuckenia pectinata
Potamogeton

perfoliatus
P. lucens

–
Collected 80 km south of

the lake in ditches and
channels

25 m2 protected
and

unprotected
areas

The shallow lake
Engelsholm
(Denmark)

N [45]

Myriophyllum
spicatum

Chara contraria
– Not indicated

200 m2

“macrophyte
islands”

A shallow lake
(Germany) N

Rott
(2005) in

[46]

Hydrilla verticillata,
Potamogeton

malaianus
Vallisneria spiralis

Najas marina

– Wuli Bay and East Taihu
Bay (lake Taihu)

200 L containers
in an outdoor
green house

The shallow lake
Taihu (China) N [47]

Vallisneria americana –

From nursery grown
stock in culture ponds at
Virginia Inst. Marine Sci.
campus; seed pods from
beds in Nanjemoy Creek,

Maryland; separated
seeds

4 exclosures of
40 m2 (with 2 ×

2 m plots
inside)

A tidal marsh
area at James

River (VA, USA)
N [48]

M. spicatum
S. pectinata

Chara hispida
Nitella hyalina

– From cultures produced
in indoors culture room

54 exclosures of
1 × 1 m

Tancat de la Pipa
wetland (Spain) C [16]

P. malaianus
M. spicatum

H. verticillata
V. spinulosa

–

From lake Taihu and
cultivated in outdoor

tanks (100 cm diam. 100
cm height)

15 680-L
outdoor tanks
(100 cm diam.
100 cm height)

Gonghu bay, lake
Taihu (China) N [49]

Elodea canadensis
Myriophyllum
alterniflorum

Ceratophyllum
demersum

Potamogeton
natans (but

appear
spontaneously)

Shoot fragments from
nearby ponds

6 10 × 4 m
surface-flow
constructed
semi-natural

wetlands

Semi-natural
wetlands in
agricultural
landscape
(Sweden)

C [50]

Heteranthera
dubia

Potamogeton
nodosus

Founder colonies from
nearby sites

24 0.9-m diam.
ring cages

Dallas Floodway
Extension Lower

Chain of
Wetlands (USA)

C [51]

166



Plants 2021, 10, 1035

Table 2. Summary of some larger (>0.4 ha) field revegetation with hydrophytes. Plant species used, surface treated, and site
and country are indicated. References are ordered chronologically.

Planted Hydrophyte Species Surface

Site (Country) Reference
Submerged Floating-Leaved/Free

Floating (ha)

Chara australis – 1 Shallow lake Rotoroa (NZ) [54]

Ceratophyllum demersum
Myriophyllum verticillatum

Myriophyllum spicatum
Nymphaea alba 1.5 and 1.2 Almenara and Algemesí

wetlands (Spain) [55]

Potamogeton malaianus
Myriophyllum spicatum
Potamogeton maackianus

Hydrilla verticillata
Vallisneria natans

Nymphoides peltata
Nymphaea rubra

Trapa bicornis
*non-native Alternanthera

philoxeroides

10
Large enclosure in Lake

Wuli, northern bay of Lake
Taihu (China)

[56]

Potamogeton cheesemanii
Myriophyllum propinquum Lemna minor – Several wetlands in New

Zealand [39]

Myriophyllum spicatum
Stuckenia pectinata

Ceratophyllum submersum
– 6 and 8

Educative and Reserve
lagoons, Tancat de la Pipa

wetland (Spain)

Sebastián and
Peña in [16]

Ceratophyllum demersum
Chara vulgaris

Heteranthera dubia
Potamogeton illinoensis
Potamogeton pusillus
Vallisneria americana
Zannichellia palustris

Potamogeton nodosus Nelumbo
lutea

Nymphaea mexicana
Nymphaea odorata

>10 Chain of wetlands at Dallas
Floodway Extension (USA) [57]

Hydrilla verticillata
Vallisneria spinulosa

Potamogeton maackianus
P. malaianus
M. spicatum

Ceratophyllum demersum

– 5, 8 and 0.4

Shallow lakes Wuli
(isolated bays of lake

Taihu), Qinhu and South
(China)

[58]

Vallisneria americana Potamogeton nodosus/natans
Nymphaea odorota ~18 Great Lakes wetland area

(Canada) [59]

P. malaianus
M. spicatum

H. verticillata
V. spinulosa

– 0.4 Gonghu Bay, Lake Taihu
(China) [35]

Vallisneria denseserrulata
Hydrilla verticillata – 12 One basin of Huizhou West

shallow lake (China) [60]

Revegetation is essential, but whole-ecosystem, long-term interventions including
most if not all ecosystem processes are desirable to be sure that the restoration result is the
expected [61]. Furthermore, for large-scale hydrophyte restoration, the efforts should be in
the framework of coordinated interagency programs, to develop, evaluate, and refine the
suitable protocols and procedures. Maybe this is an issue not so easy to achieve. Guidelines
should be published to help managers aiming to restore wetlands and shallow lakes, and
critically assess and predict the potential development of submerged vegetation, taking into
account the complex factors and interrelations that determine their occurrence, abundance
and diversity. In very few countries (such as the USA in 2002 [62] and Germany in 2006 [46])
such guidelines were published.
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5. Procedure Approaches in Revegetation with Hydrophytes
5.1. Seeding

The need to seed in wetland restoration has been widely and recently reviewed by
Kettenring and Tarsa [1]. Employing strategic seed-based approaches in wetland restoration
is a first step to more quickly and completely recover the underlying vegetation structure
and composition that supports the vital functions and services of wetlands. Seed-based
approaches are less expensive and more logistically feasible in treating larger areas than
other wetland revegetation techniques (e.g., planting plugs, transplanting rhizomes and
installing sod mats) despite the high cost of native seed (see [1] and references therein).
However, frequently a deficiency of submerged macrophyte propagules is faced. This is
why, on some occasions and for certain plants, in vitro propagation protocols have been
developed [37].

Moreover, seeding results can be unpredictable and the mortality can be high [42,63].
The seed and seedling stages of plants are a demographic bottleneck, and often few seeds
survive to become seedlings [64]. Hence, an effective seed-based approach should be
driven by ecological, genetic and evolutionary principles, along with consideration for
economics, logistics and other social constraints. Moreover, best practices for seed-based
restoration must address limiting environmental factors and inform strategic management
interventions for improving revegetation outcomes [1].

In many wetlands, recalcitrant seeds occur [1]. These species will require storage
under high humidity or submerged in water. It has been shown that seeds kept under
submerged storage conditions show higher seed longevity with aeration (this is the case of
Zostera marina and Potamogeton perfoliatus), or under cool temperatures (e.g., Z. marina, P.
perfoliatus and Ruppia maritima) or high salinity (e.g., Z. marina, R. maritima; [65–67]). Some
species of submerged vegetation can also be stored under low humidity/low moisture
for some temperatures. This is the case of the Hydrocharitaceae and Potamogetonaceae
families [68,69], and thus may not be recalcitrant contrary to general predictions in aquatic
plants. In the case of charophytes, there are also situations where stonewort seedlings do
not develop in their original habitats, despite the restoration of optimal hydro-chemical con-
ditions for their growth. These macroalgae produce extremely small propagules (oospores),
and working with them is not an easy task. Recently, a protocol consisting of microencap-
sulating these oospores using sodium alginate has been published [70], and it is presented
as a promising method for preserving charophyte oospores to support both laboratory and
field experiments. The author proposes this procedure to greatly facilitate the conduct of
both in situ and ex situ conditions’ studies and experiments.

Seeds should be sown as soon as temperatures are within a species’ optimal range,
before the plant canopy has time to develop and inhibit light at the sediment surface.
Regarding recommendations for seed sowing rates, data are quite limited and vary widely
across wetland types. For tidal salt marshes, Broome et al. [71] suggested sowing 100 pure
live seeds (PLS)/m2, while Busch et al. [72] seeded Zostera marina at 37 PLS/m2. In the
large Chesapeake Bay restoration (41 ha), Z. marina seeding densities of 11 to 49 seeds/m2

were used [43]. Current restoration techniques for seed sowing introduce the seeds by
hand or with machines. They are designed to overcome dispersal limitations but do
not necessarily mimic these natural dispersal mechanisms, which comprise water, wind,
animals (particularly waterbirds) and gravity. One approach for keeping seeds in place
is sowing seeds in burlap bags made with natural fibers. This has also been used with Z.
marina, and it improves the recruitment outcomes in seagrass meadow restoration with
high wave action [73]. To avoid the low seedling establishment rates (<10%) and seed
loss through herbivory on seeds, mechanical devices for planting Z. marina seeds slightly
beneath the sediment surface have been developed with improved seedling establishment
rates [66,74,75]. Aerial seeding might be both economical and practically feasible to vegetate
large wetland areas. It could accelerate restoration efforts by replacing the expensive hand-
planting of vegetative clones (see below), but the unavailability of large quantities of viable
seed is one of the major hindrances.
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Seed pellets (also known as pods, seed balls and seed bombs), which are an aggrega-
tion of clay, soil, water, and multiple seeds, have been used in terrestrial restoration [76,77]
and have been successfully used with emergent plants in wetlands (Typha seeds; Moreno L.,
pers. comm., Figure 2a). Thus, seed pellets are potentially a user-friendly way to establish
wetland plants because they can be launched into the air in cases of hard-to-reach locations.
No information has been found for the use of seed pellets in the case of hydrophytes.
Therefore, this is a potential study field in the restoration of wetlands with hydrophytes,
but it needs further research and testing. Moreover, making seed bombs has been a popular
activity at garden centers, family events and student visits (Figure 2a), and it is potentially
a viable method for engaging and educating the society, at the same time, it helps distribute
native seeds across larger areas.

Mechanical planters designed for planting whole seagrass plants and sods have
been developed in both the United States and Australia [43]. Despite their limitations
in the operating procedures (e.g., weather, depth limits, donor bed proximity, need for
SCUBA divers), they hold the potential for rapidly and cost-effectively planting larger
areas of submerged aquatic vegetation than would be possible through manual means. For
wetlands, SCUBA divers are not necessary, due to their shallowness, but large mechanical
planters can have a great impact on the wetland fauna since planting should be done in
spring when waterfowl is also breeding.

5.2. Planting: Translocations and Production of Hydrophyte Cultures

Translocations are among the techniques used in wetland restoration and plant con-
servation [9,78] (i.e., the human-mediated movement of living organisms for restoration
and/or conservation benefit from one area, with release in another). If hydrophytes are
not taken from existing areas, and to minimize potential impacts to wild populations, they
must be cultivated previously to be planted. Hydrophytes can be cultured in aquacul-
ture systems (as described in Tanner and Parham [79]). Zhou et al. [37] described how a
15 m2 tissue culture room together with a 50 m2 acclimation pond can produce 125,000
high-quality seedlings for Myriophyllum spicatum and Potamogeton crispus in 7 weeks, which
could vegetate more than 2 ha sediments in shallow lake recovery programs, with the
common density adopted in East China. Rodrigo et al. (unpublished results) prepared
2000 cultures of M. spicatum, Stuckenia pectinata and several species of charophytes in a 9-m2

culture room in 8 weeks, ready to be planted in a Mediterranean wetland. Regarding other
cultivation times, Zostera marina plants large enough for planting can be grown from seeds
within 70–100 days under controlled conditions [79]. Rodrigo and Carabal [17] reported
lengths of 80 cm for Stuckenia pectinata in one month planted from 10-cm cuts and cultured
in an acclimated room; M. spicatum and Chara vulgaris grew up to 25 cm in one month
starting from 5-cm apical parts [17]. Riis et al. [7] indicated that submerged plant shoots
of 20–25 cm are adequate to be planted. Moreover, they recommend using shoots with an
apical tip, since they have been previously shown to regenerate better than shoots without.
For the case of constructed wetlands, the use of innovative tissue culture technologies
allows isolation of plant clonal lines of single seed phenotype origin that can be screened
for particular tolerances, such as cold temperature, high nitrate removal rates, etc. [80]. The
sediment used for preparing the cultures should preferably be from the local site but if it
is impossible to get enough top sediment from the selected wetland, the volume can be
augmented with a mixture of commercial sand and sediment [16].
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Figure 2. (a) Seed bombs with Typha seeds prepared by students with the supervision of the man-
agers of Tancat de la Pipa wetland (Albufera de València Natural Park, Spain; photographs: 
Lourdes Ribera); (b) examples of M. spicatum, S. pectinata and the charophyte Chara vulgaris ready 
to be planted in the field without any kind of holder; (c) example of M. spicatum with the root-
sediment system in a peat pot ready to be planted in the field; (d) fragments of hydrophytes with a 
stone to serve as “anchor” to be thrown inside enclosures (see Figure 2c) (S. pectinata, M. spicatum, 
C. submersum and C. vulgaris).  
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Figure 2. (a) Seed bombs with Typha seeds prepared by students with the supervision of the managers
of Tancat de la Pipa wetland (Albufera de València Natural Park, Spain; photographs: Lourdes Ribera);
(b) examples of M. spicatum, S. pectinata and the charophyte Chara vulgaris ready to be planted in the
field without any kind of holder; (c) example of M. spicatum with the root-sediment system in a peat
pot ready to be planted in the field; (d) fragments of hydrophytes with a stone to serve as “anchor”
to be thrown inside enclosures (see Figure 2c) (S. pectinata, M. spicatum, C. submersum and C. vulgaris).
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Planting of submerged hydrophytes can be done directly with the root-sediment “ball”
(Figure 2b) or by using biodegradable holders. Rotting and non-rotting substrates (e.g., nets)
that keep planted macrophytes on the waterbody bottom have been used in Germany [46].
Likewise, other types of substrate have been utilized on some occasions: wood cages [55]
and peat pots [16] (Figure 2c) in Spanish wetlands, trays in rivers [7]. However, peat is an
example of a non-renewable resource and its extraction could contribute to the degradation
of wetland ecosystems. For this reason, a biodegradable material which, at the time is
a waste, as is the case of rice straw in particular areas, could represent a good option
to make holders for planting. For example, in the Albufera de València Natural Park
(València, Spain), there are 15,000 ha of rice fields, which produce 80,000 tons of rice
straw per year [81]. The elimination of this “waste” is a problem in that area. Part of
this material could be used in the fabrication of biodegradable pots, after appropriate
research, for restoration tasks. Rice straw substrates have already been used in floating
beds planted with macrophytes for treating wastewater. This substrate enhanced bio-
remediation efficiency and macrophyte growth in comparison to the inert palygorskite
ceramsite which hindered the bio-remediation process [82]. On some occasions, planting
has been performed using just a stone adhered to the fragments of plants (Figure 2d). This
has been successfully used even with charophytes (Rodrigo et al., unpublished results;
Figure 2d). Regarding charophytes, Blindow and Carlsson [83] (this issue) describe methods
for oospore germination, cultivation and plantation of charophytes depending on the
type of charophyte species (k-strategists vs. r-strategists) to support the existence of
threatened species in Sweden. This knowledge might be used in a wider framework for
restoration purposes.

Hydrophyte planting can be done by hand [16,58], etc., or mechanically [43]. Plant-
ing by hand is rather work-intensive and might ideally involve volunteers. Planting of
hydrophytes is not a complicated task, and volunteers (e.g., undergraduate and master stu-
dents, members of NGOs, etc.), following wetland managers and researchers’ instructions,
can do a great job. Furthermore, it may be worth doing to increase outreach and involve
the local population in recovery efforts.

Plants cultivated indoors might be subjected to significant differences in ecological
conditions between the cultivation site and recipient site; the larger the differences, the
greater the potential negative impact on survival and fitness of the introduced plants.
Therefore, to reduce environmentally mediated shocks, acclimatization techniques (harden-
ing) must be adopted before locating the cultures to the recipient site. One method consists
of placing the plant cultures in acclimation ponds close to the target wetland if available,
or in tanks located in the wetland to be revegetated, for gradual acclimatization to external
temperatures, decreased or increased shading, etc. (Figure 3a).

Once the restoration has been performed by planting, and if most of the plants
have been produced by vegetative reproduction, seed pellets could be thrown near the
hydrophyte stands to increase the genetic variability.
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Figure 3. (a) Tanks of hydrophyte cultures produced indoors, now acclimatizing in the field before
being planted in Tancat de la Pipa wetland (Albufera de València Natural Park, Spain; photographs:
Ximo Fernández. (b) Exclosures to plant hydrophytes using the method shown in Figure 2d; the
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5.3. Sediment Transfer/Transplantation

Effective transplanting of wetland soil from small remnant wetlands in other areas of
shallow marshes has been performed on several occasions [85–88]. However, most of the
studies refer to wet meadows, Sphagnum-dominated peatlands, etc., and the study cases
with sediment transfer involving submerged or floating species are few (Table 3). Brown
and Bedford [86] observed little plant establishment at water depths greater than 45 cm,
suggesting that transplantation of wetland soil should be concentrated in shallower zones;
therefore, this method seems not to be the most adequate for submerged macrophytes
that grow deeper. On the other hand, transfer of bulk soil has shown promising results
in temporary wetlands, indicating that soil transfer may enhance the success of wetland
restoration projects compared to natural colonization [89,90]. This technique could be
the most efficient method for transferring a large number of temporary wetland plant
species that have a short life cycle but can produce large quantities of seeds and rapidly
form a large seed bank [91]. Muller et al. [90], in a temporary wetland restoration after
rice cultivation in France (Table 3), found that soil transfer not only enhanced the target
species introduction but also significantly reduced the establishment of undesired species
emerging from the seed bank and from the surroundings, such as ricefield weeds (mostly
exotic species introduced by rice cultivation). The pilot project of revegetation of lakeshore
vegetation launched at Lake Kasumigaura in Japan by transferring lake bottom sediment
achieved the recovery of 12 native submerged plants during the first year of restoration
previously disappeared [89,92] (Table 3). Soil transfers also have the advantages of biotic
interactions preservation by transferring soil microorganisms, important in structuring
plant community and improving substrate conditions, and the transfer of zooplankton and
macroinvertebrate egg bank [90]. However, nature protection aspects and the potential risk
of transferring pollutants, or undesired species (such as fish or other animals’ parasites,
pathogens, etc.) must be considered.

Table 3. Some examples of practices with wetland sediment/soil transfers. References are ordered chronologically.

Recovered Species Sediment Origin Receptor Site (Country) Reference

Chara braunii, Nitella hyalina,
Monochoria korsakowii,

Nymphoides peltata, Limnophila
sessiliflora, Vallisneria

denseserrulata, Hydrilla vercillata,
Ceratophyllum demersum and five

species of Potamogeton

Seed banks from
lake-bottom sediments

Lake shores ranging
5300–27,800 m2 (width:

30–60 m). Sediments
spread thinly (~10 cm)

Littoral areas of
shallow Lake

Kasumigaura (Japan)
[89,92]

(Mostly emergent plants)
Myriophyllum spicatum

0–5 cm deep soil from 1
× 1 plots from
different sites

Surface of 55 m2 Yeyahu wetland
natural reserve (China) [88]

Callitriche sp., Callitriche truncata,
Chara aspera, C. canescens, C.

globularis, Ranunculus peltatus, R.
trichophyllus, Tolypella glomerata,

T. hispanica, Zannichellia
obtusifolia, Z. pedicellata

40 L (from 45 × 45 cm,
3 cm deep) of soil per

donor site (5 temporary
wetlands)

50 L of soil on a
4 × 2 m plots at the

bottom of each transfer
mesocosm

Cassaïre site, Camargue
area (France) [90]

6. Selection of Species. Most Commonly Used Species

Different authors have indicated that the selection of hydrophytes for revegetation
should be made based on (i) the type of wetlands considered, (ii) the former vegetation in
the wetland and the species typically occurring in that type of water and region, (iii) the
potential uses of the wetland (natural vs. constructed wetland), (iv) the suitability of the
selected species for seeding and/or planting, (v) the habitat preferences of the selected
species and (vi) the potential origin or source of the plants (or seeds). Moreover, the tools
for the restoration of aquatic plant communities should consider the complex interactions
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between abiotic factors and aquatic plant requirements; otherwise, the objective of restor-
ing such communities may be difficult to reach [93]. Recently, it has been stated that the
efforts to build and maintain the resilience of an ecosystem after restoration by revege-
tation should be trait-based rather than merely focusing on vegetation abundance [94].
In addition, Song et al. [95] showed that the macrophyte effects on water quality vary by
growth forms and that the growth forms which positively affect the water quality differ
between the (sub)tropical and temperate areas. Dalla Vecchia et al. [96] stressed that root
traits may explain important plant functions and need further research. Su et al. [94]
suggested that plant height was one of the mechanisms underlying the positive feedbacks
on water quality. Submerged plant species of taller-growing “rank”, such as M. spicatum
and Stuckenia pectinata have been suggested to be introduced initially in coastal eutrophic
wetlands [17]. Choosing between r-selected and k-selected plants is also crucial. For exam-
ple, Qiu et al. [44] attributed the failure of recovery of P. maackianus, a k-selected species,
when it was used as initial species, to its poorly developed rhizome, weak regeneration
capacity and relatively small seed bank. Pioneering species should have been used first for
restoration and P. maachianus and other perennial plants could be re-introduced later to
increase the biodiversity [44].

Hilt et al. [46] recommended the following submerged macrophytes species for po-
tential successful use for artificial colonization in eutrophic shallow lakes in Germany:
Ceratophyllum demersum, Chara contraria, C. globularis, Nitella mucronata, Eleocharis acicularis,
Myriophyllum spicatum, M. verticillatum, Najas marina, Potamogeton alpinus, P. berchtoldii,
P. crispus, P. friesii, P. obtusifolius, P. pusillus, P. perfoliatus, Stuckenia pectinata, Ranunculus
subg. Batrachium, Ranunculus trichophyllus (only in alkaline lakes), Zannichellia palustris ssp.
palustris. H. verticillata and P. malaianus have been described as suitable submerged macro-
phyte species for restoration of eutrophicated lakes and wetlands [49] when combined
with filter-feeding aquatic animals. Myriophyllum verticillatum, Potamogeton perfoliatus and
Najas minor yielded quite similar results when nutrient removal efficiencies were analyzed,
although they were higher for N. minor and Zhou et al. [97] pointed at N. minor to be a
promising plant for water purification. On some occasions, facilitation has been the pro-
posed mechanism that may enhance the colonization of several submerged hydrophytes
planted at the same time [98]. Thus, Dai et al. [99] proposed using the combination of
C. demersum and M. verticillatum as the best choice for ecological restoration of eutrophic
water bodies. The charophyte Chara vulgaris has also been used for replanting in eutrophic
wetlands due to its high-nitrate concentrations tolerance and because it is a r-strategist that
produces large amounts of oospores [100].

Among the criteria to select the hydrophyte species for revegetation is the availabil-
ity of knowledge on each species. For example, methods for collecting, processing and
storing large quantities of Ruppia maritima and Potamogeton perfoliatus seeds started in 2004
and protocols for using seeds of these species in restoration plantings are described in
Ailstock et al. [65]. Myriophyllum spicatum, a perennial submerged macrophyte, is one of
the species preferentially used in many restoration projects in lakes and wetlands [101]
(see Tables 1 and 2 and Figure 4), mainly due to its strong resistance to pollution. Because
of environmental disturbances, M. spicatum is easily broken to form apical fragments and
then it is possible for them to develop into robust new plants and gradually settle to
form colonies. M. spicatum can also tolerate both fresh and brackish water [102,103]. This
tolerance range allows M. spicatum to live under a wide range of salinity and different
oxidative stress conditions. This makes this species a good candidate for coastal wetlands
affected by salinization [104]. Moreover, M. spicatum can secrete allelochemicals to inhibit
the growth of microalgae [105]; the major components of these secondary metabolites se-
creted by plants are phenolic acids, fatty acids, alkaloids, terpenoids, flavonoids, etc. [106].
Other species which produce and secrete allelopathic compounds are, for example, Val-
lisneria spiralis [107], Ceratophyllum demersum [108], Potamogeton malaianus [109], and also
charophyte species [110,111]. The allelopathy of macrophytes on microalgae growth is ex-
tremely promising due to its low cost, good algal inhibition effect and high environmental
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safety [112] and should be also a criterion to consider in the selection of hydrophytes for
revegetation. The use of allelochemicals produced by macrophytes in the field of water
ecological restoration has been recently reviewed by Li et al. [106]. These authors even
propose searching in the micro-spheroidization technology as engineering applications of
allelochemicals directly in water to prevent microalgal growth.
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Regarding flow-surface constructed wetlands [113], Ceratophyllum demersum, Hydrilla
verticillata, Myriophyllum verticillatum, Vallisneria natans, and Potamogeton crispus are com-
monly used among the submerged plants. The commonly used free-floating hydrophytes
in CWs include Lemna minor, Eichhornia crassipes, Salvinia natans, and Hyrocharis dubia.
Meanwhile, floating-leaved species in CWs are mainly Nymphoides peltata, Trapa bispinosa,
Nymphaea tetragona, and Marsilea quadrifolia [114].

The use of resistant genotypes (to herbivores and salinity, for example) in hydrophyte
restoration, as it is proposed for seagrasses [115], might be an approach for improving
the extant genetic baselines of natural populations and for enhancing the resilience of the
restored population to present and future stressors (e.g., climate change). The selection of
more tolerant genotypes to improve restoration success could be performed by growing
wild specimens under controlled conditions, but resistant genotypes can also be produced
with a lower level of intervention through the use of priming/hardening methods [116].
Pre-exposing specimens to mild stress has the potential to induce stress memory, giving
rise to genotypes with enhanced tolerance to subsequent stressful events. When stress
memory is set by stress-induced epigenetic modifications, the acquired resistance can be
passed to offspring leading to new generations with acquired resistance. Therefore, when
dealing with clonal plants, such as most submerged and floating hydrophytes, restoration
management should consider “epigenetic diversity” as an indicator of stability and func-
tioning of the ecosystem equal to genetic diversity. However, this is a still unexplored issue
in the field of wetlands restoration with hydrophytes.
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7. Factors Affecting the Success of Restoration
7.1. Site Selection

Site selection is arguably one of the most critical steps in wetland restoration pro-
cesses [43]. Many restoration projects have failed due to inadequate site selection. Among
the factors to be considered are the historical presence or absence of submerged aquatic
vegetation, water depth and light availability, water column nutrient concentrations, sed-
iment quality, wave exposure, etc. Interannual variability in climate and water quality
conditions (see below) also play a critical role in the initial establishment and survival
of planted submerged aquatic vegetation. This is why planting efforts may need to be
repeated over multiple years to achieve great success [43]. Regarding climate variability,
site selection should consider the foreseen changes that will occur due to climate change in
the near future that will surely affect the success of revegetation [117].

7.2. Time Selection

Introduction of hydrophytes should be carried out early in the favorable season in
eutrophic wetlands, before the development of microalgae and/or filamentous algae (see
below). However, the period for plant introduction should not affect other important
phenological events such as the breeding of waterfowl [118]. Rodrigo and Segura [119]
reported unsuccessful revegetation in 2020, due to an inappropriate time for it in a Mediter-
ranean wetland. The revegetation was planned for mid-March 2020, and all cultures were
prepared, but then the lockdown of the whole society was declared due to the pandemic
caused by the SARS-CoV-2 virus. The planting was finally performed in mid-June 2020,
when the “normal” people mobility situation was restored. However, the hydrophyte
recovery failed due to the intensive growth of filamentous green algae, which had already
developed at this time of the year; hydrophytes could not outcompete with the filamentous
algae. In the planning for planting, the acclimation time of the hydrophytes in the field has
to be also considered.

7.3. Herbivory

Herbivory can be performed mainly by waterfowl, fish, crayfish and turtles. Moore
et al. [48] pointed at herbivory as the main factor for the lack of success in the restoration
with Vallisneria americana. The growth of both adult transplants and plants developing from
seeds was good, but using mesh exclosures to protect the plants from herbivory proved to
be critical to the restoration success. Similar results were obtained by Rodrigo et al. [16]
in Mediterranean wetlands. Studies in the United Kingdom [120,121], Denmark [45] and
Germany [46] showed higher survival and number of plants and longer total shoot length
in enclosures that prevented bird access. Thus, long-term protection with exclosures may
be required to establish large founder colonies that are of sufficient size to withstand initial
grazing pressures (Figure 3b). The size of the exclosures can be progressively enlarged
to obtain wider surface coverages each time [84] (Figure 3c). However, the use of such
protective exclosures as a restoration tool for very large-scale use is difficult, due to high
costs for material, installation and maintenance and difficulties, such as filamentous algal
growth (see below) and interference with fauna and recreational use.

Herbivore species may have preferences on particular species. For example, Yu et al. [122]
described how grass carp preferred Vallisneria spinulosa and Ceratophyllum demersum to
Myriophyllum spicatum. Waterfowl have been documented to graze selectively on Stuckenia
pectinata (herbivores electively removed S. pectinata specimens in favor of charophytes
in Estonia [123], and waterfowl suppressed dominance of S. pectinata in favor of subor-
dinate Zannichellia palustris and Potamogeton pusillus in The Netherlands [124]). Invasive
red swamp crayfish preferentially fed on charophytes [125]. Therefore, having a good
knowledge of the herbivores present in the wetland is also essential for planning the
species selection. Finally, hydrophyte palatability and disturbance tests should be carried
out directly in the field to allow determining the likelihood of consumption/resistance to
disturbances of the different macrophyte species.
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7.4. Massive Filamentous Algal Development

Since the wetlands to be restored are, in most cases, eutrophic systems, submerged
macrophyte recovery is often accompanied by an excessive proliferation of filamentous
green algae [126]. Filamentous algae compete with submerged macrophytes for space,
light, nutrients and other resources; they also mechanically damage hydrophyte stems and
leaves by twining around them, negatively influencing their normal growth. Moreover,
the response of regeneration ability of apical fragments to decaying green filamentous
algae is negatively affected (see, for example, the adverse influence of Cladophora oligoclona
on Hydrilla verticillata seed germination and seedling growth [127] or on Myriophyllum
spicatum formation of buds and roots [126]. Furthermore, high growth rates, as high as
0.7-0.8 d−1 [128], have been described for several species of Cladophora and also can grow
from their internal nutrient storages. This confers a large advantage over hydrophytes.
Since filamentous green algae grow adhered to substrates in their benthic stage [129],
planted hydrophytes (as well as the nets of the exclosures, see above), can be used by
them as suitable substrates. All this can lead to the recession or even the disappearance
of the hydrophytes in the restored system. Zhang et al. [130] suggested the importance of
appropriately selecting macrophyte species to prevent filamentous algal bloom in shallow
water bodies restoration. They recommended avoiding planting of H. verticillata and C.
oryzetorum because these species promoted the growth of filamentous algae in the early
spring, while P. malaianus might inhibit filamentous algae and this species was recom-
mended as a pioneer species. Therefore, the excessive growth of filamentous green algae
should be regulated during revegetation, although this is a real challenge in the restoration
of eutrophic wetlands. Bearing climate change in mind [131], the increase of temperature
foreseen for areas such as the Mediterranean would favor the early development of green
filamentous algae in wetlands located in that region. The removal of the dense mats formed
by the filamentous algae and the use of this waste in collaboration with biotechnological
companies could be a solution, since the use, for example, of Cladophora glomerata removed
from sites where it forms green tides [132] is described for the production of highly crys-
talline cellulose [133]. In this way, similar to what is done with the withdrawal of emergent
vegetation biomass in constructed wetlands, three goals can be achieved: (i) elimination of
large quantities of nutrients from water which are now retained in the filamentous algal
biomass, (ii) the use of waste which represents an important environmental problem, and
(iii) help the revegetation with hydrophytes.

7.5. Water and Sediment Quality Conditions

Wetlands to be restored are frequently rich in water and sediment nutrients but also
in contaminants, such as metals or organic compounds. These concentrations should be
reduced below the tolerance thresholds of the hydrophyte species prior to being reintro-
duced. Experimental mesocosm studies performed in Denmark indicated that the threshold
concentrations above which is likely to lose submerged macrophytes in shallow systems
are 1.2–2 mg/L of TN and 0.13–0.20 mg/L of TP [134,135]. Wang et al. [136] found the TP
thresholds for the shift from clear-water state to turbid-water state at 0.08–0.12 mg/L. Sub-
merged macrophytes cannot tolerate high ammonia concentrations, and may cause damage
to and loss of macrophytes in wetlands and shallow lakes [137]. For example, the threshold
value of ammonia for Potagometon crispus is 4 mg/L [138], but it has been accepted that
ammonia tolerance differs greatly among wetland plant species [139]. Wang et al. [140]
found that the increase of TN removal efficiency in Myriophyllum aquaticum was hindered
when treated with high levels of NH4

+ (26–36 mmol/L), suggesting this as the threshold for
its tolerance to NH4

+. Regarding nitrogen and charophytes [141,142], Lambert et al. [142]
predicted a transition from charophyte presence to absence in aquatic ecosystems at a con-
centration of approximately 2 mg NO3-N/L. However, Rodrigo et al. [100] found C. hispida
and C. vulgaris forming meadows with nitrate concentrations higher than 2 mg NO3-N/L
in water bodies affected by seepage from agricultural runoff. Moreover, in laboratory
experiments, these species grew well up to 30 NO3-N/L. Performed research related to the
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use of submerged macrophytes in constructed wetlands has provided a wide knowledge
in terms of thresholds for water quality conditions for particular species (e.g., [139,140]).
Some wetland hydrophytes are being used as phytoremediating plants capable of taking
up heavy metals and other pollutants from water and sediments. For example, Ceratophyl-
lum demersum can remove cadmium from sediments by phytoextraction by means of the
production of phytochelatin for metal binding in shoots [143,144], Potamogeton pectinatus
and P. malaianus has also been attributed a high capability to remove heavy metals and
other pollutants directly from the contaminated water [145,146]. Among charophytes,
Chara vulgaris has been lately proposed to be used in phytoremediation [147–149]. As the
tolerance to nutrients and different pollutants varies among the hydrophyte species, this is
also an important aspect to take into account when selecting plants species for wetland
restoration according to the state of water and sediments in each particular wetland.

8. Evaluation of the Success of Revegetation

Revegetation should be evaluated at different scales in both spatial (from the commu-
nity up to the landscape) and temporal (from seasonal dynamics up to long-term changes)
dimensions [43]. This requires approaches that are, at the same time, effective and feasible
in the long-term. Some revegetation projects have been followed in the long-term [90];
however, other programs have been abandoned at relatively early stages because mean-
ingful follow-up is a monumental undertaking, and scientists often lack the necessary
opportunities and funding, while developers probably lack interest.

The monitoring can be done by using control plots and aerial photography surveys
and other remote sensing methods, when possible. Unmanned (or Unoccupied) Aerial
Vehicles (UAVs), known by the popularized name of drones, have been utilized for algal
bloom and submerged aquatic vegetation detection for nearly two decades [150]. This type
of high-resolution aerial imagery offers a cost-effective and rapid method to assess primary
producer assemblages in aquatic environments, and provides great spatial resolutions for
imaging [151]. Moreover, UAVs have advantages over manned vehicles for remote sensing:
(i) flying UAVs is less expensive, (ii) is more flexible in scheduling, (iii) enables lower
altitudes, (iv) uses lower speeds, (v) and the already cited provision of better image spatial
resolution. Mistch et al. [152] used color aerial photography followed by ground-truth
verifications (normalized maps and a grid system marked with permanent, numbered
white poles to facilitate identification of the locations of plant communities in the wetland
during ground-truthing and aerial photography). However, permissions are required in
many countries for the use of UAVs [153]. Reflectance and transmittance spectra of floating-
leaved plants can be measured, to know their influence on light availability in the water
column which can alter the environmental conditions underneath the water surface [154].
With the data obtained at the ground level, macrophyte community diversity indexes
should be applied to examine if the desired goals in terms of hydrophyte biodiversity have
been achieved (see for example [152]).

9. Final Remarks and Conclusions

Restoration of wetlands by revegetation with native hydrophytes is a challenging task.
Several countries have developed pilot case studies and field-scale projects with more or
less success. The number of large field-scale cases are less due to all the needed issues that
have to be solved (not only biological but financial, staff resources, etc.). Most published
papers (more than 90%) only refer to successful results, but study cases in which failure in
revegetation has been the outcome and that analyze the reasons for such a result, should be
published as well, to learn from “what not to do”. Some of the shortcomings of experimen-
tal designs which could significantly limit the interpretation of hydrophyte reintroduction
projects are: (i) inadequate previous information and documentation, (ii) lack of under-
standing of the underlying reasons for the decline in existing plant populations, (iii) poorly
defined success criteria for revegetation projects, (iv) insufficient monitoring following
reintroduction, which can drive to an overly optimistic evaluation of success based on
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short-term results. Clearly, successful revegetation needs to be accompanied (in advance)
by other management actions, such as external and internal nutrient load reduction, food
web biomanipulation, increasing light availability by water level drawdowns in spring,
etc. (for detailed information see Hilt et al. [46]). Moreover, before starting revegetation,
the existence of any legal restrictions should be checked, because they can be different in
each country.

It can be concluded that the value of hydrophyte revegetation as a restoration tool
could be improved by:

(i) Performing research in advance. Experimental out-site (culture room) and on-site
(wetland mesocosms) should be planned before starting larger-scale initiatives.

(ii) Selecting suitable wetlands with ecologically suitable revegetation sites. It is very im-
portant to consider the clear negative factors which prevent the success of revegetation
(herbivory, microalgae and filamentous green algae, etc.). If revegetation is performed
in sites with high nutrient and pollutant concentrations, high density of herbivorous
fish, very low water transparency, etc., the result will be a total failure [46].

(iii) An increased focus on species biology (including genetics) and ecology. Selecting and
obtaining native (and typically occurring in the wetland previous to its degradation)
suitable hydrophyte species is fundamental. In the studies reviewed here, the use of
floating hydrophyte species has been less generalized than the submerged species. A
total of 45 different species of submerged hydrophytes and 14 floating-leaved and
free-floating species have been used for revegetation in wetlands (Figure 4). The
genus Potamogeton has been used the most among the submerged hydrophytes (in
29% of the occasions), but Myriophyllum spicatum and Hydrilla verticilata have been
the two most used species (15% and 13%). The genus Nymphaea has been the most
used as a free-floating hydrophyte (36% of occasions), followed by the floating-leaved
species of Potamogeton (22%). Introducing highly competitive species (r-strategists)
has the risk that they outcompete part of the original vegetation including rare species.
However, if the initial aim is to have a large cover of hydrophytes to prevent the
growth of phytoplankton, resuspension of the sediment, etc., they can be chosen,
and, in a second step, other species, specifically rare species, could be reintroduced
in particular sites suitable for them. Although other management actions had been
applied (i.e., nutrient and pollutant reductions), species or ecotypes/genotypes with
high capacity to tolerate stress conditions should be initially chosen. Potamogeton
pectinatus, P. malaianus, and Ceratophyllum demersum can live in contaminated wa-
ter with heavy metals and other pollutants and remove them [143–146]. Among
charophytes, Chara vulgaris is maybe the best candidate [100,147–149]. The selection
of species with high allelopathic capacity against phytoplankton and periphyton is
a complementary issue (e.g., Myriophyllum spicatum [105], Vallisneria spiralis [107],
Ceratophyllum demersum [108], Potamogeton malaianus [109]). P. malaianus also inhibits
filamentous algae growth.

(iv) Deciding the appropriate wetland surface area to be potentially planted with hy-
drophytes. To increase light availability and be sure that clear-water conditions will
be maintained, this area should be at least 30–40% of the wetland surface where
hydrophytes could grow (this has to be determined in advance, based on wetland
morphometry, water column light attenuation, light requirements for growth of the se-
lected species according to their type, such as caulescent or rosette-type angiosperms,
charophytes, etc.).

(v) Selecting the appropriated revegetation techniques, considering the seed produc-
tion and recruitment. The studies reviewed here suggest that sediment transfer is
more adequate for temporary wetlands. However, in the cases of transferences from
other sites to the target wetland, nature protection aspects and the potential risk of
transferring pollutants, fish parasites, pathogens or other undesired species must
be considered. Samples of this sediment have to be chemically analyzed to dismiss
the presence of different kinds of pollutants and also carefully observed by experts
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to be sure that no unwanted propagules are present. If nutrient or pollutant con-
tents are high, experimental tests of the sediment suitability by planting test species
are recommended.

(vi) Choosing the suitable propagation technique. Seed-based approaches are less ex-
pensive and more logistically feasible in treating larger areas than other wetland
revegetation techniques. For seeding, densities varying from 11 to 100 seeds/m2 have
been used for coastal wetlands. A high number of “transplants” and of adequate
length should be selected: around 10 ramets/m2 with lengths of 20–30 cm seem to
be the most adequate to be planted (with apical parts) [7,17,45]. The use (or not) of
a substrate to plant the prepared cultures in the wetland will depend on the type
of the radicular system the hydrophyte develops and the features of the receptor
sediment. Hydrophytes, such as M. spicatum, S. pectinata or C. vulgaris, for example,
do not need any kind of support substrate. If the sediment is unconsolidated with low
cohesive strength—typical for waterbodies with previous phytoplankton dominance—
degradable substrates should be used. Planting by hand, although work-intensive,
can be achieved by involving volunteers. Mechanical planters might have a great
impact on the wetland fauna. When a moderate herbivory pressure on hydrophytes
is suspected, protective exclosures should be used in initial trials to determine if the
magnitude of this pressure will cause the failure of the revegetation. Protective exclo-
sures can be also used, progressively enlarging them until established hydrophyte
stands resistant to herbivory are formed to facilitate submerged macrophyte growth
and dispersal.

(vii) Performing long-term monitoring programs to assess the performance and the vari-
ability of the restored populations over time. Whole-ecosystem, long-term inter-
ventions including most if not all ecosystem processes are desirable to be sure that
the restoration result is the expected [61]. Furthermore, for large-scale hydrophyte
restoration, the efforts should be in the framework of coordinated interagency pro-
grams, to develop, evaluate, and refine the suitable protocols and procedures. All
this information will allow modeling the transition to an alternative stable clear
macrophyte-dominated state and its future resilience [155].

It is necessary to encourage countries to publish scientifically sound guidelines to help
managers aiming to restore wetlands and shallow lakes, and critically assess and predict the
potential development of submerged vegetation, taking into account the complex factors
and interrelations that determine their occurrence, abundance and diversity. Despite
all the information already found in the published documents regarding revegetation
with hydrophytes (approaches and experiments, manipulations in the field, etc.), further
research is needed to key issues, such as target recruitment bottlenecks, interactive factors,
foreseen climate change, etc., specific to many species and wetland types, which can yield
insights into environmental manipulations or species selection that maximizes recruitment
and ensures restoration. Not only ecology but also microbiology, soil and genetic sciences
are necessary to improve the success of revegetation with hydrophytes, because they
can provide new insights into why revegetation fails. The inclusion of an “epigenetic
restoration and conservation” perspective together with a genetic one is also desirable
as has been suggested for seagrass restoration [115]. Many papers lack precise data on
the speed and efficiency of colonization of the wetlands by the different species, and this
information is very valuable for wetland restoration practices with hydrophytes elsewhere.

Finally, the revegetation with hydrophytes must be performed in the context of broader
wetland habitat restoration projects to have a greater chance of success. Restoration needs
a continued effort (in terms of time and economic and personal resources) of research
and implementation. It is clear that research so far has been very productive, but the
results obtained should be more effectively integrated with policy-making, general wetland
restoration practices and with a landscape perspective [156], particularly under future
climatic scenarios.
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